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Abstract

The thesis presents sevemabvel idea of designingelectrically small antennas for mobile
terminalssuch as mobile phoneés the fifth generatiowirelesssystems (5G)s coming

soon radio signals atsub 6 GHz and millimetree-wave (mnWave frequencieswill be
employed inmobile communication. In this thesis, the author concentrates on the antennas at
sub 6GHz, becausé¢he signals at sub 6 GHwill still play an important role in 5G mobile
communicationdue to the advantage of signal penetration through buildiffys regarch
areasconsist of main antenna amdulti-input multroutput MIMO) antenna technology

including decoupling techniggand MIMO antenna unit.

First, a novel sixmode loop antennas a main antenna proposed for mobile phonekoop
antennas offer begr user experience than monopole antennsasrtedF antennas (IFA)and
planar inverteek antennas (PIFApecauseof the unique balanced mode$ey 2a; € ).
However, the balanced modes also cause narrbamdwidth of loop antennai order to
overcomethe bandwidth problem, howo reachthe upper limit of the existing operating
modesand howto create more modesre explored. Anovel monopole/dipole parasitic
element, which operates @b unbalanced monopélike 0.25%-mode and dalanced dipole

like 0.55-mode, is firdly proposed In order to validate the concept, one prototype with the
dimension of75x10x5 mnt is designedfabricated, and measured. The antenna is able to
cover 6601100 MHz, 1718020 MHz, 3378900 MHz and 51505850 MHz, which is

wide enough foalmost all the service of mobile telecommunication systems

Then, a multimode decoupling techniqige proposedfor wideband/multiband isolation
enhancement compact volumeAlthough decoupling techniques habeen researched for
many yearsmultimode decoupling techniqguemains a great challenge for mobile terminals.

One difficulty in achieving multi decoupling modes is that the operating modes of elosely



packed decoupling elements have vesttyong mutual effectwhich makes the hing
complicated and even unfeasiblEhus, in physical principle, a novel idea of achieving the
stability of the boundary conditions of decoupling elements is proposed to solve the mutual
effect problem; in physical structure, a metal boundary is adoptezhlize the stabilityOne
distinguished feature of the proposed technique is that the independent tuning characteristic
can be maintained even if the number of decoupling elements increHsesefore
wideband/multiband high isolation can be achielsgdsolatng multi decoupling elements.

To validate the concept, two case studies are given. In amadd decoupling design, the
isolation is enhanced from 12.7 dB to > 21 dB within 22.0% bandwidth by using a
0. 2% B & QI5M.aQ deZoaplingstructure

Finally, a novel principle, namely differential/common mode (DM/CM) design, is proposed
to achievehighly integrated MIMO antenna unit in mobile terminal$einspiration comes
from a dipole fed by a differential line which can be considered as difif@remode (DM)
feed. What willhappen if the DMfeed is transformed into a common ma@&M) feed?
Some interesting features afeund in the researchBy symmetrically placing one DM
antenna and one CM antenna togethédMACM antennacan be achievedenefitting from

the coupling cancellation of afghase currentand the different distributions of the radiation
currents a DM/CM antenna can obtaihigh isolationand complementary patterresven if

the radiators of the DM and CM antennas areoverlapped Therefore, good MIMO
performancecan berealized in a very compact volume. To validate the concept, a
miniaturized DM/CM antennaunit is designedor mobile phons. 24.2 dB isolationand
complemerdry patternsare achieved in the dimension of 0.3g00.058% 0.01%». One

8>x8 MIMO antenna array is constructed by using f@M/CM antenna unitand shows
good overall performarmc The proposed idea BIM/CM design may be promising for other

applications that need high isolation and wadgle pattern covage.
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Chapter 1 Introduction

1.1 Background

Since the first commercial cellular network was launched in Japan by Nippon Telegraph and
Telephone (NTT) in 1979, mobile telecommunication has been rapidly developinghieom

first generation(1G) to the fifth generation(5G) and haglayed an increasityg important

role in people's daily lifd1-5]. The experience ofrgertainment, work, and social liteas

been greatlymproved by the inventionfanobile terminals such as mobile phonlegtops,
tablets andsmart watchesAntenna, which converts guidedaveto radio waves and vice

versa,s thekey component thatnablesvireless communication technology.

