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ABSTRACT

This thesis proposes a polarization diversity planar inverted-F antenna (PIFA)
—to be a built-in antenna for a portable mobile telephone—to mitigate the short-
term multipath fading of the received signal at mobile terminal while the antenna
dimension maintains compactness. The antenna comprises a square metallic
patch, as a radiator of approximate quarter-wavelength in diagonal dimension,

"with one permanent short-pin at one corner and two RF-switches at two beside
corners. These RF-switches perform as the polarization branch switches for ei-
-ther dominantly vertical polarization (VP) or dominantly horizontal polarization
(HP) modes.

The wire-grid modeling based on the Method of Moments is utilized for the
analysis. Antenna analysis begins with the structure of ante:rs. on a ground
plane, then antenna on portable telephone and, eventually, including a user’s
body to realize the practical situation.

Fundamental characteristics of the antenna are shown in terms of input
impedance, current distribution, radiation patterns, and efficiency. The radi-
ation efficiency of the polarization diversity PIFA is approximately 50%, which
is a few percents higher than that of the monopole antenna case. Communi-
cation performance of the antenna on portable telephone with the user’s model
under multipath environment can be quantitatively revealed in terms of mean
effective gain, correlation coefficient, diversity gain and diversity antenna gain.
The diversity antenna gain of the antenna is 4 dB inferior if the user’s body is
included. In other words, the presence of the user’s body degrades the commu-
nication performance by a half.

II



ACKNOWLEDGEMENTS

I would like to express my gratitude and sincere thanks to many people involved
in various aspects with this thesis.

First of all, my deep and grateful thanks is dedicated to Assoc.Prof. Dr. Monai
Krairiksh, my supervisor, for his support, helpful suggestions, continuous atten-
tion and stimulation the progress of this research. I also profoundly appreci-
ate Assoc.Prof. Dr. Jun-ichi Takada of TITech (Tokyo Institute of Technology),
Japan for his invaluable guidance, useful discussion, and for his arrangement to
provide me the visiting research scholarships to TITech.

I am particularly grateful to Prof. Dr. Wiwat Kiranon for his encouragement
to pursue the advanced study since my undergraduate course. His great person-
ality, humanity and understanding have impressed me and made my experiences
in KMITL really invaluable. I would also like to thank Assist.Prof. Dr. Sompol
Kosulvit for his hospitality and kind advice on additional knowledge.

In addition, I would like to thank my friends in Wireless Communication
Laboratory: Dr. Chuwong Phongcharoenpanich, Mr. Chanchai Thongsopa, and
Mr. Rangsan Wongsan for sharing and lessening depressive emotion sometimes
occured during doctoral course; Mr.Chaiwat Leekpai, Mr. Duang-arthit Sri-
moon, Mr. Anat Mearnchu, Mr. Phaisan Ngamjanyaporn, and Ms. Wanlika Bua-
somboon for their partial contributions to the experiment. Especially, my thank
goes to Ms. Panisa Keowsawat for her assistance in manipulating diversity data
as well as her discussion that deepen our knowledge in diversity technology. Also,
I wish to thank all members of Takada Laboratory, TITech for having created
a friendly environment and for their patient advices during my training there
supported by JICA (Japanese International Cooperation Agency) in 1998.

For long time spending life while pursuing graduate studies, I appreciate
my room-mates: Mr. Amorn Jiraseree-amornkun, Mr. Nayot Kurukitkoson, and
Mr. Arkhom Suvannakita for their cheerfulness and their inevitable patience with
my behavior.

Special thank is to Dr. Koichi Ogawa of Matsushita Electric Industrial Co.,
Ltd., Osaka, Japan for the invitation to visit his laboratory to observe the re-
search facilities and methodologies, and for his helpful discussion on the diversity
parameters. Thank is also to Prof. Dr. Kiyomichi Araki of TITech for his con-
structive comments during his being as a short-term expert of JICA at KMITL
in year 2000.

I wish to thank INCOCSAT (International Cooperation Center for Science
and Technology), TITech for awarding me the visiting research scholarships,
which made contributions to my research knowhow. The support for computers
and measuring instrument, the essential infrastructures to conduct research, from
the Japanese Government via JICA is very appreciated.

11



My gratitude is due to NSTDA (National Science and Technology Devel-
opment Agency), Thailand for awarding me the doctoral scholarship under the
local graduate scholarship program, which made this thesis possible. A partial
support from NSTDA via IMT-2000 Research and Development Project, is also

appreciated.
Finally, this thesis is dedicated to my parents, who have been constant sup-
port throughout my life.

v



TABLE OF CONTENTS

Page

Thai Abstract I
English Abstract ' II
Acknowledgements II1
Table of Contents \'A
List of Tables VIII
List of Figures IX
Chapter 1 Introduction 1
1.1 Background of Antennas in Mobile Systems . . . . . ... .. .. 1
1.1.1 Base Station Antennas . . .. ... ............. 3

1.1.2  Vehicular Mobile Antennas . . . . ... ... ........ 3

1.1.3 Portable Mobile Antennas . . . .. ... .. ........ 3

1.2 Purpose and Scope of the Study . . . . . .. ... ... ...... 4
1.3 Thesis Outline [T T 2 AQLQIAIOTON o7 ANy o9 0. . . . 5
Chapter 2 Mobile Propagation and Diversity Techniques 7
2.1 Introductory Remarks . ... ... . ... ... .......... 7
2.2 Mobile Radiowave Propagation . ... ............... 7
2.2.1 Large-Scale Propagation: Path Loss . . . . ... .. .. .. 7

2.2.2 Small-Scale Propagation: Fading and Multipath . . . . . . 10

2.2.2.1 Types of Small-Scale Fading . . .. ... ...... 10

2.2.2.2 Rayleigh and Nakagami-Rice Distributions . . . . . 11

2.2.2.3 Level Crossing Rate and Average Fade Duration . . 13

2.3 Diversity Techniques in Mobile Systems . . . . . ... .... ... 14
2.3.1 Space Diversity . . ... ... .. e e e e e e e 16

2.3.2 Directional Diversity . . . ... .. .. ... ........ 16

2.3.3 Field Component Diversity . . . . . . ... ......... 16

2.3.4 Polarization Diversity . . . . . . ... ... .. .. .o . .. 16

2.4 Combining Methods . . .. .. ... ... ... .. .. ...... 17
2.4.1 Selection Combining . . . . ... ... ... ........ 18

2.4.2 Equal Gain Combining . . . . . . ... .. .. ... L. 19

2.43 Maximum Ratio Combining . . ... ... ... ... ... 19

2.5 Concluding Remarks . . .. .. ... ... ... ... ...... 20



Chapter 3 Expressions of Mobile Antenna Performance

3.1 Introductory Remarks . ... .................

3.2 Angular Distribution Model of Incident

Waves . . . . e e e e e e e e e e e
3.2.1 Simple Clarke’s Model . . ... ... .........
3.2.2 Modified Clarke’s Model . . . .. ... ... .....
3.3 Mean Effective Gain . . . ... ... ... ... .....
3.4 Correlation Characteristics . . . . . ... ... ... .....
3.4.1 Complex Correlation Coefficient . . . . ... ... ..
3.4.2 Envelope Correlation Coefficient . . . . . .. ... ..
3.4.3 Power Correlation Coefficient . . ... ........
35 Diversity Gain . . . . . . . . ... .. L
3.5.1 Maximum Ratio Combining . . ... ... ... ...
3.5.2 Selection Combining . . ... ... ... .......
3.6 Diversity Antenna Gain . . . . . ... .. L0000
3.7 Concluding Remarks . . . .. ... ... . ... ......

Chapter 4 Electromagnetic Methodology

4.1 Introductory Remarks . .. ... ... ... .. ... ...
4.2 The Integral Equations . . . . .. ... ... .........
4.2.1 The Electric Field Integral Equation . ... ... ..
4.2.2 The Magnetic Field Integral Equation . . ... ...
4.2.3 The EFIE-MFIE Hybrid Equation . .. .. .. ...

4.3 Methodof Moments . . . . ... .. ... ... .. ...
4.3.1 Current Expansionon Wires . . . . . ... ......
4.3.2 EvaluationoftheFields . .. .. ... ........
4z3.2.1 ‘Fhin-Wirell® 2 V)5 V7. &5 . A0 £ - -

4.3.2.2 Extended Thin-Wire . . ... .........

4.3.2.3 Current Approximation for Large Distance

44 Wire-Grid Modeling . . ... ... .. ... . 0.,
4.4.1 ConductingWire . . . ... ... .. ... ...,
44.2 ConductingPlate . . . . . .. ... ... ... .. ..
4.43 Lossy Dielectric . . . ..« v v v oo 0o 0oL

4.5 Canonical Examples . ... ........ ... ......
4.5.1 Dipole Near Head Model . . . . . . . ... ... ...
4.5.2 Accuracy Analysis . ... ........ ... ..

4.5.2.1 Shape of Head Model . . . . . . ... ... ..
4522GridSize . ... ... ... oo ..
4523 WireRadius . . . . ... ... ... ...
4.5.2.4 Current Flow Model on Wire . . . ... ...
4.5.2.5 Surface Impedance Model : . ... ... ...
4.6 Concluding Remarks . . ... ... ... ... ... ...,

VI



Chapter 5 Polarization Diversity PIFA 58
5.1 Introductory Remarks . ....................... 58
52 Wire-Grid Modeling . . .. ... .. ... ... .. ..., 59

5.2.1 Polarization Diversity PIFA . . ... ... .. ... .... 60

5.2.2 Polarization Diversity PIFA on Portable Telephone . ... 61
5.2.3 Polarization Diversity PIFA on Portable Telephone with

User's Body . . . . . . o ittt 62

53 InputImpedance .. ... ....... ... .. ... ... 64
5.4 Radiation Patterns and Efficiency . . . . .. ... ... ... ... 66
5.4.1 Antenna Tilted Anglea=0° ... ............. 66

5.4.2 Antenna Tilted Angle=60° . . . . .. ... ... .... 67

5.5 Experimental Results . . . ... ... ................ 68
5.6 Concluding Remarks . . . ... ... ... ... L. 69
Chapter 6 Antenna Characteristics in Mobile Environment 79
6.1 Introductory Remarks . ... ... ... ... .. ......... 79
6.2 Mean Effective Gain . . . . . . . . e e e e e 79
6.3 Correlation Coefficient . . . . .. . . . . . . . .. ... 81
6.4 Divgrfity Gaimr Y. . < (L2 CON -~ FIvee - W\ - - - . 82
6.5 Diversity Antenna Gain . . . . . .. ..o e e e 83
6.6 ConclplingRenidtksy. \d ¥ <62 V. ¢/ o2l SF . DREE. . .. 83
Chapter 7 Conclusions 85
7.1 Summary of Preceding Chapters . . . . . .. ... .. ....... 85
7.2 Remarks for Future Studies . . . . . . . . . . ... . ... 86
References 88
List of Publications 97
Works Concerning This Thesis . . . . ... .. ... ... ... 97
Related Works . . . . . o v i i i i e e e e e e e e e e e e e 97
Interested Works . . . . . i L i i i e e e e e e e 98
Reprinted . . . . . . . i e e e e e e e e e e 98
Author Biography 109

VII



LIST OF TABLES

Tables Page

1.1 Progress of antennas for mobile systems. . . . ... ... ... .. 1

VIII



Figures Page

4.4

4.5

4.6

4.7

4.8

4.9

4.10

4.11

4.12

5.1

5.2

5.3
5.4

Component-gain patterns of A /2-dipole separated from head model
by the distance d; = 1cm, d; = d3 = Ocm, vary tilted angle o
(a)-(c) a = 0°, (d)-(f) a = 22.5°, (g)—-(i) @ = 67.5°, and (j)—(1)
a = 90° (for & = 45°, please see Figs. 4.5 (a)-(c)), L, is the

cabsorptionloss. . . . . .. ... .. 49

Component-gain patterns of 45°-tilted-\/2-dipole separated from
head model by the distance d; = d3 = Ocm, vary dy: (a)—(c)
d; = 1.0cm, (d)—(f) d; = 2.5cm, (g)-(i) d; = 5.0cm, and (j)—(1)
di=100cm. . . .. ... e e e e e e 50
Component-gain patterns of 45°-tilted-)/2-dipole separated from
head model by the distance d; = 1cm, d3 = Ocm, vary ds: (a)—(c)
ds = 0.0cm, (d)—(f) d2 = 2.5cm, (g)—(i) d2 = 5.0cm, and (j)-(1)
d2 =10.0Cm. .. o r—— . c + c e e e e e e e 51
Component-gain patterns of 45°-tilted-)/2-dipole separated from
head model by the distance d; = 1cm, d; = 0cm, vary d;: (a)-(c)
d3 = 0.0cm, (d)-(f) d3 = 2.5cm, (g)-(i) ds = 5.0cm, and (j)—(1)
d3=Wlcm— A #-%3= Q.38 & L5 . \\...... 52
Component-gain patterns of 45°-tilted-A/2-dipole separated from
head model by the distance d; = lcm, d = d3 = Ocm, vary
frequency f.: (a)—(c) fr = 850 MHz, (d)-(f) f. = 1,800 MHz,
(8)-(i) fr = 2,450 MHz, and (§)-(1) f, =5,500MHz. . . . . .. .. 53
Component-gain patterns of 45°-tilted-A/2-dipole separated from
head model by the distance'd; = icm, dy = d; = Ocm, vary
configuration of head model: (a)-(c) cubic head model, (d)—(f)
cylindrical head model, (g)-(i) tapered-end cylindrical head model. 54
Component-gain patterns of 45°-tilted-A/2-dipole separated from
head model by the distance d; = 1c¢m, d; = d3 = 0cm, vary grid
size: (a)—(c) coarse grid, (d)-(f) moderate grid, (g)-(i) fine grid. . 55
Component-gain patterns of 45°-tilted-A/2-dipole separated from
head model by the distance d; = lcm, dy = d3 = Ocm, vary
wire radius: (a)~(c) wire radius = a/2, (d)-(f) wire radius = a
(optimum), (g)—(i) wireradius=2a. . ... ... ... ... ... 56
Component-gain patterns of A/2-dipole separated from head model
by the distance d; = 1cm, d; = d3 = Ocm, with: (a)~(c) unloaded
(conductive) head model, and (d)—(f) loaded head model. . . . . . 57

Evolution of PIFA from A/4-monopole antenna: (a) monopole,
(b) ILA, (c) IFA,and (d) PIFA. . . . . . . ... ... ... .... 58
Evolution of PIFA from A/2-microstrip antenna: (a) microstrip
antenna, (b) PIFA with broad short-strip, (c) IFA, (d) PIFA with
single short-pin, and (e) PIFA with dual short-pin. . . ... ... 59
The PDA on a ground plane; (a) configuration, (b) wire-grid model. 60
Current distribution on wire-grid model of PDA on ground plane
(not shown in the figure) when: (a) RF-switch A operates (VP
mode), and (b) RF-switch B operates (HP mode). . . . . ... .. 60

X



Figures Page

5.5
5.6
5.7
5.8

5.9

5.10
5.11
| 5.12
5.13
5.14

5.15

5.16
5.17
5.18

5.19

6.1

The PDA on portable telephone and the reference A/4 monopole
antenna (a) configuration, (b) wire-grid model, and (c) current
distribution diagramon PDA. . . . . . ... ... ... ... ... 62
Enlargement of antenna portion illustrating current distribution
on wire-grid model of portable telephone mounted with: PDA in
(a) VP mode, (b) HP mode; and (c) A/4 monopole. . . . .. ... 63
Current distribution on wire-grid model of portable telephone
mounted with: PDA in (a) VP mode, (b) HP mode; and (c)
Afdmonopole.. . . ... L L 63
Samples of mobile users while operating portable telephone at
tilted angle a: (a) @ = 68° in right hand, (b) o = 56° in right

hand, (¢) a = 57° in right hand, (d) & = 55° in left hand. . . . . . 64
Wire-grid model of the antenna with human phantom (a) side-
view (b) isometric view (c) phantom dimension. . . .. ... ... 65
Input resistance (R) and reactance (X) of PDA: (a) on handset

in VP and HP modes, (b) with human body in VP mode, and (c)
with human body in HPmode. . . . . ... ... ... ... ... 70
The total-gain (G;) patterns of PDA and monopole at tilted angle
a = 0°% (a)—(c) on handset; (d)—(f) with head; (g)—(i) with hand
and head; (j)-(I) with upper body. 7 is the radiation efficiency. . . 71
The Go and G4 patterns of the PDA at tilted angle o = 0°; (a)-
(c) on handset; (d)-(f) with head; (g)-(i) with hand and head;

“uys() withupperbody. . . ... oL L 72

The total-gain (G;) patterns of PDA and monopole at tilted angle
a = 60°; (a)-(c) on handset; (d)—(f) with head; (g)—(i) with hand
and head; (j)—(1) with upper body. 7 is the radiation efficiency. . . 73
The Gy and G4 patterns of the PDA at tilted angle oo = 60°; (a)-
(c) on handset; (d)—(f) with head; (g)—(i) with hand and head;
(G)-(1) with'upper body. .. ;& .o L Lo il 74
The 3D-total-gain (G;) patterns (red, patterns in principle planes
shown in blue) at antenna tilted angle & = 60° of ; (a) \/4
monopole, (b) with upper body; (c) PDA-VP, (d) with upper

body; (e¢) PDA-HP, (f) with upper body (in linear scale). . . . . . 75
Prototype of PDA on handset: (a) side-view, (b) front-view. . .. 76
Radiation pattern measurement setup on the rooftop of the building. 76

Input impedance measurement setup of PDA on handset with
human phantom. . ... ... ... ... ... .. ... ... ... 77
The Gy and G4 patterns, in zy-plane of; the PDA on ground plane
at o = 0° (a) VP mode, and (b) HP mode; PDA on handset at
a = 0° (c) VP mode, and (d) HP mode; PDA on handset at
a =60° (¢) VP mode, and (f) HPmode. . . . ... ... ... .. 78

The differences of MEG of PDA in VP and HP modes, and )\/4
monopole vs. XPR, a=0° ... ... ... .. .. ... ..., 80

XI



Figures Page

6.2

6.3
6.4

6.5

6.6
6.7

7.1

The differences of MEG of PDA in VP and HP modes, and A/4
monopole vs. XPR, a=60°. . . ... ................ 80
The differences of correlation coefficient p, of PDA vs. XPR, a = 0°. 81
The differences of correlation coefficient p, of PDA vs. XPR,

a=60% . . . . e e e 82
Diversity gain differences of PDA due to p, and r at XPR = 5
dB,a=60% . ... . ... e 82

Diversity antenna gain and diversity gain of PDA vs. XPR, a = 0°. 83
Diversity antenna gain and diversity gain of PDA vs. XPR, a = 60°. 84

Switch-and-stay diversity scheme: (a) circuit diagram, (b) applied
to the PDA, (c) received signal envelope of each diversity branch
(d) received signal envelope after switch-and-stay combining di-
versity, and (e) typical CDF of average BER. . . . . . ... . ... 86

XII



Chapter 1

Introduction

1.1 Background of Antennas in Mobile Systems

The development of antennas for mobile communications may be classified ac-
cording to progress in system development into five generations as shown in
Tab. 1.1. The first generation is (generally accepted and) traced back to nearly
the end of the 19th century, when wireless telegraphy by means of electrostatic
coupling was developed by Thomas Edison and used for communication between
trains and railway stations. The metal strip was used as an antenna at that time,
hence it could be considered as the first type of mobile antennas. In early 1900,
the wireless telegraphs in HF band were practically used in ship communica-
tions. Many linear antennas were invented such as inverted-L antennas (ILA),
fan antennas, and top-loaded monopoles during this time.