Actually, in mobile telecommunicationantenna technologynay be categorized as the
antennaechnology of base statisfi6] andthe antenna technology afobile terminas [7]

based on the application scenariblse specificationsf these twdkinds of antenraarequite
different. In this thesis, the author concentrates on the antenna technology of mobile
terminals. The research stie ismobile phonessince theyare the most popular portable

devices. Obviously, thproposed techniquesn also be applied to other mobile terminals.

This research was fully funded yuawei Technologies LtdChina.The supervisors from
industry proviegéd many suggestiorabout the practicability of the designs, so the presented

examplesare promising for actual products
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1.2 Project Objectives

1.2.1 Key Challenges

A typical smart phone is shown in Figure 1There is one critical terniclearance arén
whichis defined to be the area betwebe screen and the edge ahabilephone. In general,
small clearance areasefered because of theendof big ratio of screerto-body. Besides,
ultrathin thicknesss another fashion of smart phonétowever, he dfective radiation of
antennas needs certain space between the antennas and the metalAgraumdsult, the

space for antenna design in mobile phones is very limited.

~r/

cpaanse A

Figurel.1li Typical smarphone nowadays

Currently, mobile phones need to covea wide frequency rangeof different operators.
Therefore it is necessaryto utilize multi-mode antennas as main antennas which should
undertake the leading role of communicatidhe key pointsare the number of the modes

engireers can excite and the relative bandwidth of each nivadly, it is difficult to arrange

12



loads ofoperating modes close enough to form a wide frequency band. Acthedlg,or four
modes are most commonly useédkcondly,the limited clarance area andntenna height
(thin thicknessau® low radiation efficiency and narrow fractional bandwidits. a result,
the overall bandwidtland radiation efficiencyf main antennasf smart mones are great

challenges.

Multiple input multiple output (MIMO) antennaechnology is one of the key innovations in
the fourth generation (4G) and fifth generation communicakionvever,the limited spaein
mobile phonegestricts the number of antenna elements and the isolation level. Another
reason of the low isol@n is thatthe antennas of mobile phones normaliyerate at
unbalanced modegSection 2.1.8 andthey share the same PCB as one resonant artmeso
mutual coupling between antenna elements is relatively sthoisgmmary, the challengef

MIMO antema array of mobile phonesethe volumeand the isolation.

There are two kinds of clearance areas in a mobile phone. The one on the top and bottom is
relatively large, so main antennas can be arranged there. The other one on¢ldgesidea
smart phoe is usually narrow but long, so it is suitable for MIMO antenna array.

1.2.2 Objectives

The aim of the projedis to investigatenovel techniques oélectrically snall antennas for
mobile phons, which includemainantennas and MIMO antenna arraye firsttarget is to
explore the bandwidth extremity of loop antennas including the number of excitation modes
and the relative bandwidth of each modlee second target is to figure out the wideband
isolation problem of compact MIMO antenna ariagluding decoufing technology and

MIMO antenna unitsThe research should be original, innovative, and practical.

13



1.3 Thesis Overview

In Chapter 2, the state of art ofobile antenna is introduced. At first, tB basic antenna
elements areeviewed. Andlien, the latest pgress in ma antennagand MIMO technology
is thoroughly reviewed. The MIMO technology includes decoupling techno(bgw to

reduce the mutual coupling between antenna elepnamsMIMO antenna unit&he antenna

units which owns intrinsic high isolatidoetween antenna ports).

In Chapter 3the bandwidth problem of loomtennas is investigatedt first, a method of
bandwidth enhanoeent of theexistingmodes of loop antennas introduced Then, anovel
moropole/dipole parasiticelement is proposedto cover more frequency band$or
verification a sixmode loop antennia designed, fabricated and measudhe application
of Long Term Evolution (LTE) The proposed design possesseide enoughfrequency

bands foralmost all the service of mobitelecommuication systems

In Chapter 4,a novel multimode decoupling technique is proposed to solve the
wideband/multiband isation problem in mobile phoseThe authoranalyses the mutual
effect problem betweercloselypacked decoupling elements from the prospective of
mathematicaphyscs, on the base of whica simple ancffectivesolution is presente®y
isolating multi decoupling elements, multimode decoupling technique has been achieved in a

compact volume

In Chapter 5, anovel design pnciple, which is named as DM/CMesign, is proposed to
achieve high isolatiomnd complementary pattermnghen two radiators are overlappéd.
utilizes the coupling gzellation of antiphase currents, so no pure pdaion is needed
With this technique,a hghly-integrated MMO antenna unitas been achievedin mobile

phones.

In Chapter 6conclusiongre given.
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Chapter 2 Literature Review

2.1 Basic Antenna Elementsn Mobile Phones

In Sub6 GHz, on account of thémited space in mobile phosg linear antennas are
commonly used including monopole antennas2¢® invertedF antennas (IFA)/planar
invertedF antennas (PIFA) [235], loop antennas3f-39], andslot antennas4pD-44]. A new

kind of radiation mechanism is called characteristic mode&5which fully uses the metal
ground of a printed circuit board (PCB) whilst the antenna track is just arranged for coupling
feeding and impedance matching. In this section, the authomwdduce the fundamentals

of each kind of antennas.

2.1.1 Monopole Antenna

Monopole antennas are an abbreviated version daflaipntennas. In mobile pha)ethe

length of a dipole antenna is too long to be mounted, so a piece of printed circuit board (PCB)

is used as one resonant arm of a dipole antenna, and a piece of antenna track is used as the
other resonant arm [52]. The two resonant arms are connected withsagb@l source, as is

shown n Figure 2.1 In this way, the dimension of the antenna canhvark. The reserved
antenna track is called a monopole antenna, because the antenna seems to have only one

resonant arm.
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Figure2.1i Transformation from dipole to monop&fé

Generally, a PCB cannot be changed byaatenna engineer, so the tuning of a monopole
antenna can only be achieved by optimizing the antenna track. The dominant mode of a
monopole antenna is 0.2®ode, the vector current and electric field distributions of which
are shown in Figire 22(a); a-is one electrical wavelength in free spaddie maximum
portion of current is close to the signal source and also the area of low impethece
maximum portion of electrical field is at the open end of the antenna track and also the area
of high impedanceThere isalso a wide range of energy distribution the PCB since it is

part of the resonator.

Three highorder modes, namely 0.851.25 and 175s-modes, are also depicted in Figure

2.2(b)(c)(d). There are two portions of maximum current with invelisection and two

18



portions of maximum electrical field at 0&Bhode. The phenomenon is similarla25-and
1.753modes:1) three/four portions of maximum current and three/four portions of maximum
electrical field at 1.2% and 1755 modes respectively2) the vector currents of adjacent
maximum portions are in andiirectiory 3) the maximum portions of the vector currents are
the minimum portions of the electrical field, and vice veFsam the simulated reflection
coefficients in Figre 23, the resonat frequency 00.75%y 1.25%; and 175s-modes is around

3, 5, and 7 times of the base frequency of &26de.The curve is not so smooth due to the

extra resonance of the PCB.

From the simulated-8imentional (3D) radiation patterns in Figurd Zhe pdtern is omni
directional in Plane XOY. However, as the frequency increases, the electrical dimension of
the PCB rises significantly, so the larger current distribution causes more null of radiation

alongz-axis
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(a) 0.2%mode (b) &mbde

(a) 1.2%mode (b) dFde

Figure2.4i 3D radiation patterns of the modes of a monopole antenna
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2.1.2 IFA/PIFA Antenna

In order to further decrease the volume of the antennantiesna track is bent and parallel

to the PCB, and a shorting stub is added as a shunt inductor to compensate the capacitive
reactance brought by the capacitive coupling between the antenna and tH{e2pCiBhe
antenna is called IFA because of its shapel, the corresponding structure is shown in Figure
2.5(a). If a patch replaces the linear antenna track but the shorting stub is still reserved, a
PIFA is built. The transformation is shown in Figut(B). The operating modes of IFA and

PIFA are verysimilar, so only the key features of IFA (Figure 2.5(a)) will be introduced for

conciseness.