Just after the World War II (second generation), the utilization of frequency
bands were gradually raised from HF to VHF and then lower UHF bands. Con-
sequently, it led to the significant progress of antenna technology, i.e: the de-
velopment of the inverted-F antenna (IFA), the normal mode helical antenna
(NMHA), and the very small rectangular-loop antenna for various mobile appli-
cations.

The advances in antenna design associated with propagation and systems
started in the middle of the 1970s (third generation). It is relevant to the first
generation (1G-) mobile communications (FDMA, analog system). Intensive
study of propagation problems, especially multipath propagation phenomena, was
done and diversity systems have been developed to cope with the multipath fad-

Table 1.1 Progress of antennas for mobile systems.

Generation I II III v Vv
Year ~1900~ 1950~ 1975~ 1990~ 2000~
Frequency LF-HF <400 MHz <1.5GHz <3GHz ~ELF
Telegraph/ Voice System | Paging, SatCom— WPAN
Telephony for Business, | Portable Voice and | (Blue Tooth),
Svyst for  Train, | Navigation, | Tx.&Rx., Data  Ch. | LMDS,
ystem | Ghip, Aircraft, Taxi NTT, NMT, | for Aircraft, | MMDS,
Police Car AMPS PCS, PDC, | HAP, ITS,
GSM IMT-2000
Metal Strip, | Blade, Dipole, Bifilar/ Antenna
Antenna Monopole, Ferrite Loop, | Collinear, Quadrifilar System
Whip, NMHA, LCX, MSA, | Helix with Signal
ILA = IFA = PIFA = Processing




ing problem, which is very serious in urban area communication. The antennas
used for mobile terminals had been developed during this time were: microstrip
antenna (MSA), planar inverted-F antenna (PIFA) and so forth. In particular
applications, such as train communication, the leaky coaxial cable (LCX) had
been invented and used at the railway station side.

The fourth generation (from 1990) of mobile antennas correspond to the 2G-
mobile communications (TDMA, digital system). The mobile terminals were
getting smaller and mobile antenna also had to be miniaturized.

The mobile antennas aré now moving to the fifth generation (relevant to the
3G-mobile communications, CDMA, digital system) where broad-band, multi-
band, and built-in antennas are required for modern multi-mode mobile termi-
nals. Antenna may be closely integrated with system employing advanced signal
processing.

Antenna |<—————"=| System

8 [

Propagation [<—— Environment

Figure 1.1 Antenna and related factors in mobile communication systems.

At present, personal communications can be considered as a part of daily-life
essence. Antenna technology has made a great contribution to the progress of
mobile communications. Key devices for transmitting and receiving signal be-
tween portable unit and base station are antennas. The real significant antenna
design in mobile communication systems seems to have gained new understand-
ing and the important roles of antennas has been recognized [1, 2]. The antenna
s a critical element that can either enhance or constrain system performance
[3]. Consequently, antenna performance and characteristics have come to be
studied extensively, specifically taking mobile environment conditions into ac-
count. Design of antenna today not only concerns its element, but also includes
consideration of factors related to propagation, systems, and environment con-
ditions (Fig. 1.1). Those factors are in general closely interrelated and treated
systematically when an antenna is designed.

Antenna classification by applications from a system exposition can be land,
maritime, aeronautical, and satellite systems. This thesis only focuses on land
(terrestrial) mobile system.

The following topics briefly review the antennas used in land mobile sys-
tems. The land mobile antennas can be categorized into three major groups;
base station antennas, vehicular mobile antennas, and portable mobile anten-
nas. However, here focuses on only the polarization diversity antenna types.



The detailed reasons on the necessities of polarization diversity scheme for en-
hancing the mobile antenna system performance will be given in Sec. 5.2.1.

1.1.1 Base Station Antennas

The base station antenna configurations depend on the size and shape of the
service area and the number of cells and channels. In a private mobile communi-
cation systems whose service area is small, the base station antenna is as small as
the vehicle-mount antenna used in automobile telephone systems. If the service
area is limited within a restricted angle in the horizontal plane, a corner reflec-
tor antenna or bi-directional antenna are often used [4, 5, 6]. When the service
area is wide, as in a pager system, maritime telephone system, or aeronautical
telephone system, a linear array antenna, which has large directivity in vertical
plane, is often used as in cellular systems [7, 8, 9, 10].

1.1.2 Vehicular Mobile Aptennas

The antenna widely used for vehicular terminal is whip antenna (flexible version
of monopole antenna). In specific satellite-mobile system, a circularly polarized
conical beam spherical slot array antenna [11] is an interesting candidate due to
its low-profile property which pertinent to aerodynamic constrain of the vehicle.
While in land-mobile system, a notch-wire composite antenna for polarization

diversity reception [12] is used instead. S

1.1.3 Portable Mobile Antennas

The trend of the portable telephone technology in the last few years has been
dramatically decreased in the size and the weight of the unit as illustrated in
Fig. 1.2. In the initial offering (early 1980s), the portable cellular phone was
about 6,600cc in volume (including batteries). Today (2001), the most recent
cellular portable telephones have a volume of 90cc. These dramatic weight and
volume improvements have necessitated a rapid evolution of the antennas used
for the telephones. The design efforts have been to maintain approximately the
same antenna performance in terms of gain coverage area, and bandwidth in the
face of rapidly decreasing size requirements [13].

Monopole antenna is often used in portable telephone or laptop computer
[14] due to its low cost and simple structures. However, the monopole antenna
are easily damaged, due to its nonrigid and protruding structure. Also, more
than a half of radiated power from a portable-mounted monopole antenna may
be absorbed in the user’s body [15, 16, 17, 18]. Loop antenna is seldom used
to replace monopole antennas due to its low radiation efficiency and need of
matching circuit limits its popularity [19], except for received performance in
pager system [20]). Microstrip antennas are an alternative to monopole and loop
antennas that can be designed to reduce these problems. They can be made
conformal with the portable telephone for protection from damage. They can
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Figure 1.2 Evolution and miniaturization of portable mobile telephones with
attached antenna [from Wireless Asia Mag., vol. 2, no. 9).

also be positioned away from the head and hand to reduce power deposition in
the user’s body. Many microstrip antenna configurations have been developed for
portable telephone {21, 22, 23, 24]. For the very small portable telephone, the
shorted circuit microstrip antenna known as planar inverted-F antenna(PIFA)
operated on quarter-wavelength principle is used instead due to its very compact
size [25, 26, 27, 28, 29, 30, 31, 32, 33, 34].

1.2 Purpose and Scope of the Study

This thesis proposes a polarization diversity planar inverted-F antenna (PIFA)
—to be a built-in antenna for a portable mobile telephone—to mitigate the
short-term multipath fading of the received signal at mobile terminal while the
antenna is capable to maintain the compact dimension. The most interesting
aspect of the PIFA [33] is its low-profile and most fundamental resonance on
quarter-wavelength mode. The wire-grid modeling based on the Method of Mo-
ments is utilized for the analysis. This thesis also investigates the external field
interaction between the polarization diversity PIFA on a portable telephone and
the operator’s body, from the chest to the head, under the mobile urban envi-
ronment.

The diversity performance of this antenna on a ground plane have been first



theoretically studied in [35], and then the semi-empirical results have been con-
firmed in [36]). The ground plane was replaced by a portable telephone in [37],
and [38] compared the performance of the antenna on the ground plane with
the antenna on the portable telephone. The simple model of user’s body has
been taken into account in [39], more realistic user’s and propagation models
have been analyzed and reported in [40] successively. This thesis compiles the
results presented in [35, 36, 37, 38, 39, 40] and thoroughly analyzes the prob-
lem in more interesting aspects. The results are revealed in two categories; first,
fundamental characteristics in terms of input impedance, current distribution,
radiation patterns, and efficiency; later, diversity characteristics in terms of mean
effective gain, correlation coeflicient, diversity gain, and diversity antenna gain
quantitatively.

1.3 Thesis Outline

This thesis is mainly concerned with portable mobile antenna applied with po-
larization diversity scheme and propagation characteristics in mobile urban en-
vironment. Additionally, the user’s body is taken into account in the analysis of
the antenna performance. The thesis is composed of six chapters. Some litera-
ture surveys are also provided at the beginning of each chapter. Their contents
will be outlined as follows:

Chapter 1 gives an introduction and outline of the thesis. The history of mo-
bile communication systems, necessity of antennas to the system are described.
The introduction of diversity techniques to improve the mobile systems is briefed.
Also the motivations and aims of conducting that part of research is included.

Chapter 2 describes the radiowave propagation characteristics in mobile en-
vironment and explains the diversity techniques with combining methods com-
monly used in mobile communications to mitigate the received signal fading
caused by the multipath propagation.

Chapter 3 mainly deals with theoretical expressions of mobile antenna per-
formance, i.e., angular distribution model of incident waves, mean effective gain,
correlation characteristics, diversity gain which is based on the improvement of
received bit error rate (BER), and diversity antenna gain which is the product
between diversity gain and the maximum mean effective gain.

Chapter 4 provides the methodology needed for simulating the effects of
radiated structure as well as absorbing material. The canonical examples rel-
evant to the practical problem are described. Knowhow for properly modeling
is discussed and considered as accuracy analysis. The numerical method used
throughout this thesis is also explained in this chapter.

Chapter 5 is concerned with the modeling and fundamental characteristics
of the polarization diversity PIFA from on the ground plane to on portable
telephone with user’s body.

Chapter 6 renders the communication performance of polarization diversity
PIFA in terms of diversity parameters, i.e., mean effective gain, correlation co-



efficient, diversity gain, and diversity antenna gain, in statistical sense.
The thesis conclusions are given in Chap. 7, where some suggestions are also
given for further research works in the field.



Chapter 2

Mobile Propagation and
Diversity Techniques

2.1 Introductory Remarks

This chapter introduces the mobile propagation characteristics from the large-
to small-scales. The small-scale propagation will be discussed deeply in details.
To mitigate the signal deep fading resulted from multipath propagation, vari-
ous diversity techniques together with combining methods are described as the
remedies.

2.2 Mobile Radiowave Propagation

The radiowave propagation places fundamental limitations on the performance
of mobile communication systems. The transmission path between the trans-
mitter and the receiver can vary from simple line-of-sight to one that is severely
obstructed by buildings, mountains, foliage and other various kinds of surround-
ings. Unlike wired transmission of which channels are static and predictable,
radio channels are extremely random and very difficult to analyze deterministi-
cally.

The electromagnetic wave propagation mechanisms in multipath environment
can generally be attributed to random scattering as illustrated in Fig. 2.1. Most
mobile radio systems operate in urban areas where there is no direct line-of-sight
path between transmitter and receiver, and where the presence of tall buildings
causes severe diffraction loss. Due to multiple reflections from surroundings, the
electromagnetic waves travel along different paths of varying path lengths. The
interaction between these waves causes multipath fading (small-scale propaga-
tion) at a specific location, and the strengths of waves decrease as the distance
between the transmitter and receiver increases (large-scale propagation) as de-
picted in Fig. 2.2.

2.2.1 Lai'ge—Scale Propagation: Path Loss

Propagation models that predict the mean signal strength for an arbitrary trans-
mitter-receiver separation distance are useful in estimating the radio coverage
area of a transmitter and are called large-scale propagation model. As the mobile
moves away from the transmitter over much larger distance, the local average
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received signal will gradually be decreased as depicted in Fig. 2.2, and it is this
local average signal level that is predicted by large-scale propagation model.



Both theoretical and measurement-based propagation models indicate that
average received dB signal power decreases logarithmically with distance, whether
in outdoor or indoor environments. The average large-scale path loss, L, for an
arbitrary transmitter-receiver separation, r, is expressed as a function of distance
by using a path loss exponent, n,

L = L{ro) + 1010g(%)" {dB] (2.1)

where the path loss exponent index n equals 2 for free-space, 3-5 for urban cellu-
lar radio, 4-6 for obstructed in building, and 1.6-1.8 for line-of-sight in building
environments [41]. 7o is the close-in reference distance which is determined from
the measurements close to the transmitter. In large coverage cellular system,
1km reference distances are commonly used, whereas in microcellular systems,
much smaller distances (such as 100m or 1 m) are used. The reference distance
should always be in far-field of the antenna. However, (2.1) does not consider
the difference of the surrounding environments between two locations having the
same distance.

The most widely used path loss model is Hata’s model [42] which is for
signal prediction in urban areas. This model is an empirical formulation of the
geographic path loss provided by Okumura, and is valid from 150 to 1500 MHz.
The European Co-operative for Scientific and Technical research (EURO-COST)
formed the COST-231 working committee to develop an extended version of the
Hata model. The proposed path loss model to be applicable to the personal
communication services (PCS) is

Lyspan = 46.3+33.9 log f —13.82 IOg Rbose — a(hmob,-le)
+(44.9 — 6.55log hbase) logr + Cyy, (2.2)

where f is the frequency (in MHz) from 1,500-2,000 MHz, hp,se is the effective
base station antenna height (in meters) ranging from 30m to 200m, Amesire iS
the effective mobile antenna height (in meters) ranging from 1 m to 10m, r is the
transmitter-receiver separation distance (in km), and a(hmopite) is the correction
factor for effective mobile antenna height which is a function of the size of the
coverage area. For a small to medium sized city, the mobile antenna correction
factor is given by

a(hmobile) = (1'1 Ing - 0-7)h'mobile - (1'56 lng - 08) (23)
and for a large city, it is given by

a(Pmobite) = 3.2(log 11.75Amopite)® — 4.97, (2.4)

and

- _J0dB for medium sized city and suburban area, (2.5)
MT13dB for metropolitan center. |
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The above path loss models are sufficiently accurate for prediction of the
macrocellular systems which radius of the cell is more than 1km, whereas the
smaller radius (< 1km) microcellular systems have different characteristics. The
studies of microcellular propagation characteristics have just been received at-
tentions less than ten years before. At the beginning, the microcell propagation
was studied by the measurement as by Rappaport et. al. [43] for factory en-
vironments, and by Xia et. al. [44] for urban and suburban environments.
Just previous years, the simulation tools such as ray tracing technique and the
uniform theory of diffraction (UTD) [45], or even recently the finite-difference
time-domain (FD-TD) method have been introduced to effectively predict the
propagation characteristics of micro-, nano-, or picocellular systems. However,
propagation simulations need very long simulation time and high performance
computer, that has been available recently, due to the large volume of computa-
tional space.

2.2.2 Small-Scale Propagation: Fading and Multipath

Small-scale fading, or simply fading, is used to describe the rapid fluctuation
of the amplitude of radio signal over a short period of time or travel distance,
so that the large-scale path loss effects may be ignored. Fading is caused by
interference between two or more versions of the transmitted signal which arrive
the receiver at slightly different times. These waves, cailed multipath waves as
shown in Fig. 2.1, combine at the receiver antenna to give a resultant signal
which can vary widely in amplitude and phase, depending on the distribution of
intensity and relative propagation time of the waves and the bandwidth of the
transmitted signal. In small-scale fading, the received signal power may vary by
as much as three or four order of magnitude (30 or 40dB) when the receiver is
moved by only a fraction of wavelength as illustrated in the inset of Fig. 2.2.
There were a number of researchers interested in small-scale fading modeling.
Many fading models were briefly described and analyzed in [46], whereas [47]
unified the approaches to the performance analysis of digital communication
over generalized fading channels.

Due to the constructive and destructive effects of multipath waves summing
at various points in space, a receiver moving at high speed can pass through
several fades in small period of time, as depicted in the inset of Rayleigh fading
in Fig. 2.2. In more serious case, a receiver may stop at a particular location at
which the received signal is in a deep fade. To maintain good communications,
antenna diversity techniques can alleviate deep fading nulls, as being discussed
in the next section.

2.2.2.1 Types of Small-Scale Fading
I. Fading effects due to multipath time delay spread

A. Flat Fading
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The received signal will undergo flat fading if the mobile radio chan-
nel has a constant gain and linear phase response over a bandwidth
which is greater than the bandwidth of the transmitted signal. In
flat fading, the multipath structure of the channel is such that the
spectral characteristics of the transmitted signal are preserved at the
receiver. However the strength of the received signal changes with
time, due to fluctuations in gain of the channel caused by multipath.
The distribution of the instantaneous gain of flat fading channels is
important for designing radio link, and the most common amplitude
distribution is the Rayleigh distribution.

B. Frequency Selective Fading

The channel creates frequency selective fading on received signal if
the channel possesses a constant gain and linear phase response over
a bandwidth which is smaller than the bandwidth of the transmitted
signal. Specifically, the channel is called frequency selective when the
delay spread is larger than 315 of symbol duration, from the viewpoint
of modem design. Frequency selective fading is due to time dispersion
(multipath delay spread) of the transmitted symbols within channel.
Hence, the channel induces intersymbol interference (ISI).