75 mm

- Ll

I r
& 10 mm |
-

L

12 mm

PCB IFA

PCB 150 mm

PCB PIFA

(@) IFA (b) Transformation from IFA to PIFA

Figure2.5i Configurations of IFA and PIF#

From the simulatedeflection coefficientsin Figure 2.6, the first four operating modes
(namely 0.25; 0.75 1.2% and 1755-modes as well) resonate at 1.005 GHz, 3.14 GHz,
5.36 GHz, and 7.525 GHz respectively, which are very close to the corresponding resonant

frequency of the monopole antenna in Figure 2.1. From the simulated results in Figure 2.7,
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the vector current distritions and electrical field distributions of the operating modes of an
IFA, , are very similar to a monopole antenagone/two/three/four portions of maximum
current and one/two/three/four portions of maximum electrical field abQ®35%; 1.25

and 175-modes respectivel\2) the vector currents of adjacent maximum portions are in
antidirection 3) the maximum portions of the vector currents are the minimum portions of

the electrical field, and vice versa

From the simulated 3D patterns in Figurd,2he radiation in Plane XOY is still quasi
omnidirectional. However, the number of null alongxdas increases dramatically, which
might be caused by the extra induced currents on the PCB introduced by the parallel layout of
the IFA.

I ]I—'Re'flecltimll ctl)eff:icielnth

I

I 1.75% Modé
1.251 Mode i

Magnitude (dB)

0.75) Mode

(). 25). Mode

0 1 2 3 4 5 6 7 8

Frequency (GHz)

Figure2.6i Reflection coefficient of an IFA
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(a) 0.2%mode (b) &mbde

(c) 1.2%mode (d) &mbde

Figure2.8i 3D radiation patterns of the modes of an IFA
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2.1.3 Loop Antenna

A loop antenna is a metal strip starting from the feed port and temgradtthe PCB ground
after some meandering, which is shown in Figure 2.9. Different from monopole aweitha
IFAS/PIFAS, the first four operating modes of a loop antenna ar® 0eh1.59; and2a-modes
due to the boundary conditiofi36]. The distributions of vector currents (left pictures) and

current density (right pictures) are shown in Figure 3.1.

> |
o

Grounding point

PCB 150 mm

L J

75 mm

Figure2.9i Configuration ofaloop antennd”

From the distributions of vector currents, there are two portions of maximum current and one
current null at0.5-mode. Although it is not shown, the portion of maximum electrical field
is exactly at the location of the current null. It is easy to knowttiexe are three/four/five

portions of maximum current and two/three/four portions of maximum electrical fidkg at
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1.58; and 2-modes respectively. Similarl{he vector currents of adjacent maximum portions

are in antdirection.

From the distributins of current density, the energy distribution ofetahd 1.55-modes is

much larger thada-and2a-modes on PCB. It is because the PCB is one resonant arm of the
antenna at Ogsand1.5-modeswhich are called unbalanced modes, whaeathd2a-modes

can &hieve seHresonance without the support of a PCB, so they are called balanced modes.

Let us imagine that a user is holding a mobile phone (equivalent to the PCB) with one hand.
Obviousl vy, the userod6s hand coul torsthegP€B.f i can
Thus, the antenna performance of unbalanced modes could have severe degradation due to
the widespread current distribution on the PCB, but the performance of balanced modes

would not, which benefits from the limited energy distribution eanRITB.

From the simulated reflection coefficient in Figure 3.3, there are four modes excited. The
relative frequency difference between the adjacent modes is much smaller than the modes of
the monopole and the IFA in Figure 2.3 and Figure 2.6. The réasbat the four modes of

the loop antenna ka been tuned by using the method of reactive loadinig/aéingwhich

was proposed in8]. The tuning method can also be applied to monopole anteamhs
IFAs/PIFAs

From the simulated 3D patterns in Figur®, 3he radiation patterns of unbalanced modes
(Figure 3.9(a)(c)) are quite different from balanced modes (Figure 3.9(b)(d)) because of the
different radiators. In unbalanced modes, the layout of the antenna and the PCB are both
radiators but the PCB is mludarger than the antenna, so the maximum radiation is towards
the direction of the PCB on account of the larger radiation current distribution. In balanced
modes, only the layout of the antenna is the radiator and the PCB acts as a metal ground
which actally reflects part of the radiation, so the maximum radiation is towards the

direction of the antenna.
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One research of the thesis is a loop antenna withesisnant modesndsane otherfeatures

of loop antennas will be shown in Chapter 3.

2.1.4 Slot Antenna

A full slot antennacan be considered as the complementary form of a dipole, whopen
end slot antennean be rgardedas the complementary form of a monoppi2]. In mobile
phonesan openend slot antenna is usually adopthe to the lintied spae, as isshown in
Figure 2.10.

10 A
mm; < 61 mm >
5 mm Slot @ I
b 70 mm >
150
mm

PCB

k

75 mm

Figure2.10i Configuration of an opeend slot antentg!

The features of an opesnd slot antenna are similar to a monopole antenna in some ways.
For example, they both operate @R5; 0.75%; 1.25; and 1.75%- modes. Besides, the
distributions of the vector electrical field ah openrend slot antennaave somethingin

common with the vector current a monopole antenn&or illustration,the distributions of
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the vector electrical fieldf theslot antenna (Figure 2.1@re shown in Figure 2.11) there
areone/two/three/four portions of maximum electrical field at 86,2675 1.25; and 175
modes respectively2) the vector electrical field athe adjacent maximum portions are in
antidirection; 3) the maximum portions of thelectrical fieldare the minimum portions of

thevector currentsand vice versa

(a) 0.2%mode

(b) 0.7%-mode
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&
Max I/E

s

| )

(c) 1.2%mode

(d) 1.7%-mode

Figure2.11i Vector electrical field distributions of the modes ofoenend slot antenna

From the simulated reflectiocoefficients in Figre 212, the resonant frequency 6f75
1.25%; and 175s-modes is around.32, 557, and 783 times of the base frequency of 0e25
mode.Obviously, he ratio of the frequency sightly higher than a monopole antenAa.is

shown in Figure 2.13, the radiation pattern®&5s-and 0.75%-modesof the operend slot
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antennaare very similar tahe IFA in Figure 2.5(a)while the patterns of.2%-and 1.75-
modes are different.

0- ' . ' o }I—lRe'ﬂecltio;l ctl)eﬂ:icie:ntl.
22 - i
_ -4 - 7]
=] _
=
L) -6 1
= ]
£ 8
S ] 125 Mode 1.75). Mode,
= -0 ] 0.75% Mode i
-12 - i
Loy <—0.25). Mode T
0 1 2 3 4 5 6 7 8 9
Frequency (GHz)

Figure2.12i Reflection coefficients of an opend slot antenna

(a) 0.2®-mode (b) &itode
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¢

(c) 1.2%mode (d) diftode

Figure2.13i 3D radiation patterns of the modes of an eped slot antenna

2.1.5 Characteristic Mode

An antenna using characteristic modes means that the layout of the antenna only serves as a
component of impedance matching and coupling excitation instead of resonance or radiation.
The resonator and radiator of the antenna is actually the PCB ground (it can be considered as
a flat dipole) [51], so the radiation mechanism is completely differesotm monopole
antennas, IFAs/PIFAs, loop antennas, or slot antennas. The advantage of the technique is that
no specific electrical wavelength is required for the-resonant antenna (the layout), so the
potential volume could be very smallhe detailedanalysis about the modes of this kind of
antennasneed quite a long explanation, which is not the main purpose of the thesis.