II. Fading effects due to Doppler spread

A. Fast Fading
In a fast fading channel, the channel impulse response changes rapidly
within the symbol duration. Specifically, f4T, is used as a measure
of the fast/slow fading; where f; is the maximum Doppler frequency,
and T, is the symbol duration. When this value is greater than 1073,
the channel is said to be fast fading channel. In practice, fast fading
only occurs for very low data rates.

B. Slow Fading
The channel impulse response changes at a rate much slower than the

transmitted baseband signal.

2.2.2.2 Rayleigh and Nakagami-Rice Distributions

In a slow fading channel, to describe the statistical time varying nature of the
received signal envelope in mobile communications, two fundamental types of
distribution are utilized.

I. Rayleigh Distribution
In mobile communications, Rayleigh distribution is commonly used to ex-
plain the characteristic of signal envelope (r) of flat fading under non-line-
of-sight condition. The Rayleigh distribution has a probability density
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function (PDF') given by
'_2
p('r) = ;ri-e (m) (0 S T S OO), (2.6)
0 (r<0)

where o is the RMS (root mean square) value of the received voltage signal
before envelope detection, and ¢? is the time-average power of the received
signal before envelope detection.

The probability that the envelope of the received signal does not exceed a
specified value or equivalently, the probability that the signal envelope, r,
falls below a certain specified threshold, R, is the outage probability which
is given by the corresponding cumulative distribution function (CDF)

P(R)=PF.(r <R)= / " o =1- (&), 2.7)

The mean or expected value (E{-}) of r of the Raylelgh distribution is

given by
E{r} = / rp(r)dr = a\/g = 1.25330. (2.8)
0

II. Nakagami-Rice Distribution
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Figure 2.3 Probability density function of Nakagami-Rice distribution.

Nakagami-Rice distribution is commonly used to explain the characteristic
of signal envelope of flat fading under line-of-sight condition. Sometimes it
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is referred as Nakagami-n or Rician distributions. The PDF of Nakagami-
Rice distribution is given by

_[5e(F) 4 (a>0,r>0),
p(r) = { 0 (r<0). 9

The parameter A denotes the peak amplitude of the dominant signal and
Iy(-) is the zeroth-order modified Bessel function of the first kind.

The mth-order modified Bessel function of the first kind can be expressed

as the integral

Ia(2) = 51; (—je30)ke—=sinbgg, (2.10)

-
where j = v —1.
The Nakagami-Rice distribution is often described in terms of a parameter
K which is defined as the ratio between the deterministic signal power and
the variance of the multipath. It is given by

A2
202

(2.11)

The parameter K is known as the Rician factor (related to Nakagami-n
distribution via n? = K) and specifies the Nakagami-Rice distriltion. As
A — 0,K — 0, and as the dominant path decreases in amplitude, the
Nakagami-Rice distribution degenerates to a Rayleigh distribution.

The Nakagami-Rice CDF can be expressed by [48]

P(E) = 1- (5 3 (4)". 1, (22)

1 - o (#vK) i(” RzK)m-I,,,(R‘fW). (2.12)

This formulation is very difficult to evaluate due to the summation of an
infinite number of terms. Practically, it is sufficient to increase m to a
value, where the last term’s contribution becomes less than 0.1%.

2.2.2.3 Level Crossing Rate and Average Fade Duration

The level crossing rate (LCR) and average fade duration (AFD) are regarded
as secondary-order statistic, since it is time-dependent. They are illustrated in
Fig. 2.4: the LCR is the number of positive-going crossings of a reference level 7
in unit time, while the AFD is the average time between negative and positive
level-crossings.

It is clear from Fig. 2.4 that the signal spends most of its time crossing signal
levels just below the reference value, and that deep fades below this value have far
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shorter duration than enhancements above it. This means that, although outages
may be frequent, they will not be last for very long. The simple expressions of
LCR and AFD pertinent to Fig. 2.4 can be respectively shown as

LCR : N(at = 5(over T s;c.)a (2°13)

5
AFD: T = % (2.14)

where ¢ is time duration (of the kth crossing) that the received signal is below
the reference level 7.

2.3 Diversity Techniques in Mobile Systems

Large-scale fading is caused by shadowing due to variations in both the terrain
profile and the nature of the surroundings. In deep shadowed conditions, the
received signal strength at a mobile can drop well below that of free-space. By
selecting a base station which is not shadowed when others are, the mobile can
improve substantially the average CNR on the downlink (base station transmit-
ting, mobile receiving). This is called macroscopic diversity, it is also useful at
the base station receiver. By using base station antennas that are sufficiently
separated in space, the base station is able to improve the uplink by selecting
the antenna with strongest signal from mobile.

As is well known, the benefit of a microscopic diversity reception is that
it overcomes deep short-term fading of the received signal. This can reduce
the required transmission power as well as cochannel interference protection
ratio. Furthermore, it has been shown that the antenna diversity could improve
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the capacity of mobile communication systéms [49] without the need of larger
frequency bands.

Over the past ten years there has been an increasing demand for develop-
ment of diversity systems to reduce multipath fading for both mobile [50] and
base stations [51, 52, 53]. It can take the form of space diversity, directional
diversity, field component diversity, and polarization diversity, each of which will
be described below. The diversity performance depends on the number of diver-
sity branches and on the correlation coefficient between the received branches.
Each diversity scheme can reach the same performance if the branch correlation
coefficients are the same. Two diversity signals are received from two antennas
if space, directional, and polarization schemes are used, or from one antenna if
field diversity are used.

Monopole
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Figure 2.5 Antenna diversity techniques for two diversity branches
(a) space diversity of monopole antenna and PIFA

(b) directional diversity of two opposite directional antennas

(c) field component diversity of dipole and loop antennas

(d) polarization diversity of cross-dipole antenna.
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2.3.1 Space Diversity

Space diversity has been most commonly used in practice [54]. It has also been
applied to portable telephone, in which a monopole antenna and a PIFA consti-
tute the diversity elements [53] as shown in Fig. 2.5(a), or the diversity combined
from two PIFA’s [50]. However, space diversity needs large space for multiple
antenna locations.

2.3.2 Directional Diversity

In a non-line-of-sight condition, the directivity of a received antenna does not
increase the average received power, but signal fading is reduced for a narrower
beam. The effect of directional (or directivity) diversity has been tested in the
mobile radio environment [55]. It is suitable for vehicular mobile, where antennas
can be installed on the roof-top to be in-line with the motion of the vehicle, as
shown in Fig. 2.5(b). '

2.3.3 Field Component Diversity

Multiple scattering and fading effects can create cross-polarization such that it
is desirable for the antenna to receive both E- and H-field components. This is
called an energy diversity antenna. An advantage of this technique is that only
one location is needed and transmitting antenna need only have E-field [56].
However, the antenna itself is bulky as its structure occupies three-dimensional
space volume, as shown in Fig. 2.5(c).

2.3.4 Polarization Diversity

Polarization diversity is another useful scheme for reducing multipath fading
[57, 58, 59]. Measurement of co-polarization and cross-polarization of received
signal power in urban areas without line-of-sight to base stations showed that two
polarizations are statistically independent to each other as depicted in Fig. 2.6(a)
[60]. While the difference between the received signal levels of co-polarization and
cross-polarization is large in line-of-sight environment as depicted in Fig. 2.6(b)
so that the polarization diversity becomes less effective. In urban area, it is often
observed that the polarization at receiver is not necessarily the same as at the
transmitter [61]. By combining differently polarized waves effectively, diversity
performance can be realized and fading can be reduced. This type of diversity
possesses an advantage over three diversity schemes because the antennas can
be placed at the same position (collocation), as shown in Fig. 2.5(d). The an-
tenna elements can also be chosen to be low-profile. Therefore, the polarization
diversity is the most appropriate scheme to apply with antennas on portable tele-
phone [62, 63]. Polarization diversity has also been received very high attention
for base stations {7, 8, 9, 10], as well as for vehicle mobile [12].
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Figure 2.6 Co-polarization and cross-polarization of two received signal power
in (a) non-line-of-sight (NLOS) environment (b) line-of-sight (LOS) environment
[60].

2.4 Combining Methods

There are several diversity combining methods. This section will describe three
main techniques: selection, maximum ratio, and equal gain, for the case that
there is no correlation between each diversity branch (independent fading) and
the mean received CNR of each branch is also equal. They can be used with

each of the diversity techniques discussed in the preceding section.
Diversity receiver can be classified into two basic types-—predetection and
postdetection—each using either of three combining methods.

e Predetection Combining: each signal is cophased at the IF frequency
and combined before detection.

e Postdetection Combining: each signal is combined with another signal
after detection at the baseband level [64].

AT A
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In predetection, because of the complexity of in-phase addition, the selection
combining scheme which has no such complexity, is most preferable. While in
postdetection, the selection combining scheme, which selects detected envelopes,
is the simplest of all combining methods. Note that there is no essential difference
between the two kinds of detection if a linear detector is used 65).
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Figure 2.7 Diversity combining methods for two diversity branches (a) SC, (b)
EGC, and (¢) MRC.
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Figure 2.8 Cumulative distribution function of instantaneous CNR for SC.
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Selection combining (SC) method is the simplest and perhaps the most fre-
quently used form of diversity combining. In this technique, one of the two
diversity branches with the highest CNR is connected to the output as shown in
Fig. 2.6(a) with the circuit diagram shown in Fig. 2.7(a).

If we define instantaneous CNR (carrier-to-noise ratio), vy, and mean CNR,
I, by

instantaneous received carrier power (2.15)
7= mean noise power ’ '

mean received carrier power
mean noise power '

r = (2.16)

The probability that the CNR {7y, m is diversity branch number) is less than
or equal to some specified value v is

Plym <9) =1—e"). (2.17)

‘The probability that vy, in all branches with independent fading will be simul-
taneously less than or equal to v is

P(v1, 727 S ) = (1= e~ @)™, (2.18)

Selection combining also improves the mean CNR of the combiner output and
can be shown [66] to be

E{y}=T) % (2.19)

2.4.2 Equal Gain Combining

In equal gain combining (EGC) method, the signals from two branches are
cophased and then summed up as shown in Fig. 2.7(b). The CDF of this com-
bining method is quite complicated to find and it needs numerical technique.
However, it is found that the CDF of this combining method is very close to
MRC (less than a decibel) in all cases. The mean CNR, can be [66] shown to be

E{y.} = 1“(1 + (M - 1)%) (2.20)

2.4.3 Maximum Ratio Combining

Maximum ratio combining (MRC) maximizes the signal-to-noise ratio (SNR)
after combining. Two diversity branches are cophased, amplitudes adjusted,
and then combined in this combining method as shown in Fig. 2.7(c). Among
all combining methods, this method provides the highest performance at the
expense of system complexity. The CDF of MRC has been shown [65] to be

Plm sy =1-e® 3 BT (221
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Figure 2.9 Cumulative distribution function of instantaneous CNR for MRC.

The mean CNR of the combined signal may be easily shown to be
E{~} = MT. (2.22)

Thus, the combiner output mean varies linearly with M. This combining method
confirms the intuitive results that the output CNR average over fading should
gain proportional to the number of diversity branches.

2.5 Concluding Remarks

As the coverage area of base stations at present is getting smaller, i.e., from the
macrocell to microcell, nanocell, and even the picocell, the path loss becomes less
dominant to the propagation problems. Whereas, the multipath fading appears
to dominate among propagation problems. In this thesis, polarization diversity
technique with selection combining method is chosen to apply for PIFA on a
portable telephone, due to the compactness and the ease of implementation.



Chapter 3

Expressions of Mobile Antenna
Performance

3.1 Introductory Remarks

This chapter deals with theoretical expressions of antenna performance in the
mobile environment. Unlike static communications where environments and
communication equipments are also static, mobile station is considered to have
random movements around the spatio-temporal-variated environments. Hence,
the traditional parameters, gain or directivity, are not appropriate to define
mobile antennas that are not always at the same position as well as direction.
Antenna gain has to be modified by including the statistical propagation char-
acteristic that is angular distribution model of waves incident on the mobile
stations. The mean effective gain (MEG) is used to define the mobile antenna
characteristic instead.

When antenna diversity techuique is applied, the diversity gain is the param-
eter for evaluating the diversity performance. Diversity gain is computed from
the correlation and ratio of the median values between two diversity branches.
Diversity antenna gain (DAG), product between MEG and diversity gain, is the
parameter to evaluate the diversity antenna system.

3.2 Angular Distribution Model of Incident
Waves

In general, multipath propagation in land mobile communication environment is
caused by reflection, diffraction, and scattering from topology and buildings. Let
us define the secondary wave source generically as the points at which the wave
is reflected, diffracted, or scattered immediately before reaching the antenna as
illustrated in Fig. 2.1.

There have been several multipath models suggested to explain the observed
statistical nature of mobile channel. Ossana’s model [67]—based on interference
of waves incident and reflected from the flat sides of randomly located buildings—
correctly predicts flat fading power spectra in suburban areas, it assumes the
existence of a direct path between the transmitter and the receiver. Therefore,
this model is inappropriate for urban areas where the direct path is almost
always blocked by buildings and other obstacles. Clarke’s model [68] is based on
scattering and is widely used.
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3.2.1 Simple Clarke’s Model

Scattering Ring

Multipath Environment

Figure 3.1 Angular power density function of waves incident on mobile antenna
represented by simple Clarke’s model.

Clarke [68] developed a model where the statistical characteristics of electro-
magnetic fields of the received signal at the mobile are deduced from scattering.
The model assumes a fixed transmitter with a vertically polarized antenna. The
field incident on the mobile antenna is assumed to be comprised of N azimuthal
plane waves with arbitrary carrier phase, arbitrary azimuthal angle of arrival,
and each wave having equal average amplitude. It should be noted that ilic equal
average amplitude assumption is based in the fact that in the absence of a direct
line-of-sight path, the scattered components arriving at a receiver will experience
similar attenuation over small-scale distances.

Clarke’s model is one of the most widely accepted model which is deduced
from the statistic characteristics of electromagnetic field scatterings [68] and is
subjected to Rayleigh fading.

To model the angular power density functions of incoming plane waves in
multipath urban environment, it is reasonable to assume azimuthal distribution
Py 4(¢) to be uniform and elevational distribution Py 4(6) by the Dirac delta
function as

Paog(6,4) = 66— 7). (3.)

3.2.2 Modified Clarke’s Model

When the antenna moves randomly within a metropolitan area, the buildings
heights and distances from the antenna are considered to be independent vari-
ables that are distributed around certain average values. Thus, the secondary
wave sources can also be assumed to be distributed around the elevation direc-
tion. If it is assumed that an extremely large number of secondary wave sources
are experienced during a random move, this elevation angle distribution can be
assumed to be Gaussian distribution according to the central limit theorem.
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Figure 3.2 Angular power density function of waves incident on antenna in the
urban environment [61]. '

To model the angular power density functions of incoming plane waves for
modified Clarke’s model, it is reasonable to assume azimuthal distribution Py 4(¢)
to be uniform and elevational distribution Py 4(6) by Gaussian distributions in

the 6 direction [61). For0 <8 <

T e (32)
0~(F-mm)’
R0, = Age ) (33)

where my and oy are mean and standard deviation of incident angle of arrival of
vertically polarized waves and my and oy are likewise for horizontally polarized
waves (the mean angles are observed from the horizontal direction). If the mean
power strengths of VP and HP waves in the directions of § = % — my and

0 = § — mpy are, respectively, Pnyv and Pnppg, then
va=P1’Ao (34)
Poug =P - Ay, (3.5)



24

Ag and Ay are the amplitudes of Py and P,, respectively, which can be determined
from the following condition. P; is the mean power that would be received by a
@-component-polarized isotropic antenna in the mobile radio environment. P, is

likewise for ¢-component-polarized.

/ 2“/7r Py(8, ¢) sin d6dg = / " Py, 4)sin6dbds=1  (3.6)
0 0 0 0

The practical value of mean my,y and standard deviation oy g of incident
angle of arrival, have to be determined from the field measurement in mobile
environment. One of the pioneers that measured the arrival direction of incident
waves in urban by using 12-element Yagi-Uda antenna with 12dBi gain in the
205 MHz band, noted that the elevation angles were spread over the range 0°-50°
[69].

This thesis will use the urban outdoor environment model, corresponding
to the values of my = 19°,0y = 20°,myg = 32°, and oy = 64° follow the
measurement performed by Taga [61] using 0.9-m-diameter parabolic reflector
antenna with a dipole element for the primary radiator in the 900 MHz band,
as depicted in Fig. 3.2. These practical values are very useful for theoretical
analysis of particular mobile communication performance.

3.3 Mean Effective (Gain

The mean effective gain (MEG), denoted by G., is a statistical measure of the
antenna gain in mobile environment. Figure 3.3 illustrates the notation where
the signal transmitted from a base station antenna passes through a multipath
environment and arrives at a mobile antenna. MEG is defined by the ratio of
the mean received power of antenna P to the total mean incident power over
the random route Py + Py. It can be expressed by [61]

_ Prec
fe Py + Py

The ratio of mean incident power Py /Py represents the cross-polarization
power ratio (XPR) (in some particular cases it is referred as cross-polar dis-
crimination, XPD), is determined by P,y and Py, as shown in the following
equation

G, (3.7

XpRzizizﬁ”i.ﬁ (3.8)
Py P, P,H Ay
where Py and Py are mean incident power of vertically and horizontally polarized
waves, respectively. In the suburban outdoor or indoor environment, where there
is no line-of-sight signal, the XPR is close to 0 dB. However, in urban outdoor
environments, the XPR varies considerably from 0 dB to +10 dB [61, 70].
The mean received power of a mobile antenna is expressed by [[66], p. 138]

27w pw
P = / / (Png(B, @) Py(8, ¢) + PoGy(0, ¢) Py(6, ¢)) sin 8dfd¢ (3.9
0 JO
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Figure 3.3 Average power arriving at receiving mobile antenna in multipath
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}

where Gy(6,¢) and G4(8, ¢) are the 8- and ¢-components of the antenna power
gain patterns, respectively, and Py(6, ¢) and Py(0, ¢) are the 6- and ¢-components
of the normalized angular power density functions of incoming plane waves, re-
spectively. These functions satisfy (3.6) and the following condition

/ 1P (G,, (8, 0) + G4(6, ¢)) sinfd0d¢ = 4 (3.10)
0 JO

By using (3.9) and the notation for the XPR, the expression for the MEG
can be rearranged as the following equation

I XPR 1 .
Ge= ‘/0‘ A (mGﬂ(o’ ¢)P0(0a ¢) NG mG¢(0, ¢)P¢(€a ¢)) sin 6dfd¢.
(3.11)

When only a VP wave (XPR= 0) is incoming from a single (6, ¢,) direction,
with corresponds to line-of-sight propagation with VP wave transmission, the
angular density functions in (3.11) are represented as

. 6(0 - es) ) 5(¢ - (bs)
Py(6,9) = o, (3.12)
and
Py(8,¢) =0, (3.13)
Then, it follows from (3.11)—(3.13) that the MEG becomes
Ge = Go(b5, ¢5). (3.14)

This means that the MEG corresponds to the antenna directive gain of the
(6;, ¢s) direction when incoming signals are centered in the (6;, @,) direction.
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If the characteristics of incoming signals in various environments can be rep-
resented as statistical distribution functions Py, Py, the MEG in (3.11) gives the
mean power gain of the antenna-in each of the environments.

3.4 Correlation Characteristics

The correlation coefficient is a commonly used gauge of diversity and has three
different forms: complez (p,), envelope (pe), and power (p,) correlation coeffi-
cients. .

Figure 3.4 Antenna diversity and its coordinate system.

3.4.1 Complex Correlation Coeflicient

To show the relation between the signal envelope correlation coeflicient and the
radiation pattern correlation coefficient. Let’s assume the incident wave accord-
ing to Fig. 3.4, it can be described by

F(Ov ¢) = FO(G’ ¢)i0 + F¢(0a ¢)i¢ (315)

where Fy and Fj indicate the random amplitude and phase of the incident electric
field in iy or i4 direction, respectively. Also, the complex electric field pattern of
the antenna n(n = 1,2) can be given as follows.

En(ea ¢) = Ean(g) ¢)i0 + E¢n(0’ ¢)i¢ (316)

where Ey, and Ey, are the complex expressions of the # and ¢ components of
the electric field pattern. Thus, the received voltages of the two antennas shown
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in Fig. 3.4 are as follows.
27 p
e = G / f E,(6,¢) - F(9, p)e 7*" sin 0dOd¢p (3.17)
0Jo
27 px
V(i) = C / E2(8,¢) - F(6, p)e~* etk =sindddy  (3.18)
0 Jo

where C,,(n = 1,2) is the proportionality constant, e=7¥*t js the Doppler shift
caused by the velocity u of the antenna, k is the wave number, r is the unit vector
in the radiating direction, and z is the phase difference of the incident wave as
seen at the two antennas. Asshown in Fig. 3.4, z = d(sin 8 sin ¢ sin a+cos 6 cos @)
if the diversity antenna system lies on the yz-plane and the line the connects
the antenna branches is tilted by the angle of o from the vertical axis. If it is
assumed that there is no correlation between incident waves, then the following
equations hold, since the phases of Fy and Fy are independent for incident waves
from different directions Q=(8, ¢) and Q'=(¢', ¢').

(B QF ) = (Fa(@F3()8(Q-9) (3.19)
(Fy(QFS(@)) = (Fo(Q)F(Q) 5(Q-1). (3.20)

Furthermore, since the phases of Fy and Fy are independent and uniformly dis-
tributed between 0 and 27, the next relation is valid

(Fo(Q)F3(@)) = 0 Y (3.21)

where the brackets represent the ensemble average, the , and asterisk (x) denotes
complex conjugation. V/(t) is approximated by the complez ‘Gaussian process
with average of zero and satisfies

(V()) =0 (3.22)

Hence, the cross-covariance (R, for m # n) of the two received voltages
proportionally induced from (Egm, E¢m) and (Ega, F4y) of the complex electric
field patterns can be obtained as follows if (3.15) and {3.16) are substituted into
(3.17) and (3.18), and the conditions of (3.19)-(3.21) are applied.

Ron = (Vm(t)Vg‘(t))
= 2KPH/O /0 (XPR-Egm(0,¢)E5n(0,¢)Pa(9,¢)
+Epm (8, 8) En (6, 8) P (6, ¢)) sin 8d0ds, (3.23)

where K is a proportionality constant. For
The complex correlation coefficient can be expressed as [65]

R
Ps = e (3.24)

\Y R11R22
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3.4.2 Envelope Correlation Coefficient

The envelope correlation coefficient p, of the received signal between two antenna
diversity branches in a Rayleigh fading environment can be approximated by the
squared magnitude of complex correlation coefficient p, as [68]

a2 Bl
Pe = Ipdl - R11R22’ (325)

3.4.3 Power Correlation Coefficient

It has been shown that
oo = pe (3.26)

for all practical proposes [71].

The most common reference to diversity performance is in terms of the en-
velope correlation although all three correlations are related. Therefore, when
only correlation coefficient is mentioned, this thesis refers to the envelope corre-
lation coefficient. It is preferable that p. < 0.7 for practical use as will discuss
in the next section and as suggested in [65, 66, 72] (ideally preferable, p. = 0).
Taga [73] has shown that the theoretical correlation properties of polarization
diversity agreed very well to the measurement.

Equation 3.25 indicates that the correlation coefficient becomes zero regard-
" loss of X PR or the angular density function of the incident wave if the complex

radiation patterns of the @ or ¢ components of the two antennas do not overlap.

3.5 Diversity Gain

In classical analog signal communication, the diversity gain Gg;, of the diversity
antenna is defined as the difference of signal envelope at a certain CDF value
(usually at 1%), between the CDF curve of the signal envelope of the diversity
combiner output, and that of the single reference antenna output as shown in
Fig. 2.8.

For modern digital signal communication, the diversity gain is defined as the
difference of the average CNR at a certain value of the bit-error rate (BER)
(usually at 1073), between the BER curve of the CNR envelope of the diversity
combiner output, and that of the single reference antenna output under the
Rayleigh fading environment.

The diversity gain with respect to BER is defined by [74]

Gy = S8 (3.27)
FHOTL
where I'y,n is the average carrier-to-noise power ratio (CNR) at the prescribed
BER when the signals are received by the single branch non-diversity antenna
which has the greater CNR of the two branches. I'y;, is the average CNR in case
of diversity reception.
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The average BER (P.) of the diversity antenna due to time varying attenu-
ation can be obtained as

P, = / " pe(mp)dn, (3.28)

where pe(7y) is the conditional BER when the instantaneous CNR at the detector
input is v in the Rayleigh fading channel. p(y) is the PDF of the instantaneous
CNR after combining. Two diversity schemes will be analyzed: MRC diversity
provides the best diversity gain at the expense of receiver complexity, SC di-
versity which has the simplest structure. From (3.28), the average BER can be
calculated as follows:

3.5.1 Maximum Ratio Combining

p(7) of the receiving signals for the two-branch MRC diversity under unequal
median value and correlated signal can be expressed as [65)

ORI L g
e ‘M — e ‘52

where \; and ), are the eigen values for the covariance matrix of complex re-
ceiving signals and found from the following equations

AL = %(I‘l + T2+ /(D1 + Tp)2 — 40 Tp(1 - ’PaP)) (3.30)
Ay = -;—(Fl +TI'y — \/(Fl + F2)2 = 4F1F2(1 - lp,lz)) (331)

where I'; and I'; are the average CNR of each branch and expressed as 'y = r[';.

pe(7y) of the w/4 shifted quadrature phase shift keying (w/4 QPSK) signals
with delay detection in the additive white gaussian noise (AWGN) channel is
obtained by the following equation [75].

P.(y) = %erfc( %) (3.32)

where erfc(-) is a complementary error function and can be defined by
2 ® 2
erfc(a) =1 - erf(a) = ———-/ e " dz. 3.33
(a) (@) 7/ (3.33)

The complementary error function is related to Gaussian @-function (often re-
ferred to as Gaussian probability integral) by
erfe(a) = 2Q(V2a) (3.34)

By substituting (3.29) and (3.32} into (3.28), the average BER of MRC can
be analytically integrated and expressed as
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3.5.2 Selection Combining

(3.35)

p(7) of the receiving signals for the post-detection two-branch SC diversity under
unequal median value and correlated signal condition is given as follows [76].

d _ 2pey
P = & (1‘6( Ql(\/rr(l—l’e) \/F(l—p‘e
= 2pe7 2y
(1o \/ o= pe>)))’ (839

'where I is the average CNR of branch A. r is the median value ratio defined by

Gea <
r= { Gin | (Ged S Gep), (3.37)

gjf (GeA > GcB),

where G.4 and G.p are the MEG of diversity branches A and B, respectively. ¢,
is the first-order Marcum @-function, wi.creas the mth order Marcum Q-function
is defined by [77]

Qm(a,B) = a"{*l /,3 I z™e” (=5=) I 1(azx)dz, (3.38)

where I,(+) is the m-order modified Bessel function of the first kind defined by
(2.10). It is noted that if § — 00, Qm(a, f) can be related to the Gaussian
Q-function as

p

@B = () o -a. (339

For the case o > B > 0, which is satisfied by the arguments of the first-order
Marcum @ function in (3.36), the appropriate form for numerical computation
is

:2:1:0

Qi(e, ) =1~ /Oﬂ ze—( P 2)Io(ax)daz:. (3.40)

pe(7y) of the w/4 QPSK signals with delay detection in the AWGN channel is
calculated by the following equation [75].

217 —"'7 1—95'-")

Pe(7) = ym f / T dt. (§:41)
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By substituting (3.36) and (3.41) into (3.28), the average BER can be calcu-
lated by numerical integration.

The diversity gain variation with respect to the correlation coefficient and
the median ratio of 2-branch diversity are illustrated in Figs. 3.5 (a) and (b),
respectively. It is noted that, from Fig. 3.5 (a), the considerable diversity gain
(9.1dB) can be achieved at p, < 0.7 as suggested in [65, 66, 72] (ideally prefer-
able, p. = 0). It is also recommended that the median ratio should be greater
than 0.5 (—3dB) to achieve reasonable diversity gain (ideally preferable, r = 1).

3.6 Diversity Antenna Gain

The most effective parameter (figure-of-merit) to evaluate the performance of
a diversity antenna is the diversity antenna gain (DAG) since it includes the
correlation coefficient and the MEG characteristics. The DAG can be considered
as the system gain when compared with the reference antenna under the same
propagation environment. It is defined as a product of the MEG of the higher
branch and the diversity gain as [74]

Gea~ Gaiy (Gea > GeB),

3.42
GeB : Gdiv (GeA < GeB)- ( )

DAG={

3.7 Concluding Reinarks

It has been shown that the parameters for evaluation of mobile antenna are
different from what antenna engineer is familiar. Since it has to consider the
propagation, environment, and system in which the mobile antenna is supposed
to be employed. By considering those factors, it leads to the antenna parame-
ters including statistical information of the propagation and environment, and
the transmission technique. The diversity antenna gain includes all mentioned
parameters, it reveals the mobile antenna performance in system view-point.
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Figure 3.5 BER performance of 7/4-QPSK of 2-branch SC diversity when:
(a) fix median ratio r = 1, vary correlation coefficient 0 < p, < 1,
(b) fix correlation coefficient p, = 0, vary median ratio 0 < r < 1.



Chapter 4

Electromagnetic Methodology

4.1 Introductory Remarks

Methods in computational electromagnetics may fall into two main categories:
analytical and numerical methods. The numerical methods have been gained
more attention due to the high degree of freedom in simulating various con-
figurations of the structure and materials. Among numerical methods, the
finite-difference time-domain (FDTD) method [17, 78, 79]—the space and time
derivatives of Mazwell’s Equations in differential form—is getting very popular
as it can cope with very complicated inaterial and structure. However, the com-
putation time used in the simulation is extremely long when compares to other
methods. And for the structure surface that does not place parallel to any co-
ordinate axes, it is difficult to model the structure surface to conform to FDTD
grid surface.

The Method of Moments (MoM)[80, 81, 82, 83], one of numerical methods,
is interesting due to the ease of modeling, especially, for wire structur¢e. The
three dimensional structure can also be solved by MoM using wire-grid model-
ing [81, 82]. Surface patch modeling is an alternative for more accurate modeling
[84, 85]. By introducing loaded surface impedance technique, MoM is applica-
ble for homogeneous lossy dielectric object [50]. For heterogeneous dielectric
material, it can be modeled by using volume integral of the dipole displacement.

Some other techniques, e.g., generalized multipole technique (GMT)—analyti-
cal multipole solutions of the Helmholtz’s equation as basis functions whose ori-
gins are outside the region of interest to avoid singularity problems, and finite
integration technique (FIT, is also identical to finite volume method (FVM))—
the derivatives of Mazwell’s Equations in integral form, are less popular, and
are only sometimes employed. The comparison of four mentioned methods is
available in [86].

As stated above, the NEC2 (the 2™ generation Numerical Electromagnetics
Code) based on MoM is utilized in this work. To give the idea how NEC2 work,
many canonical examples are illustrated. The accuracy of the simulations is also
investigated in all possible aspects.

4.2 The Integral Equations

NEC?2 is a user-oriented program developed at Lawrence Livermore Laboratory
[87]. It is a Method of Moments code for analyzing the interaction of elec-
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tromagnetic waves with arbitrary structures consisting of conducting wires and
surfaces. It combines an integral equation for smoothing surface with one for
wires to provide convenient and accurate modeling for a wide range of applica-
tions. The code can model nonradiating networks and transmission lines, perfect
and imperfect conductors, lumped element loading, and perfect and imperfect
conducting ground planes. It uses the electric field integral equation (EFIE) for
thin wires and the magnetic field integral equation (MFIE) for surfaces.

4.2.1 The Electric Field Integral Equation

The form of EFIE used in wire-grid simulation follows from an integral repre-
sentation for the electric field of a volume current distribution J,

B(r) = ~j 7L /V I() - Glr, )V, (4.1)
where = ¢
G(r,r') = (K’I+ VV)g(r,r'), (4.2)
gk
g(r,r') = AW (4.3)

and k = wy/lo€o, N =/ -‘E‘—g, and the time convention is e/ f—)— is the dyadic

representation and I is the identity dyad (2% + 99 + 22). When the current dis-
tribution is limited to the surface of a perfectly conducting body, (4.1) becomes

B(r) = ~i 7L /S Is(r') - Gr, r')dA’, (4.4)

with Js the surface current density. The observation point r is restricted to be
off the surface S so that r # r'.
If r approaches S as a limit, (4.4) becomes

B(r) =~ ]£ Io(r') - Clr, r')dA, (4.5)

where the principal value integral, f, is indicated since g(r, r') is now unbounded.
An integral equation for the current induced on S by an incident field E! can
be obtained from (4.5) and the boundary condition for r € S,

A(r) x (ES (r) + E’(r)) =0, (4.6)

where 7(r) is the unit normal vector of the surface at r and E¥ is the field due to
the induced current Jg. Substituting (4.5) for E° yields the integral equation,

~A(e) X B (r) = 1 (r) X ][S Is(e) - (FI+99)g(e,)ad.  (47)
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The vector integral in (4.7) can be reduced to a scalar integral equation when
the conducting surface S is that of a cylindrical thin wire, thereby making the

solution much easier.
The assumptions applied for a thin wire, known as the thin-wire approxima-

tion, are as follows:

I. Transverse currents can be neglected relative to axial currents on the wire.
II. The circumferential variation in the axial current can be neglected.
ITI. The current can be represented by a filament on the wire axis.

IV. The boundary condition on the electric field need be enforced in the axial
direction only.

These widely used approximations are valid as long as the wire radius is much
less than the wavelength and much less than the wire length. An alternate kernel
for the EFIE, based on an extended thin-wire approximation in which condition
IIT is relaxed, is also included for wires having too large a radius for the thin-wire

approximation.
From assumption I, IT and III, the surface current Js(r) on a wire of radius

a can be placed by a filamentary current I where
I(s)3 = 2nJ5(r), (4.8)

s is a distance parameter along the wire axis at r, and § is a unit vector tangent

to the wire axis at r
Equation 4.7 then becomes

—a(r) x Ef(r) = —]——n /I kz" 83’ (r, r)ds) (4.9)

where the integration is over the length of the wire. Enforcing the boundary
condition in the axial direction reduces (4.9) to the scalar equation,

N o? "Nt
—5-El(r) = -—]4 k/I(s kzs § —asaslg(r,r)ds). (4.10)

Since r’ is now the point at s’ on the wire axis while r is a point at s on the
wire surface |r — r’| > a and the integrand is bounded.

4.2.2 The Magnetic Field Integral Equation

The MFIE is derived from the integral representation for the magnetic field of a
surface current distribution Jg,

- H5(r) = /Js x V'g(r,r")dA’, (4.11)
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where the differentiation is with respect to the integration variable r’. If the
current Jg is induced by an internal incident field H’, then the total magnetic
field inside the perfectly conducting surface must be zero. Hence, for r just inside

the surface S,
H!(r) + H5(r) = 0, (4.12)

where H is the incident field with the structure removed, and HY is the scattered
field given by (4.11). The integral equation for Jg may be obtained by letting
r approach the surface point ry from inside the surface along the normal 7(ry).
The surface component of (4.12) with (4.11) substituted for H is then

—ii(xe) x H(rg) = A(re) X — lim / Io(r) x Vig(r,r')dA!,  (4.13)
4 r-ro s

where 7i(rg) is the outward directed normal vector at ro. The limit can be
evaluated by using a result of potential theory to yield the integral equation

_ﬁ,(ro) X Hl(l‘o) = —%Jg(ro) + ‘;—Wfsﬁ(ro) X (Js(r') X V'g(r, r’))dA', (4.14)

This vector integral equation is resolved into two scalar equations along the
orthogonal surface vectors t; and t; where

t1(ro) X t2(ro) = A(ro). (4.15)

By using the identity u- (v x w) = (u X v) - w and nothing that t; x4 = —t;
and t, X 72 = t;, the scalar equations can be written,

£2(x0) -HY (o) = —%fl(ro)-Js(ro)+% ][S fa(ro)- (Is() x V'g(r, ) ) d; (4.16)

. 1. 1 E
—b1(ro) - HY (r0) = = 5Ea(x0) - T(ro) + = ]1 f1(ro) - (Js(r’) x V'g(r, r’))dA’.
TJs
(4.17)
These two components suffice since there is no normal component of (4.14).