However the correspondingheorycould beretrospectn the literatures.

2.2 Main Antennas

Among all the antennas of a mobile phone, a main antemtertaks the leading role in

mobile telecommunication. In order to enjoy the service of as many network operators as
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possible, a maiantennaneeds to cover multiple frequency banghkich is usudy achieved

with multi mode antennas.
2.2.1 Multi -Band Monopole Antennas

In [9], the author arranges the folded part on theitgpead ofon the same plane with the

other parts of the antenna, which decreases the occupied clearance area. To further expand
the landwidth, a slit is added to ete another brancénd slots aretched on the ground to
generateanother resonant modé&he proposed antenna can cover-846 MHz and 1705

2175 MHz in the dimension of 4710, 5 mnT. The configuration and reflection coeférit

are shown in Figure 241and Figure 2.1Bespectively

e, 3:1 VSWR

0.8 mm thick o \\ 1 0
FR4 substrate feeding point Unit: mm >,
ground plane d T e ———

840

(50 mm x 110 mm) ‘\@_l.

1705 MHz ¥
20} . 2175 MHz
i .

Return Loss, dB

30}

Measured
[ === Simulated

40 1 1 1 1 1
700 1000 1300 1600 1900 2200 2500
Frequency, MHz

Figure2.14i Configuration of thantenn§! Figure2.15/ Reflection coefficien{!

Althougha folded monopole antenrfzas been proposgdngineers prefegplanarstructures
that can berintedby PCB because it is simpland costs less. The antenna showiil0]
looks like a normal monopole shape. It achieves the multiband charactebbgtadding a
lumped inductoiin the positionof a quarteiwavelength awayrom the feeding pointwhich
is shown in Figure 26(a). From the results in Figure I5(b), the antenn&an achieve the
bandwidth of 8165 MHz and 1672190 MHz in the dimension of 6015 0.8 mnT.
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chip inductor, L =27 nH
(1.0x0.5x 0.5 mm>)

l«— 18

< b
i 4.5_¢_I:d=16-_>r‘|§ L b ik
15| strip's end ponion—/A —PIS - 73 15
T - feeding point
st e
CI 50-Q microstri o=
feedline . %
(=]
—l
via to 50-Q SMA £
100 connector on back side 3
[
e —— Measured
0.8-mm thick >&¢ Simulated (HFSS)
FR4 substrate 3 O
500 1000 1500 2000 2500
¥ Frequency (MHz)
(a) Configuration (b) Reflection coefficient

Figure2.16i Configurationand eflection coefficient of the antenma [10]

The antenna presented inlJlalso uses lumped elements to excite another mode in order to
expand the bandwidthwhichis shown in Figee 217. However, this paper adds the lumped
elements in the matching circudther thann the radiator Besidesthe design procedure is
much different from[10]: the multiband characteristic is achievied solving simultaneous
equationsconstructed by the reactanvalue of the lumped elements. The propasgdnna
obtains the-10 dB impedance bandwidth &f23-4 GHz in the dimension of0} 10; 0.8

mn.

Bi-planar monopole is a good method to expand the bandwidth because we can have anothe
strip to create more resonant mod&g]. The current onthe microstrip linefeeds one
monopole whilst the current on the ground feeds another monepatk is connected to the
ground There is a coupling terminal in this antenna, which is usgurdeide capacitive
loading path from the antenna to the grouchm the results in Figure I8, the proposed

antenna can cover 8480 MHz and 1712800 MHz in the dimension @D! 16! 0.8mmn.
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Figure2.17i Configurationand eflection coefficienof the antennan [11]
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Figure2.18 Configurationand eflection coefficient of the antenma[12]
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The antenna shown ifil4] is another bplanar monopole antenna but the principle is
differert. Fram theconfiguration shown in Figure 2.18nemonopoleresonatoland one slot
resonator aréntegratedinto the antennaThe monopoleis the whole strip connected to the
ground and the slotis constructed bythe surrounding laytout of the monopol&he two

resonators are fed by one microstrip line. The antenna can cov®688UHz and 1400

2700MHz in the dimension 087! 18 0.6 mnr.