4.2.3 The EFIE-MFIE Hybrid Equation

The EFIE is used for thin wires and MFIE for surfaces. On wires the integral
is simplified by the thin-wire approximation. The resulting coupled integral
equations are, for r on wire surfaces,

a I 22, g — 9° '
—-§-E'(r) = _]47rk/ k 5505 )g(r r')ds'

_ 24 U ! !
]47rk /51 Js(r k -V 8s)g(r,r)dA, (4.18)
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and for r on surfaces excluding wires
—ty(r)-Hl(r) = ——tz /I "' x V'g(r,r'))ds’
——tl(r) Is() - o ][lfz(r) (35 x V'gle, ) dA’, (419)
and
—t,(r)-HI(r) = ithl(r) -/I(s’) (§' x V'g(r r')) ds'
4 L ’
1 g 1 Iy ! ! [
—§t2(r) - Js(r) + Eﬁltl(r) . (Js x V'g(r,r ))dA .(4.20)

The symbol || 1, represents integration over wires while /. 51 represents integration
over surfaces excluding wires. The numerical method used to solve (4.18)-(4.20)
is described in section 4.3.

4.3 Method of Moments

The integral equation (4.18), (4.19) and (4.20) can be solved by the Method of

Moments (MoM) [88].
The MoM applies to a general linear-operator equation,

Lf=g (4.21)

where L is a linear operator (an integral operator in the present case which
corresponding to the particular antenna structure), f is an unknown response
(corresponding to the current distribution on antenna), and ¢ is a known exci-
tation (corresponding to the feed position and applied voltage). The unknown
function f may be expanded in a sum of basis function, f;, as

N
f= Zanfn- (422)

n=1

A set of equations for the coefficients o, are then obtained by taking the
inner product of (4.21) with a set of weighting function {wy},

<Wm,Lf> = <wpy,g>, m=1,...,M. (4.23)

Due to the linearity of L, (4.23) substituted for f yields,
N
> o <wm,Lfa> = <wpm,g>, m=1,..., M. (4.24)

This equation can be written in matrix notation as

(] (o] = [gm] (4.25)
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where
-<w1,Lf1> <wy,Lfy>
[lu) = |<w2:Lh> <wy,Lfa> -+ (4.26)
(o
[an] = 89) s (427)
[<wy, 9>
[gm] = [<w29>]. (4.28)

If the matrix [l,,m] is nonsingular, its inverse [lmn] ~L exists. The o, are then
given by
[@a] = [tan] ™" [gm] (4.29)

and the solution for f is given by (4.22). For concise expression of this results,
define the matrix of functions

[ﬁz] = o F -], (4.30)

and wriwe 1} A i
£ =[] [ea] = [7a] ltmwa] ™ ] (431)
For the solution of (4.18), (4.19), and (4.20), the inner product is defined as

ko /S o()b(r)dA, (4.32)

where the integration is over the structure surface. Various choices are possible
for the weighting functions w,, and basis function f,. When w,, = f,, the
procedure is known as Galerkin’s method. In this thesis, the basis and weighting
functions are different, w,, being chosen as a set of delta functions

W(r) = 0(r — rm), (4.33)

with {rm} a set of points on the conducting surface. The result is a point
sampling of the integral equations known as the point matching (collocation)
method of solution. Wires are divided into short straight segments with a sample
point at the center of each segment.

4.3.1 Current Expansion on Wires

Wires are modeled by short straight segments with current on each segment
represented by three terms—a constant, a sine, and a cosine function. This
expansion provides rapid solution convergence [87]. It has the added advantage
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that the fields of sinusoidal currents are easily evaluated in closed form. The
amplitude of the constant, sine, and cosine terms are related such that their sum
satisfies physical conditions on the local behavior of current and charge at the

segment ends.
The total current on segment number n has the form

. A
I.(s) = An + By sink(s — s,,) + Cy cos k(s — sy,), |s — 8q] < 7", (4.34)
where s, is the value of s at the center of segment n, and A, is the length of
segment n. Of the three unknown constants A,, By, and C,, two are eliminated
but local conditions on the current leaving one constant, related to the current
amplitude, to be determined by the matrix equation.

4.3.2 Evaluation of the Fields

The solution requires the evaluation of the electric field at each segment due to
the current in (4.34). Three approximations of the integral equation kernel are
used: a thin-wire form for most case, an ertended thin-wire form for thick wire,
and a current element approzimation for large interaction distances. In each
case the evaluation of the field is greatly simplified by the use of formulas for
the fields of the constant and sinusoidal current components.

4.2.2.17 Thin-Wire

The accuracy of the thin-wire approximation for a wire of radius a and length A
depends on ka and A/a. It has been shown from [87] that the thin-wire approx-
imation leads to errors of less than 1% for A/a greater than 8. Furthermore, in
the numerical solution of EFIE, the wire is divided into segments less than about
0.1) in length to obtain an adequate representation of current distribution thus
restricting ka to less than about 0.08. The extended thin-wire approximation is
applicable 'to shorter and thicker segments, resulting in errors less than 1% for
A/a greater than 2.

For the thin-wire kernel, the source current is approximated by a filament on
the segment axis while the observation point is on the surface of the observation
segment. The fields are evaluated with the source segment on the axis of a local
cylindrical coordinate system as illustrated in Fig. 4.1(a)

Then with

e—Jkro

Go = ——, (4.35)

" = VATE7R (430

The p- and z-components of the electric field at point P due to sinusoidal current
filament of sine and cosine functions

sin k2’
=1 .
I=1o (cos kz’) ’ (437)
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Figure 4.1 Current along wire segment geometry for: (a) thin-wire kernel, and
(b) extended thin-wire kernel.

are
I Iy jn ; cos k2’
Ep(p’ Z) _ .GO P} 2k2p (k(z Z) —sinkz
22
1+ jkro) \ [sinkz2’ )
1 _{ y ! 2(_____ .
+( i 2 ) (cos kz' : (4.38)
21
Z2
WSS, cos k2’ n (L4 gkro) (sinkz’
Eip,2) = Go A 2k2 (k (—— sin k2’ et T8 cos kz' (4.39)
21
For a constant current of strength Io,
Ij G
_ _Dojno (i Go
Ey)(p,2) = X 2k2 ((1 + jkro) i ) , (4.40)
21
22
— Iy j’? ' . GO 2 22 !
E.(p,z) = TS (((z 2')(1 + jkro) 7 +k ; Godz' |. (4.41)
21

4.3.2.2 Extended Thin-Wire

Despite the seemingly crude approximation, the thin-wire kernel does accurately
represent the effect of wire radius for wires that are sufficiently thin.- For wires
that are too thick for the thin-wire approximation, an ezrtended thin-wire kernel
has been developed.
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The derivation of the extended thin-wire kernel starts with the current on
the surface of the source segment with surface density,

J(2) = 1) (4.42)

2ma’

where a is the radius of the source segment. The geometry for evaluation of the
fields is shown in Fig. 4.1(b). A current filament of strength Id@ /2~ is integrated
over ¢ with

¢ = V/p*+a2—2apcosg, (4.43)

r = Vp?+(z-2')% (4.44)

The field equations with extended thin-wire approximation are given below.
For a sinusoidal (only sine function) current of (4.37).

0G, oI

z2

E,(p,z) = —Q—‘IZ;Z—/\ ((z’ — Z)I-é?- +IGy = (7 — z)G2$> K (4.45)
Eup2) = %( - 1% A I%) (4.46)
For a constant current of strength I, ‘
By(p,) = Tk (_aa%) (4.47)
E.(p,2) = —-%—% ((%) zj
+k%(1 = (—k;-‘z) / jz GodZ' — @ (%%) ,j) (4.48)

For the observation point within a wite (p < a), with

Te = Va*+(z—2')?, ‘ (4.49)

—jkre
G = S —, (4.50)

Ta
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and the expression of G, G and their derivatives are

2.2
G, = G, (1 - —(1 + jkre) + 4p4 (3(1 + jkrg) — kzrz)) , (4.51)
%% = G, (2= = ?) ((1 + jkre) — -———(3(1 + jkr,) — k*r 2)
4’; k33 + 6K%r2 — 15(1 + jkra))>, (4.52)
0
L 0Gy p : a? , 2 2
F’T = G ‘21 ((1 +]k7‘a) - 2—1'3-(3(1 +Jk7’a) -k Ta) y (453)
G, = -G, 2" (1 + jkra), (4.54)
aG '
e g, 22 = - (301 + jkra) — Kr2). (4.55)

4.3.2.3 Current Approximation for Large Distance

When segments are separated by a large distance, the interaction may be com-
puted with sufficient accuracy by treating the segment current as an infinitesimal
current element at the segment center. In spherical coordinates, with the seg-
ment at the origin along the @ = 0° axis, the electric field is

.| Mﬂ —JkT .7 y

B(r6) = s—Tre (1 kr) cosd, (4.56)
M

Eo(r,0) = W”z -J'"(1 + Jkr-,-g;) sing. (4.57)

The dipole moment M for a constant current I on a segment of length A, is
M =IA,,. (4.58)

For current I cosk(s — spm) With |s — sp| < Am/2,

M= 2 sin kO

- 5 (4.59)

while for a current [ sin k(s — sp,),
M=0. (4.60)

The use of this approximation saves a significant amount of time in evaluating
the interaction matrix elements for large structure. A minimum distance of one
wavelength is set for this approximation.

For each of the three methods of computing the field at a segment due to
the current on another segment, the field is evaluated on the surface of the
observation segment.
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4.4 Wire-Grid Modeling

A wire segment is defined by the coordinates of two end points and its radius.
Modeling a wire structure with segments involves both geometrical and electrical
factors. Geometrically, the segments should follow the paths of conductors as
closely as possible, using a piece-wise linear fit on curves. Wire segments can
be used to model wire structure, conductor plate, and even the lossy dielectric
object, by properly choosing the length, radius and conductivity loaded of the
wire. The guidelines for wire-grid modeling of three types of structures are
described below.

4.4.1 Conducting Wire

‘The main electrical consideration is segment length A relative to the wavelength
A. A should be less than about 0.1\ at the desired frequency. Somewhat longer
segments may be acceptable on long wires with no abrupt changes while shorter
segments, 0.05) or less, may be needed in modeling critical regions of an antenna.
The size of the segments determines the resolution in solving for the current on
the model since the current is computed at the center of each segment. Ex-
tremely short segments, less than about 10~3), should also be avoided since the
similarity of the constant and cosine components of the current expansion leads
to numerical inaccuracy.

The wire radius, a, relative to A is limited by the approximations used in the
kernel of electric field integral equation. The field of the current is approximated
by the first two terms in a series expansion of the exact field in powers of a®. The
first term in the series, which is independent of a, is identical to the thin-wire
kernel while the second term (extended thin-wire kernel) extends the accuracy
for larger values of a.

In either of these approximations, only currents in the axial direction on a
segment are considered, and there is no allowance for variation of the current
around the wire circumference. The acceptability of these approximations de-
pends on both the value of a/\ and the tendency of the excitation to produce
circumferential current or current variation. Unless 2wa/) is much less than 1,
the validity of these approximations should be considered.

Use of a small A/a at a bend, which results in the center of one segment
falling within the radius of the other segment, generally leads to severe error.

The current expansion used in (4.34) enforces conditions on the current and
charge density along wires, at junctions, and at wire ends. For these conditions
to be applied properly, segments that are electrically connected must have co-
incident end points. If segments intersect other than at their ends, current will
not be allowed to flow from one segment to the other.

The angle of the intersection of wire segments should be large enough to
prevent overlaps. The acute angle may be so small as to place the observation
point on one wire segment within volume of another wire segment, however,
such overlapping may lead to meaningless results. The details of the current
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distribution near the intersection may not be reliable even though the results for
the current may be accurate at distances from this region.
Other rules for the segment model follow:

e Segments may not overlap since the division of current between two over-
lapping segments is indeterminate. Overlapping may result in a singular
matrix equation.

o A large radius change between connected segments may decrease accuracy;
particularly, with small A/a. The problem may be reduced by making the
radius change in steps over several segments.

e A segment is required at each point where a voltage source will be located.
A continuous wire across the gap is needed, so that the required voltage
drop can be specified as a boundary condition.

e When wires are parallel and very close together, the segments should be
aligned to avoid incorrect current perturbation from offset match point and

segment junctions.

4.4.2 Conducting Plate

Wire-grid modeling of conducting surfaces has been used with varying success
[80, 81, 82]. The earliest applications to the computation of radar cross sec-
tions (RCS) and radiation patterns provided reasonably accurate results. Even
computation for the input impedance of antennas driven against grid models of
surfaces have often exhibited good agreement with experiments. However, broad
and generalized guidelines for near-field quantities have not been developed, and
the use of wire-grid modeling for near-field parameters should be approached
with caution. A single wire grid, however, may represent both surfaces of a thin
conducting plate. The current on the grid will be the sum of the currents that
would flow on opposite sides of the plate. While information on the currents on
the individual surfaces is lost, the grid will yield the correct radiated fields.
The choice of the grid-wire radius is based on the equivalent surface area
assumption [81, 89]. One specific reason is the accurate modeling of surface cur-
rent loss. Generally, there are two forms of solid surface which will be discussed:

L. For free-edged plate as shown in Fig. 4.2(a), the total circumference of the
N grid wires is equal to the 2-sided circumference of the plate (at the same

length),
2maN = 2A. (4.61)

II. For enclosed boz as shown in Fig. 4.2(b), the total circumference of the N
grid wires is equal to the external circumference of the plate (at the same
length),

2maN = 2(A + B). (4.62)
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Figure 4.2 Geometry of wires needed to approximate a solid surface in the form
of: (a) free-edged plate, and (b) enclosed box.

4.4.3 Lossy Dielectric

To obtain the scattered field of a lossy dielectric object, the advanced wire-grid
model has been proposed [50]. This model has concentrated impedances, which
are equivalent to the surface impedance, loaded into each wire junction, and
thus is called a loaded wire-grid model. The calculation time using this model is
almost the same as that when using ordinary wire-grid model. This technique
can also be used to calculate the power absorbed by the lossy dielectric object.

A lossy dielectric material can be modeled by conductive wire-grid loaded

with the surface impedance
Vel (4.63)
o+ jwe

where o is conductivity (in S/m), p is permeability, and ¢ = go(el + je!) is

complex permittivity of the dielectric material at particular frequency w = 27 f.
The radius of each wire to model surface of the dielectric object should be

determined using the similar guidelines provided in the previous section.

4.5 Canonical Examples

To avoid the error that may occur in the simulation begun with very complicated
structure and to assimilate know-how for investigation the results, the prelimi-
nary study of the effect of simple human head model to the most fundamental
antenna element (A/2-dipole antenna) is selected to investigate. it may be also
regarded as the reference case.
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Figure 4.3 Coordinate and dimension of head model with A/2-dipole antenna.

4.5.

1 Dipole Near Head Model

To show the interaction of head model to a A/2-dipole antenna with respect to
various parameters—tilted angle a, separation distance d, and frequency f,—as
depicted in Fig. 4.3, the simulation results are shown in 5 cases as:

L

IL.

III.

IV.

Varying dipole tilted angle o from 0°-90°
Results illustrated in Figs. 4.4(a)—(1); it is observed that the dominant
polarization of this structure is the same to that of the dipole antenna in

free space.

Varying dipole separation distance d; from 1.0-10cm
Results illustrated in Figs. 4.5(a)—(1); it is observed that the absorption
drastically decreases with the increasing radial separation distance.

Varying dipole separation distance d; from 0.0-10cm
Results illustrated in Figs. 4.6(a)—(1); it has moderate effect to the reduc-
tion rate of the absorption as the separation distance increases.

Varying dipole separation distance d; from 0.0-10cm
Results illustrated in Figs. 4.7(a)-(l); it has least effect to the reduction
rate of the absorption as the separation distance increases.

Varying frequency f, from 850-5, 500 MHz

Results illustrated in Figs. 4.8(a)—(1); it is observed that as the frequency
increases the effective separation distance between dipole and head also
increases, leads to lower absorption and head may act as the reflector.
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4.5.2 Accuracy Analysis

To validate the modeling of the structure and the simulation, five aspects are
investigated as follows:

4.5.2.1 Shape of Head Model

Different shapes of head model result to different radiation patterns, i.e., the
significant difference of radiation occurs on the half-space behind the dipole as
illustrated in Fig. 4.9. The cubic head model (Figs. 4.9 (a)-(c)) absorbs more
radiation than cylindrical head model (Figs. 4.9 (d)—(f)), while tapered-end cylin-
drical head model (Figs. 4.9 (g)-(h)) shows minor improvement over the simple
cylindrical model. However, the difference of the radiation patterns in vertical-
cut planes are observable, it is therefore desirable to choose the tapered-end
cylindrical head model.

4.5.2.2 Grid Size

Grid size drastically effects to the radiation. To investigate the effects, the grid
size is varied for the head model while the segment length is fixed at 0.025A for
dipole. Figures 4.10 (a)—(c) show the results for the average grid size in the order
of 0.5, it is far from the correct results. Smaller grid size in the order of 0.25\
gives somewhat better results as illustrated in Figs. 4.10 (d)—(f). The optimum
grid size in the order of 0.1\ gives reasonable results (Figs. 4.10 (g)—(i)) while
saving the computational time. It is, however, noted that the wire radius is kept
constant to the optimum value a when grid size is varied (while the radius should
be varied with respect to the grid size to satisfy (4.63)).

4.5.2.3 Wire Radius

The optimum wire radius a for head model is calculated from (4.62). Even the
choice of different wire radii does not reveal the significant effects on the radiation
patterns as shown in Figs. 4.11 (a)—(i), it greatly affects to the absorption loss
L,. It is noted that for the case of optimum wire radius (Figs. 4.11 (e) and (f)),
the back-lobe is minimized. This result corresponds to the simulation performed
by Miller [81] where )\/2-dipole is surrounded with a number of 2A-wires and
the radiation from the dipole is minimized when the radius of surrounded wires
meets the condition of (4.62).

4.5.2.4 Current Flow Model on Wire

When comparing the results between using filament current model (thin-wire
kernel) and cylindrical current sheet model (extended thin-wire kernel), the ra-
diation patterns are identical. However, the extended thin-wire kernel provides
slightly more absorption loss to the thin-wire kernel for 0.5%.
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4.5.2.5 Surface Impedance Model

Figures 4.12 (a)—(c) show the radiation patterns for perfect conducting wire mod-
eling of head, lossless absorption is observed. To model dielectric property of
the head tissue, the surface impedance Z, = 45.31 + 715.92 Q2—calculated from
(4.63) with &, = 45.31 + §15.92, 0 = 0.855/m at 1,800 MHz [50]—is loaded to
each grid, and the results are illustrated in Figs. 4.12 (d)-(f).

4.6 Concluding Remarks

The integral equations, Method of Moments, and wire-grid modeling are de-
scribed as the means for simulation procedures. The canonical examples perti-
nent to the interested problems in the next chapter are thoroughly investigated.
The obtained results will be used as the guidelines for the further simulations.
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Figure 4.5 Component-gain patterns of 45°-tilted-A/2-dipole separated from
head model by the distance d; = d3 = Ocm, vary d;: (a)—(c) d = 1.0cm, (d)-(f)
d, = 2.5cm, (g)-(i) dy = 5.0cm, and (j)-(1) d; = 10.0cm.
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Figure 4.6 Component-gain patterns of 45°-tilted-A/2-dipole separated from
head model by the distance d; = 1cm, d3 = 0cm, vary ds: (a)—(c) d2 = 0.0cm,
(d)—(f) da = 2.5cm, (g)—(i) d2 = 5.0cm, and (j)—(1) d2 = 10.0 cm.
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Figure 4.7 Component-gain patterns of 45°-tilted-A/2-dipole separated from
head model by the distance d; = 1cm, d; = Ocm, vary ds: (a)—(c) d3 = 0.0cm,
(d)—(f) d3 = 2.5¢cm, (g)-(i) d3 = 5.0cm, and (j)-(1) d3 = 10.0cm.
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Figure 4.8 Component-gain patterns of 45°-tilted-A/2-dipole separated from
head model by the distance d, = 1cm, dy = d3 = Ocm, vary frequency f,: (a)-
(¢) fr = 850 MHe, (d)-(f) f, = 1,800 MHz, (g)-(i) f; = 2,450 MHz, and (j)-(1)
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Figure 4.9 Component-gain patterns of 45°-tilted-)A/2-dipole separated from
head model by the distance d; = 1cm, dy = d3 = Ocm, vary configuration of
head model: (a)—(c) cubic head model, (d)—(f) cylindrical head model, (g)-(i)
tapered-end cylindrical head model.
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Figure 4.10 Component-gain patterns of 45°-tilted-A/2-dipole separated from
head model by the distance d; = 1cm, dy = d3 = Ocm, vary grid size: (a)-(c)
coarse grid, (d)—(f) moderate grid, (g)-(i) fine grid.
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Figure 4.11 Component-gain patterns of 45°-tilted-\/2-dipole separated from
head model by the distance d; = 1cm, da = d3 = Ocm, vary wire radius: (a)—(c)
wire radius = a/2, (d)—(f) wire radius = a (optimum), (g)—(i) wire radius = 2a.
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Figure 4.12 Component-gain patterns of A/2-dipole separated from head model
by the distance d; = 1cm, dy = d3 = 0 cm, with: (a)-(c) unloaded (conductive)
head model, and (d)—(f) loaded head model.



Chapter 5

Polarization Diversity PIFA

5.1 Imntroductory Remarks
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Figure 5.1 Evolution of PIFA from \/4-monopole antenna: (a) monopole, (b)
ILA, (c) IFA, and (d) PIFA.

One of the most fundamental antenna elements is a A/4-monopole on ground
plane as shown in Fig. 5.1(a). For the applications that the low profile structure is
physical constraint, the A/4-monopole can be bent parallel to the ground plane
as shown in Fig. 5.1(b) and it is called inverted-L antenna (ILA). However,
the input resistance is much reduced to be equal to that of vertical monopole
with the same height h, furthermore, the input reactance becomes increasingly
capacitive. To compensate this capacitance, a small I-L element is attached to
the vertical section of ILA and the appearance is that of a letter F facing the
ground plane—thus its name becomes the inverted-F antenna (IFA) as shown in
Fig. 5.1(c). The IFA is also well known as a shunt-driven inverted-L antenna-
transmission line with an open end. For the antenna with short-circuit stub,
the structure has strong relation to the wavelength, therefore, the frequency
bandwidth is always considerably narrow. To enhance the bandwidth and lower
the resonant frequency, a rectangular plate is attached to the wire section parallel
to the ground plane as shown in Fig. 5.1(d), and it is named a planar inverted-F



59

X y X

. y
Magnitude of E_/77 77, Lekvuy Lk short-Strip——"L L¢SS4

Pl S SRISL A A W R Y2l K e
Ground Plane

L,

*
L
¥
Feed ; Feed
Z 1 Z
Ly \,\f. L, —-ﬁZy
|

Mode TMgyo

L +L,+h=M L2+ L, + h=M4
(@ )

Figure 5.2 Evolution of PIFA from )/2-microstrip antenna: (a) microstrip
antenna, (b) PIFA with broad short-strip, (c) IFA, (d) PIFA with single short-
pin, and (e) PIFA with dual short-pin.

antenna (PIFA). Un the other hand, the PIFA can also be considered as a kind
of short-circuit rectangular microstrip antenna [90] as shown in Fig. 5.1. The
field distribution (resonant mode) beneath the patch of PIFA (Fig. 5.1(b)) is the
same to that of a A/2-microstrip antenna (Fig. 5.1(a)) cut by half. Short denotes
short-circuit, hereafter.

From the basic idea of the PIFA, this chapter shows how to achieve the
polarization diversity from the original PIFA. Firstly, the polarization diversity
PIFA on a ground plane is investigated. Then, the ground plane is replaced by
a portable telephone. The user’s body is included in the investigation to take
into account all possible interaction from the practical situation, finally. The
results reveal in current distribution, input impedance, radiation patterns, and
radiation efficiency. A polarization diversity PIFA is sometimes referred as a
PDA (polarization diversity antenna) in the contexts for briefing, hereafter.

5.2 Wire-Grid Modeling

The wire-grid modeling is utilized for investigation of all focused structures,
hereafter. The guidelines of how to properly model the antenna structure follow
the Sec. 4.4.
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Figure 5.4 Current distribution on wire-grid model of PDA on ground plane
(not shown in the figure) when: (a) RF-switch A operates (VP mode), and (b)
RF-switch B operates (HP mode).

5.2.1 Polarization Diversity PIFA

The PIFA in Fig. 5.1(d) can be modified to be polarization diversity by replacing
the short-pin (short section) by an RF-switch, and adding another RF-switch to
either of adjacent corners. And operate by turning on either of the switches for
the desired polarization. However, by simply doing this, the input impedance
matching can not be achieved since for matching condition the feed probe has to
be located close to the short-pin. By contrast, the feed probe has to be located
in symmetry with respect to either of short-pins to maximize the polarization
diversity effect.

To solve this problem, the one permanent short-pin is introduced to attach
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to one (top-right) corner as shown in Fig. 5.3(a), and two RF-switches are at-
tached to two opposite corners perpendicular to each other with respect to the
permanent short-pin position. The antenna is fed by the probe via the ground
plane at the center of the patch.

To analyze the characteristics of the PDA at 1,800 MHz, the metallic patch
is modeled by 8 x 8 wires with two wires in diagonal to support the current flow
from the probe direction. The RF-switch is modeled by the conducting wire
when turned on and nothing when turned off. The total segments of the wire-
grid are 495 segments. The wire-grid structure is excited by the delta gap feed at
the bottom of the probe. The dimension of the square patch is L; = Ly = 26 mm,
[, =l; = 13mm, h = 5mm, and « is tilted angle from vertical axis.

e Current Distribution

When the RF-switch A operates, the current distribution on the wire-grid
structure start flowing from the opposite (to the RF-switch and short-pin) edge
of the patch and increasingly drifting parallel to the RF-switch and short-pin
directions as shown in Fig. 5.4(a). As the RF-switch B operates, the pattern is
that of the case of RF-switch A operates but rotate 90° clockwise as shown in
Fig. 5.4(b). From the current flow in Fig. 5.4(a), it is understandable that the
dominant polarization is linear along 2-axis (and denotes as vertical polarization
(VP) mode), while Fig. 5.4(b) renders the linear dominant polarization in y-axis
(and. denotes as horizontal polarization (HP) mode).

5.2.2 Polarization Diversity PIFA on Portable Telephone

Since this PDA is proposed for portable telephone, it is more reasonable to
include the portable telephone structure into the analysis, as it should have the
significant effect to the resonant and radiation mechanisms of the PDA. The
PDA is attached to the portable telephone as depicted in Fig. 5.5(a). A \/4
monopole is also model for the reference case. The wire-grid structure pertinent
to the simulated model is depicted in Fig. 5.5(b). The number of wires modeled
for PDA is reduced to 6 x 6 wires as the compensation for the increasing segments
for the overall structure. The total segments of the wire-grid are 723 segments.

e Current Distribution

By comparing the current distribution pattern of the PDA on a ground plane
(Figs. 5.4(a) and (b)) to that of the PDA on a portable telephone (Figs. 5.6(a)
and (b)), the very similar patterns are observed. To briefly conclude the resonant
mechanism of the PDA, it has the resonant length for the square patch as part
of the periphery plus height is approximately equal to a quarter-wavelength

L A

FH+L+had, (5.1)

as also illustrated for easily understandinmg in Fig. 5.5(c).
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It is seen from the current distribution in Fig. 5.7 that the A/4 monopole
induces large current flow on the portable telephone (Fig. 5.7(c)) while the PDA,
for both VP and HP modes, has strong current confines to the antenna region.

5.2.3 Polarization Diversity PIFA on Portable Telephone
with User’s Body

The study of human interaction to portable radio equipment have been gained
more attention since less than 10 years ago. At the beginning, the attention
was focused on the portable radio for volunteer amateur radio (VR) [91] and the
paging system [92]. As the mobile cellular was getting ubiquitous, the study has
been orientated to the portable mobile telephone. Among the pioneer researches,
there had been originally studied the human body interaction by modeling only
head [93, 94] with the portable telephone which could provide the rough esti-
mation. The more improvement by including hand model has later been investi-
gated [18, 62, 95, 96], however the antenna tilted angle was set at only vertical
orientation, which could not properly render the realistic RF-phenomenon.

As the upper-half part of the human body is considered to most contribute
to the interaction with the mobile handheld antennas. To correctly model the
portable telephone user’s body, many samples have been observed as depicted in
Fig. 5.8. This thesis will use the average tilted angle o of portable telephone at

A/4 Monopole
for reference -
zt 41.7mm
RF-switch Aﬁ;Sho pin %/ 4 h
\' Current
. PDA | i cributi
1% VP ‘ o distribution $ L
Bt : w2
Feed probe] |: , )
¢ o
. i 30mm Current
ERF'sw'mh P PDA |, Q ] disuibuﬁoj
: HP [ l 2 L
: L h
é Resonant length L /2+L+h = A/4
feceraees ; — (©
: ¥
mm

.
x/

Figure 5.5 The PDA on portable telephone and the reference A/4 monopole
antenna (a) configuration, (b) wire-grid model, and (c) current distribution di-
agram on PDA.

(@



63

b)

OO
it O

e Tfufuofu Tt o)
S00E00800
EMr-2inTemn

©

TOT RN~
ORPTOON N
SNSHSNEING [N

DI =D =IO S

58172839
,___;,;Ii
, .&LLLLLLL&
llllllllll.iil
1Y 3 ) \ P
\| < | | | |1 >
e I R
L) G R N R § D W)
_ . _ _

o

-_L

SEEN

Figure 5.6 Enlargement of antenna portion illustrating current distribution on
wire-grid model of portable telephone mounted with: PDA in (a) VP mode, (

HP mode; and (c) A/4 monopole.

VP mode, (b) HP mode; and (c) A/4 monopole.

)

Figure 5.7 Current distribution on wire-grid model of portable telephone

mounted with: PDA in (a



64

Figure 5.8 Samples of mobile users while operating portable telephone at tilted
angle a: (a) o = 68° in right hand, (b) @ = 56° in right hand, (c) a = 57° in
right hand, (d) @ = 55° in left hand.

60 degrees, and for right-hand operator. The configuration and dimension of a
human body is: the phantom of the head is modeled by a tapered-end cylinder
and placed on the center of the shoulder. The hand is pesitioned 5mm apart
from the right-hand side of the head with tilted angle a = 60°, and the telephone
is in the the hand with same orientation as shown in Fig. 5.9(a) and (b). The
cylindrical model of head, parallelepiped model of hand and arm, and trapezoidal
model of shoulder are assigned by the dimensions as depicted in Figs. 5.9(a)—(c).

The phantoms are modeled by conductive wire-grid loaded with the surface
impedance as expressed in (4.63), where the conductivity o =0.85 S/m and the
complex relative permittivity e, = 48—330 averaged for a head [97], and o = 1.39
S/m and €, = 54 — 514 averaged for muscle from FCC (Federal Communication
Commission, USA), to simulate the dielectric property of the human tissue as
depicted in Fig. 5.9. The adaptive gridding is employed in the modeling. The
grid-size is small for the antennas and nearby structures, e.g., the telephone
box part beneath the PDA patch and at the base of a monopole antenna. The
larger grid-size is assigned for the structures far from the primarily radiating
structures. The segment-length of each wire-grid is assigned adaptively (1 mm-
45 mm), likewise. The total segments of the wire-grid are 2174 segments. The
wire-grid models that are illustrated in Fig. 5.5(b) and Fig. 5.9 relevant to the
simulated model.

5.3 Input Impedance

Figure 5.10(a) shows the calculated input impedance of PDA on handset in
VP and HP modes. The PDA resonates at the desired frequency with high
input resistance, and the resonant frequency becomes increasing when the human
body is included for both VP mode (Fig. 5.10(b)) and HP mode (Fig. 5.10(c)),
while the calculated input impedance becomes decreasing. The measured input
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impedance of PDA on handset with human body are in the same trend with the
calculated ones (Figs. 5.10(b)-(c)), Especially for HP mode, both results are in

good agreement.
Q-factor (quality factor) of this antenna can be determined from

__f
Q= fn— 1 (5.2)

where f, is the resonant frequency, f; is the lower frequency where R; = X, and
fn is the higher frequency where R, = X,,. It is found that the @-factor in VP
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mode of PDA on handset is equal to 13.5 (bandwidth BW = 132 MHz) and it
decreases to 6.2 (BW = 290 MHz) when the human body is included. For HP
mode, the Q-factor is equal to 21.2 (BW = 85MHz) and it decreases to 15.2
(BW = 119 MHz) for the same condition.

Even though the input impedance could be matched to 502 if the feed probe is
moved along diagonal line (I; = I, always) toward the short-pin (by considering
the current distribution on PDA as shown in Fig. 5.4), this paper fixed the feed
point at the center to maintain the highest diversity characteristics. Therefore,
the PDA in this configuration needs matching circuit beneath the feed probe.
The resonant frequency of HP mode is slightly higher than VP mode, it can also
be trimmed to obtain the same resonance by slightly lengthening the horizontal
dimension (L;) of the patch.

5.4 Radiation Patterns and Efficiency

To investigate the radiation characteristics of the PDA and a reference A/4
monopole, it is considered into four cases: antenna on portable telephone, in-
cludes head, includes hand, and includes all upper parts of the user body. It is
investigated for the case of antenna tilted angle @ = 60° for practical situation
and at o = 0° for reference case.

The far-field radiation patterns of the PDA and monopole are simulated
by the Numerical Electromagnetic Code (NEC2) [87] based on the Method of
Moments at the frequency of 1,800 MHz. The far-field distance is fixed at 5m
(the minimum required far-field distance of the overall structure is 2.43m) to be
feasible if experimentation is required to set up for some particular cases.

To find the radiation efficiency 7, the conductor loss due to the wire-grid
structure of the phantom model is first investigated. And it is found that the
conductor loss is always less than 0.5%. Therefore, the absorbtion loss (L,) due
to the surface impedance modeling the lossy dielectric material is only significant.

5.4.1 Antenna Tilted Angle a =0°

Figures 5.11(a)—(f) illustrate the total-gain patterns of the PDA in VP and HP
modes comparing to the A\/4 monopole in three principle planes (y2-, zz-, and zy-
planes). These figures show the radiation of the antenna on portable telephone,
and absorption from each part of the phantom model.

It is observed that the inclusion of head and hand models contributes to most
of interaction in azimuthal (zy-) plane (Fig. 5.11(i)). Whereas, the interaction
in the vertical (yz- and zz-) planes requires the shoulder model (Figs. 5.11(j)
and (k)). The radiation efficiency of PDA and monopole on a portable telephone
approaches 100%, and it decreases as the parts of phantom are gradually included
(absorption increases). The efficiency of VP mode PDA is 56.7% while it is 53.1%
for HP mode, and 42.4% for A\/4 monopole. The absorption from the phantom
is approximated 3dB degraded from the case without phantom.
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The component-gain pattern of the A/4 monopole for the dominant polar-
ization is similar to the butterfly shape pattern in zz-plane [40] (relevant to
Fig. 5.11(b)) as also noted in [17, 98].

To illustrate the polarization diversity effect (the changing of Gy in VP mode
to G4 in HP mode), the total-gain patterns in Fig. 5.11 has to separate into
the Gy- and G4-component patterns as shown in Figs. 5.12(a)—(1). The strong
polarization diversity effect is observed in +z-direction in both zz- and zy-
planes. When compares the patterns in Fig. 5.12(c) to Fig. 5.12(1), it seems
that the diversity effect degrades as the phantom is included. The quantitative
evaluation of this diversity effect (diversity gain) will be discussed in Sec. 6.4.