i M ) LTE 2300/250
o iDesie- - e
18 —»PCS= -
E = [If SR N
T 104
v
i j ] g
: & M4 resonance i
2 | B | Traveling wave ‘ E Al
G360 . L v ] Z: = *g 20
(© (=4
, N4 Simulated
= = E.%:._‘-W-' il ".r! —&— Measured
§= Traveling wave 8 . ’ ! : )
= 1000 1500 2000 2500
' b ' - @ Frequency (MHz)
(a) Configuration (b) Reflection coefficient

Figure2.19i Configurationand eflection coefficient of the antenma[14]

In [15], an antennavhich combines more monopole mes and slot modes wasoposed.

The idea is to use two 0.2Bnonopole antennas which also build the slot by the sming
layout. Only one microstrip line is needed to excite the fiparating modesBenefitting

from the moreeffective usage of the radiators, much wider bandwidth could be covered with
similar dimensionas shown in Figure 2.2@ frequency band 0690750 MHz and 1700
4200 MHzare achievegh the dimension 058/ 12! 0.6 mn’.
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Figure2.20i Configurationand eflection coefficient of the antenna in [15]

Multi-branch technique is a traditional method to achieve +halidfeature As the area for
antenna becomes smaller, it is difficult to arrange indepesideintg branches because of the
strongmutual coupling. Thereforescientists further developed parasitic element technique
which actually utilizes the oupling between closelgacked resonatardhe new technique
uses both feeding antenna and parasitic element as main radiathsyboperatet different
frequency. The radiators are usually monopoles and the new antenna is called-fealipled

strip antenna.

The antenna showim [16] is one typical couplefed strip antenna. The feeding monopole
creates oa mode in the lower band and anothayde in the upper band. The coupfed

strip also creates one mode in the lower band and one mode in the upper band but at different
frequency to expand the bandwidth. The antenna achieves rather wide barud\8igi970

MHz and 17002910 MHzwithin the area of 780 mmThe antenna is shown in Figure22.
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Figure2.21i Configurationand eflection coefficient of the antenna in [16]

To decreas&SAR, antennas are usually arranged in the bottora ofobile phone, which
means that antennas have to be in close proximity to a protruded ground whsed it
accommodate electronic components such as USB connector. The eedpstdp antenna
shownin Figure 222 is an example desidor this situatior{20]. It uses a printed inductor to
reduce the electrical wavelength accounbtf much smaller area for antersn&lowever, the
bandwdth decreases greatly due ttee near ground whose apthasecurrent reduces the
radiation efficiency of the antenn@he antenna obtasrthe bandwidthof 824960 MHz and
16352175 MHz in the dimensioof 25, 15! 0.8 mn?.

In order to achieve wider bandwidth in the caseudtruded ground, two branches are used
bothin feeding monopole and coupked strip in [25]. A parallel resonant circuit is used to
create a fifth resonance. Partial coupled strip is bent to be perpendiculartte PCBfor
area saving. Evenally, the antenna achieves a wide bandwidt0z#1095 MHz and 1640

2695 MHzin the dimensiorf 25 15! 4 mnr. However, the radiation efficiency is still not

high because of the near grouiitie results are shown in Figur2.
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Figure2.23i Configurationand eflectioncoefficient of the antenna [25]

The antenna proposed ingjZreates a new mode by notching the ground, whichagetde
bandwidth(691-978 MHz and 1502730 MHz)and acceptable radiation eféacy within a

rather small volumef 35x10>0.8 mnr. However, the disadvantage of the antensiaha
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antenna designers usually oah modify the PCB groundso the technique may be

impractical in most case$he antenna is shown in Figur@2.