5.4.2 Antenna Tilted Angle o = 60°

To realize the realistic situation, the antenna on portable telephone is tilted
to @ = 60° and the results of total-component gain patterns are illustrated in
Figs. 5.13(a)—(1). By comparing to Figs. 5.11 the similar trend of the pattern
changing from without to with phantom is observed. There are some differences,
the patterns are higher in.—y-direction but more absorbed in +y-direction for zy-
plane (Fig. 5.13(1)). For z2- and y=z-planes (Figs. 5.13(j) and (k)), the patterns
of the PDA decrease while they increase for A/4 monopole to reach the similar
level in +z-direction.

With the phantom, the efficiency of monopole is 52.3%, it is 55.2% for VP
PDA, and 53.2% for HP PDA. The efficiency improvement of the A/4 monopole
up to 10% from tilted angle a = 0° to a = 60° is due to the increasing sep-
aration distance between the monopole and the head. When the antenna on
portable telephone is tilted to o = 60°, the polarization diversity effect can still
be achieved as illustrated by the component-gain patterns in Figs. 5.14(a)—(1).
It is noted that for this orientation, G4 becomes dominant for VP mode while
Gy dominates for HP mode, in +z-direction (Figs. 5.14(k) and (1)).

To illustrate the radiation patterns other than only three principle planes, the
three-dimensional radiation patterns of G; in linear scale (as it is more suitable
to realize the radiated and absorbed power) are shown in Figs. 5.15(a)—(f). It
is obvious that the A/4 monopole on portable telephone produces the umbrella-
shape pattern (it is similar to butterfly-shape if sectioned in yz-plane, as noted in
the previous section) as shown in Fig. 5.15(a). The pattern of VP PDA is similar
to that of monopole in +z-direction, but it is much smaller in portable telephone
(—z) direction (Fig. 5.15(c)). The HP PDA produces rather omni-pattern in +z-
direction (Fig. 5.15(e)). When the phantom is included the radiated power is
much absorbed in the phantom direction for all three cases (Figs. 5.15(b), (d),
and (f)).
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5.5 Experimental Results

To validate the simulation results, PDA on a ground plane, and PDA on conduc-
tive telephone box have been fabricated as shown in Fig. 5.16 according to the
dimension specified in Fig. 5.5. The set up for input impedance measurement is
shown in Fig. 5.18, where the input impedance was measured via S;;-parameter
using HP8510C wvector network analyzer (VNA).

The radiation patterns of this antenna were measured via S;;-parameter using
the same VNA with angle domain option in the opened area test site (OATS)
on the rooftop of the building, the antenna was installed at 2.5m high from the
floor, an absorber was installed on the floor between the transmitting antenna
(10-dBi-Gain 7-E Yagi-Uda antenna, regarded as quite high polarization purity
in the somewhat simple structure) and the antenna under test (AUT) to suppress
ground reflection as shown in Fig. 5.17. The test range is 5 m. To measure the
Gy, the Yagi-Uda antenna is set in the vertical orientation (the array-axis points
to the AUT), whereas, it is set in the horizontal orientation for G4 measurement.

Three cases are chosen to measure the radiation patterns. Firstly, PDA
on a ground plane in vertical orientation o = 0°, and the results for VP and
HP modes are illustrated in Figs. 5.19(a) and (b), respectively. For VP mode
(Fig. 5.19(a)), the dominant polarization in z-direction is a linearly vertical
polarization, whereas linearly horizontal polarization dominates at —y and +y-
directions. When the PDA switches to HP mode (Fig. 5.19(b)), there is only
one linearly horizoatal polarization in all directions. Even though low level of
measured Gy (regarded as cross-polarization for HP mode) exists, it arises due
to the spurious radiation from the cable connected between the AUT and the
network analyzer.

Secondly, a PDA on portable telephone in vertical orientation @ = 0°, and the
results for VP and HP modes are illustrated in Figs. 5.19(c) and (d), respectively
(these results pertinent to Fig. 5.12(c)). The similarity to the previous case can
be observed in z-direction, the radiation in —z-direction occurs with less than
5dB to the z-direction. In HP mode (Fig. 5.19(d)), the Gy significantly increases
in with respect to Fig. 5.19(b)

Finally, a PDA on portable telephone at tilted angle a = 60°, and the results
for VP and HP modes are illustrated in Figs. 5.19(e) and (f), respectively (these
results pertinent to Fig. 5.14(c)). By tilting the PDA to o = 60°, the dominant
polarization interchanges between Gy and Gy as seen in Fig. 5.19(e) for VP
mode (compares with Fig. 5.19(c)), and G4 to G for HP mode (compares with
Fig. 5.19(d)), in +z-direction. It is noted that other than +z-direction, the G is
always dominant. However, the radiations in these directions do not contribute
to the diversity effect due to the absorption from the user’s body.
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5.6 Concluding Remarks

The wire-grid modeling of polarization diversity PIFA on portable telephone
with user’s body has been explained and shown the simulation results of current
distribution on antenna structure, input impedance, radiation patterns in total-
and single-component gain patterns, and the radiation efficiency (in other word,
the absorption from user’s body) at 1,800 MHz. A )\/4 monopole antenna under
the same condition is set as a reference. Some experimental results of radiation
patterns have been depicted to validate to simulation results, and they are in a
very good agreement. It it found that the radiation efficiency of the polarization
diversity PIFA in both VP and HP modes are higher than that of a A\/4 monopole
antenna. The modeling of all upper parts of the user’s body is necessary for the
simulation if the three-dimensional pattern is desirable, especially, for further
evaluation of diversity performance, or even the communication performance.
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Figure 5.11 The total-gain (G;) patterns of PDA and monopole at tilted angle
0°; (a)—(c) on handset; (d)-(f) with head; (g)—(i) with hand and head;

(3)-(1) with upper body. 7 is the radiation efficiency.
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Figure 5.12 The Gy and G4 patterns of the PDA at tilted angle a = 0°; (a)—(c)
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Figure 5.15 The 3D-total-gain (G;) patterns (red, patterns in principle planes
shown in blue) at antenna tilted angle a = 60° of ; (a) A\/4 monopole, (b) with
upper body; (c) PDA-VP, (d) with upper body; (e) PDA-HP, (f) with upper
body (in linear scale).
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Figure 5.16 Prototype of PDA on handset: (a) side-view, (b) front-view.
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Chapter 6

Antenna Characteristics in
Mobile Environment

6.1 Introductory Remarks

As stated in the Introduction that the mobile antennas closely relates with the
propagation, system, and environment. Therefore, the results of the PDA in
Chap. 5, which consider only the antenna with the user’s body, can not be used
to judge the performance in mobile environment/system. In practice, the mobile
users are not static, they move randomly. However, for the certain mobile envi-
ronment, it is possible to statistically predicted the propagation characteristics.
This thesis adopts the angular probability distribution of incident waves from
Taga [61], as explained in Sec. 3.2. This chapter focuses on macro-cellular envi-
ronment in dense urban area where there is NLOS (non line-of-sight). The prob-
ability distribution of amplitude of the incident waves are subjected to Rayleigh
fading. This propagation model is recognized as the extended-Clarke model.
To combine the signal from two polarization diversity branches, the selection
combining scheme is selected to investigate due to the simplicity from the view
point of the circuit implementation, however, at the expense of difficulty for the
BER evaluation. As the diversity gain is evaluated based on BER, the signal
transmission using 7/4-QPSK is chosen. The n/4-QPSK modulation scheme
is one promising candidate for mobile communication due to its tolerance and
robustness to the impairment of the signal quality in mobile propagation channel.
The evaluations of the mean effective gain (MEG), correlation coefficient (p.),
diversity gain (G.), and diversity antenna gain (DAG) are based on the expres-
sions explained in Chap. 3. However, the 3D-radiation patterns in Chap. 5 are
needed as the fundamental parameters to calculate all of diversity parameters.

6.2 Mean Effective (Gain

The XPR range is chosen to cover all possible value from —10---+10dB [61, 70]
as a variable parameter for the MEG. The MEG is determined from (3.11).
Figure 6.1 illustrates the MEG at antenna tilted angle « = 0°, the MEG of
PDA for VP mode and a A/4 monopole are in the same trend, they increase
with respect to the increasing XPR value. Whereas, the MEG is vice versa
for the HP PDA. For the case of antenna on handset, it is interesting that at
XPR= 2.2dB the MEG of the PDA both VP and HP modes, and the monopole
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Figure 6.2 The differences of MEG of PDA in VP and HP modes, and A/4
monopole vs. XPR, a = 60°.

are equal to each other and are equal to —4.5dBi. At this point, these antenna
can receive the same power level. When the user’s body is included, the MEG
degrade 3dB on average. The MEG for PDA in VP and HP modes have the
cross-point at XPR= —3.5dB with MEG equals —6.5dBi. It is found that the
MEG of monopole degrades 6.5dB at XPR= 10dB, its MEG has the cross-point
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with HP PDA at XPR= 5.5dB with the MEG equals —8.8 dBi.

From Fig. 6.2, the MEG of PDA for both VP and HP modes and monopole on
handset are similar and monotonously decrease from —3:--—2.5dBi to —6---—
5.6 dBi with respect to the increasing XPR. When the upper body is included,
the MEG of PDA and monopole decrease by 3-4dB from the previous case and
are still in the same trend. The MEG that is degraded by a half is due to the
user’s body absorption of the radiation patterns in almost half space.

6.3 Correlation Coefficient

Two diversity branches are considered to be uncorrelated if the correlation co-
efficient is less than 0.5. However, the reasonable improvement for diversity
reception (diversity gain) can be achieved with the correlation coefficient of 0.7
[65].

The correlation coefficient is determined from (3.25). For both the case of
antenna tilted angle o = 0° and the o = 60° case, as illustrated in Fig. 6.3 and
Fig. 6.4, respectively, the correlation coefficient has the very similar trend that it
increases to 0.68 if the human body is included. The p, for every case, through
all the XPR range, is rather constant and is between 0.32 and 0.66 which is
sufficient for practical use. The value of p. in this simulation corresponds to the
measurement for the similar structure by Pedersen and Skjaerris [99]. It may be
concluded that the correlation coefficient is almost independent to the antenna
tilted angle as well as the XPR value. And the existence of the user’s body raise
the correlation coefficient for 0.2, approximately.
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Figure 6.3 The differences of correlation coefficient p, of PDA vs. XPR, a = 0°.
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Figure 6.5 Diversity gain differences of PDA due to p, and r at XPR = 5 dB,

a = 60°.

The diversity gain of PDA is determined from the MEG differences between
VP and HP modes and the correlation coefficient. Quantitatively, the diversity
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gain is determined from (3.27) and (3.28). To show the received average BER
improvement from the non-diversity (single antenna) reception, Fig. 6.5 depicts
diversity gain at 10~3 BER. The maximum diversity gain for two uncorrelated
channels (p. = 0) and equal MEG (r = 1) is 11.8dB. The diversity gain with
respect to the XPR is rather constant for both cases (o = 0°,60°) as shown in
Fig. 6.6 and Fig. 6.7. When including the human body, the diversity gain is
approximately 1dB degraded to about 6.6-8.0dB.

6.5 Diversity Antenna Gain
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Figure 6.6 Diversity antenna gain and diversity gain of PDA vs. XPR, a = 0°.

The DAG of PDA including human body at a = 0° is degraded 3.3 dB below
the PDA on handset case. It is 1.8-0.4dBi with respect to the increasing XPR
from —10dB as shown in Fig. 6.6.

For a = 60°, the DAG of PDA including human body is approximately
degraded 3.8-4.7dB below the PDA on handset case. It is 2.8--- — 1.2dBi with
respect to the increasing XPR from —10dB as shown in Fig. 6.7. Ogawa [74]
investigated the selection combining diversity between PIFA and A/4 monopole
branches at 900 MHz under the similar condition, the DAG of 3 dBi was achieved.

6.6 Concluding Remarks

To conclude about the results of each diversity parameter, the MEG for a = 0° of
the PDA in VP and HP modes is similar to the A/4 monopole and it is sensitive
to the antenna tilted angle. However, the MEG always degrades 3dB when the
user’s body is included. The correlation coefficient is almost independent to
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Figure 6.7 Diversity antenna gain and diversity gain of PDA vs. XPR, a = 60°.

XPR value as well as antenna tilted angle. The inclusion of the user’s body raise
the correlation coefficient for 0.2 to approximately 0.7, it is still in the acceptable
value to produce the meaningful diversity effect.

The diversity gain is also almost independent to XPR value and antenna
tilted angle, as the correlation coefficient is. The average diversity gain for all
cases is approximately 7.0dB. The DAG has the similar characteristics to the
MEG for a = 60°. It degrades approximately 3-4 dB when the human body is

included.



Chapter 7

Conclusions

This thesis reports the intensive investigation of the polarization diversity planar
inverted-F antenna on portable telephone including the user’s body interaction.
The diversity performance is revealed via diversity antenna gain. It is found
that the diversity antenna gain degrades for 4dB when user’s body is taken
into account. The handset orientation effects to the diversity antenna gain at a
certain degree (1.5dB maximum difference).

This chapter gives brief synopses of all preceding chapters, as well as the
remarks for the further research work on the context of polarization diversity
planar inverted-F antenna or related.

7.1 Summary of Preceding Chapters

The necessity of antennas in wireless communications, especially, land mobile
cellular systems, is stated in Chap. 1. Mobilé antennas are considered closely
related to system and propagation environment, it is hence impractical to solely
design and analyze the antenna in isolation. As the mobile terminal equipment
has been gradually miniaturized since the invention of the mobile system, the
antenna attached to this equipment has to also be developed to fit with.

Chapter 2 describes the fundamental of the mobile propagation, the inherent
problems, e.g., multipath fading and time-delay spread. And the polarization
diversity techniques with selection combining scheme is suggested to combat
the multipath fading. To correctly investigate the diversity effect of diversity
antenna, expressions of mobile antenna performance, i.e., angular distribution
model! of incident waves, mean effective gain, correlation characteristics, diversity
gain, and diversity antenna gain are explained in Chap. 3.

The methodology for the simulation are outlined in Chap. 4. The canonical
examples relevant to the problem of interest are 'scrutinized. The know-how
obtained in this chapter is effectively utilized as the guidelines for the simulation
in Chap. 5. As the results of radiation patterns of the polarization diversity PIFA
on portable telephone with user’s body are obtained, the polarization diversity
effect can be observed, it is nevertheless unable to indicate the quantity of the
diversity effect. From the results in Chap. 5, they are manipulated to render the
diversity parameters, i.e., mean effective gain, correlation coefficient, diversity
gain, and diversity antenna gain. The diversity performance is self-compared for
the different antenna tilted angles or for the inclusion of different parts of user’s
body.
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7.2 Remarks for Future Studies

The design optimization of the antenna dimension on portable telephone with
user’s body has not been studied, since this thesis mainly focuses on the method
to evaluate the diversity antenna performance. This method can be applied to
any sorts of portable mobile diversity antenna. Therefore, the antenna dimension
optimization as well as feed-position optimization for input impedance matching
is left opened for the further research work on the context of polarization diversity
PIFA. The excellent guidelines for small antenna optimization can be found in
[90, 100]. '
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Figure 7.1 Switch-and-stay diversity scheme: (a) circuit diagram, (b) applied
to the PDA, (c) received signal envelope of each diversity branch (d) received
signal envelope after switch-and-stay combining diversity, and {e) typical CDF
of average BER.

To make the selection combining diversity feasible for circuit implementation,
the more practical subtypes of selection combining—switch-and-stay combining
diversity with delayed detection, or switch-and-ezamine combining diversity—
should be introduced as shown in Fig. 7.1. However, the theoretical analysis in
Chaps. 3 and 6, the performance of selection combining may be used to consider
as the lower-bound for switch combining with any threshold levels. More details
concern with the circuit implementation of switch combining can be found in

[66].
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The conditional BER exbression for other types of modulation techniques
(e.g. Gaussian Minimum Shift Keying (GMSK) in Global System for Mobile
{GSM), or 8PSK in Time Division-Synchronous Code Division Multiple Access
(TD-SCDMA)) may be needed and can be found in [77] if one want to ana-
lyze performance of the diversity antenna in different mobile systems. However,
the wideband channel model may be necessary for considering the performance
of modern mobile communications systems, which are much different from the

traditional narrowband systems.
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A Polarization Diversity PIFA on Portable Telephone and
the Human Body Effects on Its Performance*

Komsak MEKSAMOOT!, Student Member, Monai KRAIRIKSH!,

SUMMARY A polarization diversity planar inverted-F an-
tenna (PIFA) on portable telephone in the practical use near
the operator’s body is investigated at 1,800 MHz under multi-
path urban environment. The antenna structure comprises a
center-fed square patch with one permanent short-pin and two
RF-switches on three corners. The RF-switches perform as the
polarization branch switches for dominantly vertical polarization
{VP) or dominantly horizontal polarization (HP) modes. The
radiation efficiency of the polarization diversity PIFA is 58% and
53% for VP and HP modes, respectively, which is higher than the
52% efficiency of the reference A/4 monopole antenna under the
same condition. The mean effective gain (MEG) of VP and HP
modes decrease with respect to the increasing cross-polarization
power ratio (XPR). The correlation coefficient of two diversity
branches is between 0.66 through all the possible XPR ranging
from ~10dB to +10dB. The diversity gain is computed from the
MEG and correlation coefficient to determine the diversity an-
tenna gain (DAG). The diversity gain, based on 10~ BER for
selective combining, is 7.5dB over non-diversity reception. The
DAG is ~1.2...42.8dBi which is approximately 4 dB lower than
the case without human body. In other words, the presence of
the human body degrades the communication performance by a
half.

key words: polarization diversity, PIFA, mean effective gain,
correlation coefficient, diversity antenna gain

1. Introduction

At present, personal communications can be considered
as a part of daily-life essence. Key devices for trans-
mitting and receiving signal between portable unit and
base station are antennas. One of the major problems
emerged in mobile communication environment is mul-
tipath interference. To overcome deep fading caused by
the multipath propagation, there are many alternative
schemes on antenna diversity technique [1]. The most
commonly used schemes are space diversity and radia-
tion pattern diversity [2], [3] because of their structural
simplicity. However, the space diversity requires two or
more antenna elements while the radiation pattern di-
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versity may produce undesirable radiation in the direc-
tion of the user’s head. Additional requirement occurs
while using the portable telephone that is the compact-
ness of the unit which implies the small flat built-in
antenna. The alternative diversity scheme which will
be more suitable is polarization diversity [4]. The com-
pact dimension of an antenna used in this scheme is
a significant, merit. There were a number of research
works dealing with half-wavelength microstrip antenna
proposed for polarization diversity [5],(6]. Neverthe-
less, the dimension of the antenna is not small enough
to be mounted on a portable telephone.

In order to mitigate multipath fading while the di-
versity antenna keeps low-profile, the authors propose
a PIFA (7] modified for applying to the polarization -
diversity [8]. The structure of the antenna is similar .
to the conventional PIFA, except that it has two semi-
conductor switches at the orthogonal positions to each
other with respect to the short-pin position. By turn-
ing either of the switches on, it acts as a short-pin, the
polarization of the antenna can be changed by switch-
ing. Consequently, the conventional switching diversity
schemes can be applied.

The characteristics of the antenna with the
portable telephone housing are simulated by the
Method of Moments on wire-grid model using the Nu-
merical Electromagnetics Code [9]. Since this antenna
is used under the multipath environment, the radia-
tion patterns have no direct meaning of the antenna
performance {10}, {11]. In previous works, [12]-[14], the
investigations were carried out by simulating the hu-
man body with only head and hand models. However,
Ogawa [15] reported that the additional left-shoulder
model, on which the handset was held, considerably
effected to the radiation at 900 MHz.

This paper investigates the interaction between the
polarization diversity PIFA on portable telephone and
the operator’s body, from the chest to the head, under
the mobile urban environment. The diversity perfor-
mances of this antenna have been first studied in [16].
This paper improves the results presented in [16] by re-
fining details of the model, changing the angular power
distribution from a simple Clarke model to be the ex-
tended one [17], adding radiation efficiency, and com-
paring with A/4 monopole antenna. The results are
revealed in terms of the radiation patterns, the mean
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effective gain, the correlation coefficient, the diversity
gain, and the diversity antenna gain quantitatively.

2. Configuration and Modeling
2.1 Antenna Structures

The polarization diversity PIFA, will be denoted by
PDA (polarization diversity antenna) hereafter, con-
sists of a square metallic patch with the length of
26 mm, to operate at the frequency of 1,800 MHz, lo-
cated on a conductive telephone box (as ground plane)
of dimension 25 x 45 x 130 mm? as shown in Fig. 1(a).
The top-right corner of the patch is shorted to the tele-
phone via a permanent short-pin. Two RF-switches on
the top-left (A) and the bottom-right (B) corners which
will operate as a short-circuit path, one at a time, re-
sults in the radiation of dominantly vertical polariza-
tion (VP) or dominantly horizontal polarization (HP)
as shown in Figs. 2(a)-(d), respectively.

The numerical results show that the resonant cur-
rent flows from the short-pin via the edge of the patch
and vanishes at the center of the adjacent edge due
to the symmetry structure, as depicted in the inset in
Fig. 1, i.e., part of periphery 1.5L plus height h approx-
imately equals quarter-wavelength A\/4 [8]. Figure 2(f)
shows input impedance of PDA on handset in VP and
HP modes with and without human body. Although
the input impedance can be matched to 50§ if the feed
probe is moved toward the short-pin, this paper fixed
the feed point at the center to maintain the highest
diversity characteristics. Therefore, the PDA in this
configuration needs matching circuit beneath the feed
probe. The resonant frequency of HP mode is slightly
higher than VP mode, it can also be trimmed to obtain
the same resonance by slightly lengthening the horizon-

A/ Monopolet
for reference
o
RE.swixch pin 1
myy
M xt; .
Peed probe - ..‘¢7
= anasem
RF-switch B 130mm
(o | (
PDA § Cumrent L v
v L/2]
- A .
Resomsrt toagth L2+ L+h = M4
Y y
bo— 45mm — mm
x x
(a) (L]

Fig.1 The PDA on portable telephone and the reference A/4
monopole antenna (a) experimental model with portable tele-
phone and (b) wire-grid model.
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tal dimension of the patch.

A )\/4 monopole is used for the reference case. It
will be omitted while simulating the PDA. Otherwise,
it is positioned on the top-left of the telephone box as
shown in Fig.1(a). The radiation pattern, Fig.2(e),
of the dominant polarization is similar to the butterfly
shape pattern in zz-plane as noted in [13], [14].

2.2 Human Body Model

The upper-half part of the human body is considered
to mostly contribute to the interaction with the mo-
bile handheld antennas. To take into account the in-
teraction of human body, the phantom of the head is
modeled and placed on the center of the shoulder. The
hand is positioned 5 mm apart from the right-hand side
of the head with tilted angle oo = 60°, and the tele-
phone is in the hand with same orientation as shown
in Figs.3(a) and (b). The cylindrical model of head,
parallelopiped model of hand and arm, and trapezoidal

RF-switch x
#A active 9270

RF-switch

Fig.2 The radiation patterns, in zy-plane at & = 0°, of the
PDA on ground plane (a) VP, and (b) HP; PDA on handset (c)
VP, and (d) HP; (e) dominant polarizations in zz-plane, com-
pares with A/4 monopole; (f) input impedance of PDA.
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Fig.8 Wire-grid model of the antenna with human phantom
(a) side-view (b) isometric view (c) phantom dimensions.

model of shoulder are assigned by the dimensions as
depicted in Fig. 3(c).

2.3 Wire-Grid Modeling

The antenna and telephone are modeled by conductive
wire-grid structure as depicted in Fig. 1(b). While the

phantoms are modeled by conductive wire-grid loaded
1/2

with the surface impedance Z, = (jwp/(o + jwe))
[18]), where the conductivity o = 0.85 S/m and the
complex relative permittivity ¢, = 48 — 530 averaged
for a head {19], and ¢ = 1.39 S/m and ¢, = 54 — j14
averaged for muscle from FCC, to simulate the dielec-
tric property of the human tissue as depicted in Fig. 3.
The short-wire is modeled for the active RF-switch, but
none when it is switched off. The choice of the grid-wire
radius is based on the equivalent surface area assump-
tion [20]. It is observed that if the grid-wire radius is
enlarged or shrinked by 2-fold, the radiation efficiency
will decrease or increase by 7%, respectively. The adap-
tive gridding is employed in the modeling. The grid-size
is small for the antennas and nearby structures, e.g.,
the telephone box part beneath the PIFA patch and at
the base of monopole antenna. The larger grid-size is
assigned for the structures far from the primarily radi-
ating structures. The segment-length of each wire-grid
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is assigned adaptively (1 mm-45mm), likewise. The
wire-grid models that are illustrated in Fig. 1(b) and
Fig. 3 correspond to the simulation model.

3. Method of Analysis
3.1 Mean Effective Gain

The mean effective gain (MEG), denoted by G., is a
statistical measure of the antenna gain in mobile envi-
ronment. It is defined by the ratio between the mean
received power of antenna and the total mean incident
power over the random route. It can be expressed by
(17]

27 pm XPR
G. = fo /0 (mao(9,¢)1’o(9,¢)
1

+irxpr o )P0, ¢)) sin 8dfd¢, (1)

where Gg(6,¢) and G4(6, ) are the 6- and ¢-compo-
nents of the antenna power gain patterns, respectively,
and Py(6, ) and Pg(0, ¢) are the 6- and ¢-components
of the normalized angular power density functions of
incoming plane waves, respectively.

The cross-polarization power ratio (XPR) is de-
fined by the mean incident power ratio Py /Py where
Py and Py are mean incident power of vertically and
horizontally polarized waves, respectively. In the sub-
urban outdoor or indoor environment, where there is
no line-of-sight signal, the XPR is close to 0dB. How-
ever, in urban outdoor environments, the XPR. varies
considerably from 0dB to +10dB [17], [21].

3.2 Propagation Model

To model the angular power density functions of incom-
ing plane waves in multipath environment, we assume
azimuthal distribution Pp 4(¢) to be uniform and ele-
vational distribution Py 4(f) by Gaussian distributions
in the @ direction [17]. For0 <6< 7

Py(6,¢) = Aoe-( =y

2
_(go—(g—mm)’)
Fy(0,¢) = Age i 3

where my and oy are mean and standard deviation of
incident angle of arrival of vertically polarized waves
and my and oy are likewise for horizontally polarized
waves (the mean angles are observed from the horizon-
tal direction). Ay and A4 are the amplitudes of Py and
Py, respectively.

The urban outdoor environment model is used
in this paper, corresponding to the values of my =
19°,0v = 20°,my = 32° and oy = 64° follow the
measurement performed by Taga [17], as depicted in
Fig. 4.
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Sectioned 3D B

Sectioned 3D B

Fig.4 Angular power density function of waves incident on
antenna in the urban environment [17}.

3.3 Correlation Coefficient

The envelope correlation coefficient p. of tii2 received
signal between two antenna diversity branches cai. he
approximated by the squared magnitude of complex
correlation coefficient p as {22]

2 _ |Ra2f?
~ = e, 4
pe lpl Rll R22 ( )
where the covariance R;; (i, 7 = 1, 2) of the two re-
ceived voltages resulted from (Ey;, Ey;) and (Eg;, E¢;)
of the complex electric field patterns is

2w
Ry = 2KPH/0 /0 (XPR- Eai(0,9)E3;(6, ¢)Po(6,9)
+E4i(8, 8)E3;(0,6)Po(6, 4)) sin b, (5)

where K is a proportionality constant.
When only correlation coefficient is mentioned,
this paper refers to the envelope correlation coefficient.

3.4 Diversity Gain

The diversity gain Gy;, is defined as the difference of
the average carrier-to-noise power ratio (CNR) at a cer-
tain value of the bit-error rate (BER) (usually at 10~3),
between the BER curve of the CNR envelope of the di-
versity combiner output, and that of the single reference
antenna output under the Rayleigh fading environment.

The diversity gain with respect to BER is defined
by [15]

Gdiv = Tan (6)

k]
Pno‘n

104

2463

where I'y,on is the average carrier-to-noise power ratio
(CNR) at the prescribed BER when the signals are re-
ceived by the single branch non-diversity antenna which
has the greater CNR of the two branches. T4, is the
average CNR in case of diversity reception.

The average BER (P,.) of the diversity antenna
due to time varying attenuation can be obtained as

P.= /0 ” pe)p()dr, )

where p. () is the conditional BER when the instanta-
neous CNR at the detector input is 7 in the Rayleigh
fading channel. p(«y) is the probability density (PDF)
of the instantaneous CNR after combining. From (7),
the average BER can be calculated as follows:

p(7) of the receiving signals for the post-detection
two-branch selective combining diversity under unequal
median value and correlated signal condition is given as
follows [23].

_d 2 2y 2pe7
AR E(l =~ (\/ 7 - pc)’\/ - pe))

Y 2pey 2y
¢ *’(1 x Q(\/ " - A | T - pe)») '®

where I' is the average CNR. of branch A. r is the me-
dian value ratio defined by

A _Q:: (GeA < GeB)y
e { é‘f (Gea > Ges), ©)

where G.4 and G.p are the MEG of diversity branches
A and B, respectively. @ is the Marcum'’s Q-function
[23)].

Pe(7) of the w/4 shifted Quadrature Phase Shift
Keying (7/4 QPSK) signals with delay detection in the
Additive White Gaussian Noise (AWGN) channel is cal-
culated by the following equation [24].

1 27 e—'r(l—‘%‘)
pe(7) = 47('\/5./0 1— %;Eg_ dt. (10)

By substituting (8)—(10) into (7), the average BER
can be calculated by numerical integration.

3.5 Diversity Antenna Gain

The most effective parameter to evaluate the perfor-
mance of a diversity antenna is the diversity antenna
gain (DAG) since it includes the correlation coefficient
and the MEG characteristics. The DAG can be con-
sidered as the system gain when compared with the
reference antenna under the same propagation environ-
ment. It is defined-as a product of the MEG of the
higher branch and the diversity gain as [15]

G.B - Gdiv (rm < l)y.-

11
GeA 'Gdiu (r;n > 1)- ( )

DAG={
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4. Results and Discussion

The far-field radiation patterns of the PDA and
monopole are simulated by the Numerical Electromag-
netic Code (NEC2) [9] based on the Method of Mo-
ments at the frequency of 1,800 MHz. To validate the
simulation results, a PDA on conductive telephone box
has been fabricated and measured. The radiation pat-
terns of this antenna were measured via Sp;-parameter
using HP8510C network analyzer in the opened area
test site on the rooftop of the building, the antenna
was installed at 2.5m high from the floor, an absorber
was installed on the floor between the transmitting an-
tenna (7-E Yagi-Uda antenna) and the AUT to suppress
ground reflection. The test range is 5 m.

4.1 Effects of User’s Body on Total Gain Patterns

For the case that antenna is mounted on the handset
as shown in Figs. 5(a) and (b), the PDA has radiation
patterns similar to omni-directional pattern in zy- and
zz-plane for HP mode. While VP mode has a null
at ¢ = 190° in zy-plane and at § = 80°,¢ = 130°.
The monopole on handset has higher gain upto 4dBi
at ¢ = 45° and 135° in zy-plane (Fig. 5(b)) whereas in
zz-plane (Fig. 5(a)) the gain is high at 6 = 0°.

When the head and hand of the user’s body are in-
cluded (Figs. 5(c)-(d)), they absorb the radiation in —z
direction (head). The patterns of PDA for VP mode
are similar to the patterns of monopole in direction op-
posite to the head. While the patterns in the direction
of head are similar for PDA in VP and HP modes.

‘When all upper parts of the body are modeled, the
radiation patterns are more absorbed in —z direction
(shoulder) as can be observed in Fig. 5(¢). Arm effects
to minor absorption in 4y direction (Fig.5(f)). The
quantitative differences can be seen from the radiation
efficiency 1 which is 3% degraded. The radiation ef-
ficiency of PDA and monopole on handset approaches
100%. It is reduced to 58.2%, 53.2% and 52.3% for
PDA in VP and HP modes and monopole, respectively.

4.2 Polarization Characteristic via Component Gain
Patterns

The PDA on handset at tilted angle 60° is firstly inves-
tigated, the G4 is higher in the normal direction to the
patch for VP mode while Gy becomes higher for HP
mode as shown in Figs. 6(a) and (b), respectively.
When head, hand, arm, and shoulder are cumula-
tively added, the simulated results show that significant
improvement to the radiation patterns (Figs.6(e) and
(f)) is achieved when a head is included with a hand
model. Minor improvement to azimuth patterns is ob-
tained when all upper body is modeled (Figs. 6{g) and
(h)). These results give the conclusion that the model
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Fig.5 The total-component-gain patterns of PDA and mono-
pole at tilted angle a = 60°; (a) and (b) on handset; (c) and
(d) with hand and head; (e) and (f) with upper body. 7 is the
radiation efficiency.

of shoulder and arm are significant for radiation mech-
anism at 1,800 MHz as is at 900 MHz {15].

4.3 Mean Effective Gain

The XPR range is chosen to cover all possible value
from ~10--- 4+ 10dB [17],{21]. From Fig. 7, the MEG
of PDA for both VP and HP modes and monopole on
handset are similar and decrease from ~3 - -.—2.5dBi to
—6.-. — 5.6dBi with respect to the increaseing XPR.
When the upper body is included, the MEG of PDA
and monopole decrease by 3-4dB from the previous
case and are still in the same trend. The MEG that is
degraded by a half is due to the human body blockage
to the radiation patterns in almost half space.
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Top View

Fig.6 The Gy and G4 patterns of the PDA at tilted angle
a = 60° in zy-plane; PDA on a portable telephone (a) VP and
(b) HP; with head (c) VP and (d) HP; with head and hand (e)
VP and (f) HP; with upper body (g) VP and (h) HP.

4.4 Correlation Coefficient

Two diversity branches are considered to be uncorre-
lated if the correlation coefficient is less than 0.5. How-
ever, the reasonable improvement for diversity recep-
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Fig.8 The differences of correlation coefficient p. of PDA vs.
XPR.

tion (diversity gain) can be achieved with the corre-
lation coefficient of 0.7 [25]. Figure 8 shows that the
correlation coefficient increases to 0.66 if the human
body is added. The p, for every case, through all the
XPR range, is between 0.32 and 0.66 which is sufficient
for practical use. The value of p, in this simulation cor-
responds to the measurement; for the similar structure
by Pedersen and Skjaerris {26]. Moreover, results in [8]
revealed that p. tends to increase when the inclination
angle a of the antenna is increased from 0°. Thus, it
might be assumed that p. in Fig. 8 is close to the worst
case.

4.5 Diversity Gain

The diversity gain of PDA is determined from the MEG
differences between VP and HP modes and the corre-
lation coefficient. To show the received average BER
improvement from the non-diversity reception, Fig.9
depicts diversity gain at 103 BER. The maximum di-
versity gain for two uncorrelated channels and equal
MEG is 10.34dB. The diversity gain with respect to
the XPR is rather constant as shown in Fig. 10. When
including the human body, the diversity gain is approx-
imately 1dB degraded to about 7.5-8.0dB.
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4.6 Diversity Antenna Gain

The DAG of PDA including luman body is approxi-
mately degraded 3.8-4.7 dB below the PDA on handset
case. It is 2.8 .- — 1.2dBi with respect to the increas-
ing XPR from —10dB as shown in Fig. 10. Ogawa [15]
investigated the selection combining diversity between
PIFA and A/4 monopole branches at 900 MHz under a
similar condition, the DAG of 3dBi was achieved.

5. Conclusions

Characteristics of a polarization diversity PIFA on a
portable telephone have been comparatively investi-
gated without and with the effect of the human inter-
action. It is found that head, hand, arm, and shoulder
modeling are necessary to investigate the interaction to
the human body to the far-field radiation at 1,800 MHz.
The DAG of the polarization diversity PIFA is close to
that of monopole-PIFA diversity antennas {15]. This
indicates that the polarization diversity PIFA has sim-
ilar communication performance to the conventional
handset-mounted diversity antenna while the structure
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can be made to conform to the handset profile.
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