In [21], a printed parallel resonant circuitas proposedo form another resonant mode in
lower band. The parallel resonant circuit is arranged between the patch monoptie and
long shorted strip. The resonant frequency can be tuned by adjusting the irféungithr of

the narrow strip) and the capaci{gapbetween the narrow strip and the patch and the long
shorted strip)From the results in FigureZs, the antenna achieves the bandwidth of900
MHz and 17068160 MHz in the dimension of 60x12>8 mn.

lllcl nger shorted strip
HIJI\ Io op strip
E : shorting point

Return Loss (dB)

0.5 mm thick plasti i g o r
eirclediag s msta) box 4x batieryele ! b —-=Simulated (Proposed)
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F=-+=Simulated (with rectangular ground)
= = = Measured (proposed wnth the dlsplay

..............

30 —_—
500 1000 1500 2000 2500 3000
T3 G Frequency (MHz)

(a) Configuration (b) Reflection coefficient
Figure2.24i Configurationand eflection coefficient of the antenma[26]
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Figure2.25 Configurationand eflection coefficient of the antenima[21]
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2.2.2 Multi -Band IFA/PIFA Antennas

In [28], the antennaitilizes coupling feeding to compensate thedargi nput | mpedanc
modeandexcite it. The two stripsc r eat e t wo 0. 2 5bandanmodl eswo nO .t hs
modes in the upper ban@he antenna can cover 8282 MHz and 1702180 MHz in the

dimension of 401508 mn¥, which is shown in Figure 26.
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S Hl &
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15+ fe shom’nssumv 30 i 1 i M M 1 i ' M L i " M L i i
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fodtne Frequency (MHz)
(b)
(a) Configuration (b) Reflection coefficient

Figure2.26i Configurationand eflection coefficient of the antenma[28]

The antennashown i29) uti | i z8s 70 o dfireveheamietinand 0. 258 moc
of parasitic element to expand the bandwidth. In my opinion, the folded PIFA part produces
capacitive |l oading i n one aseiisrresaant frequantyl At of 0
0.258a mode, t he curr ent ion sothe effead ohdecrgasitiyet r on g e
frequency is much weaker. As a result, the
can be reduced-rom the results in Figure ZZ, the antenna achieve$0 dB impedance

bandwidth of 2262580 MHz and 5056800 MHzin the dimension of 16.5x11.55&n.
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Figure2.27i Configurationand eflection coefficient of the antenima[29]

One difficulty of multimode antena is the tuning of different modes4]®roposel a kind of
PIFA whichcan independently tune the resonant frequency of each maddde frequency
range The mechanism is tadjustthe dimension of the maximum current portion of each

mode.The feature of independent tuning is shown in Figure 2.28.
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Figure2.28 Configurationand eflection coefficient of the antenma[34]
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The antenna showin [35] uses 4 branches which are arranged and folded properly to reduce
the mutual couplingbetween branchest achieves a bandwidth 608962 MHz and 1698
2400 MHzin the dimension of 54.5%3 mn?. The results are shown in Figure 2.29.
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(a) Configuration (b) Reflection coefficient

Figure2.29i Configurationand eflection coefficient of the antenma[35]

2.2.3 Multi -Band Loop Antennas

[36] is the first paper that excitdsur modes ina loop antenm, which is shown in Figure

230 Bydecreasinggs t he f r e g u ecamtbelowered dowByancreasird ¢,

the f r equen ccan be bwezddowmoBY avidening theaximum current portion

or current null of thestrip, inductive ddoading orcapacitive loadingan be achieved; it can

also refine thempedance matching. In the lower band, a high pass network is used to further
improve the impedance matchinghe antenna obtains the bandwidth of -88® MHz and
1710-2300 MHz in the dimension &0x13x6 mm®.

The antenna showin [37] also achieves founodes with protruded ground which is used to
accommodate USB connector. The rmodegseparatay, s o

which is helpfulfor practical applicationCompared to [6], the bandwidth is improved to be
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8001110 MHz and 170@580 MHz with the dimension of088>6 mnr. The results are

shown in Figure 2.31.
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Figure2.30i Configurationand eflection coefficient of the antenma[36]

(a) Configuration (b) Reflection coefficient

Figure2.31i Configurationand eflectioncoefficient of the antenna [37]
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