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ABSTRACT

This thesis consists of three; parts: Monopole antennas with dual-band circular
polarization, study of compacting size of leaky-wave antenna and suppressing side lobe of
tapered leaky-wave antenna, and on-chip antenna for wirelessspersonal area network (WPAN)
application. In the first part, novel designs of dual-band:circular polarization (CP) monopole
antenna are presented. The proposed antenna eomprised of a ground plane embedded with an
inverted-L slit, which is capable of generating a resonant mode for broadband
impedance-bandwidth, and excites left-hand circular polarization (LHCP) at 2.5 GHz and
right-hand circular polarization (RHCP) at 3.4 GHz. Furthermore, embedding an I-shaped slit
in the rectangular radiator and adding an I-shaped stub in the ground plane, the
impedance-bandwidth can be increased to 6.30 GHz, and the 3-dB AR-bandwidth at 3.4 GHz
is greatly enhanced from 230 MHz to 900 MHz. In this design, we use a simple method to

achieve the dual-band CP radiation and broad impedance bandwidth.
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In the second part, a compact wideband leaky-wave antenna (LWA) with etched slot

elements and suppressing side lobe of tapered leaky-wave antenna are studied. In compact

wideband LWA case, by etching slot elements on the ground plane, the current distribution of

LWA can be influenced to compact the width of conventional LWA. In order to achieve the

impedance matching, this multi-section tapered short leaky-wave antenna is embedded with

two rectangular slots. This technique not only improves the impedance matching but also

suppresses the back lobe. In suppressing side lobe of tapered LWA case, the proposed LWA

contains a tapered microstrip radiator with: a shorting pin and two rectangular slots. This

design of two slots and a shorting pin can’interfere.withi'the current distribution of tapered

LWA to suppress the radiation of side lobe. In order to achieve the impedance matching, a

matching stub is added along.the feeding lin€. The propose LWAs not only successfully

reduces the width of a conventional LWA by meore than 20 %, but also suppresses the side

lobe.

In the third part, an end-fired radiated on-chip monopole antenna for wireless personal

area network (WPAN) application is designed. In general, if the on-chip antenna is integrated

into RF front-end circuit, the effects electromagnetic interference (EMI) will be considered.

Therefore, the proposed antenna can reduce the electromagnetic power to affect the circuit.

The architecture of this antenna inherits rectangular monopole antenna except for its

asymmetric-fed, slit, and shorting path approaches. The asymmetric-fed provides dual-band
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around 60 GHz and end-fire radiation. Besides, by embedding a slit on the monopole antenna

and shorting pin on the ground plane, this antenna can achieve wide impedance bandwidth.

According the simulated results, the proposed antenna can reduce the radiated power at the

feed line to affect the front-end circuit, and the impedance bandwidth can be achieved about

30% with respect to the center frequency at 5.38 GHz.



WA

Bz EE LIRS ERY F AAR R B KBTI E LA mL AR
BB 4 A G 4W’%ﬂ*”ﬂ%$ﬁi§&°k%’ﬁ#Q@%%Fﬁ
Ay gy s ?Bﬁfﬂﬂ)’j‘%% e A BN EE IR RN P FF R
BGR R enpae o ok OB T R A B R E T R R A LR

%@%ﬁ‘%%Wﬁﬁ‘%%iﬁﬁﬁm—ﬁ%ﬁﬁzgﬁ%,ﬁa%gjgw%{

~.

AE R R AR [ EAFYH A L e

b 919 A EY > ERBMIMAFEBES P 2% 2 E (W0~
FLE(E ) Pl SR BEL(R )R B )RR E (e R f g A () -
*

) EE(FE)E X AR (F L)) s TRL (G RN T AT A P (e dFEg s vl & (

|}

E)s vl s s 2 g FRAF ) 4 EMph 0 EY R EREER AR D
Fr#eng 5 0 BAEF LRA BB d Ao b e (R B FIEE E £ (AR
T4 BT EERA)RPE(RE)FERP ES G ORPRHE L, R AT &
RIE e FRIE o

gt o AR AEF R BAPFA 5T L G Rirdgd L AL RS ERY 5 N
MG RA 5 RN — R B Gl > R A R 0 0 F
kg Ldeir o ABEAF RGP LA PR o RA RGBT E
ARPFUEMHA DA AT R L ERFA L AEOHN  BAREF BF LM
Ao AL NG BEH(AE S RALEE L) A KOl %“J IR T4 0 AN A Fr Aot g e
FIHT o 37 BF 37 5 A AR MR P > AT ¢ FR D e kg B P o

Bl WA 2 )] L—,\%/I;JC A A  RAZ N enb A E R T HEEPA

A g e P

3 RHA

2009.06

vi



Contents

ADSLIACE (CRINESE) .veiviieiiieiiieiieiie ettt ettt e st e et e st eebeesaaeesbeessaeesseessseesseesssesnsaensseens 1
ADSLract (ENGLISN)  .ooeeiiiiiee ettt s en 111
ACKNOWIEAZIMENLS ...ooiiiiiiieiiieiie ettt ettt ettt st e et ee s e ebeessaeesbeessseesseesssesnsaensnaans vi
COMLENIES ..ttt ettt et e e a bt e bt e s et e e bt e e at e e bt e sab e e bt e eabeenbeesateenaneens vii
LSt OF TADIES ..ottt ettt sttt ettt sae e X
LISt OF FIGUIES  .eeieniiieeiiieece ettt et et e et e e et eeetaeeensaeeensneennneeas x1
Chapter I IntroducCtion ............ el st et ens 1
1.1  Objective of this TRESIS. wirriieiriiiienn el B 1
1.2 Motivation of Circularly Polarized Monopole Antenna ..............cccceevvveenennns 2
1.3 Motivation of Compact Wideband-Leaky-WaveAntenna .........c.ccccevveneenee. 7
1.4  Motivation of Suppressing Side Lobe of Tapered Short LWA .................... 11
1.5 Motivation of End-Fire Radiated On-Chip Monopole Antenna for WPAN
APPIICATION ittt ettt et et e s e e 14
1.6 ThesiS OrganiZation ..........ccceeceveeeiieeeiiieeiieeeiireesiteeesreeesseeesseeessseesssseesssseenns 18
1.7 REfEICNCES .uviiuiiiiiiiiieietee ettt sttt st 20
Chapter 2 Dual-Band Circularly Polarized Monopole Antenna .........cccccccevveveenieneennnene 24
2.1  Basic Monopole Antenna and Polarization Theory ........cc..ccccevvveveniiencenennnn. 25
2.1.1  Monopole Antenna ThEOTY ........cccccoviieeiiieeiiieeiie et 25
2.1.2  Polarization ThEOTY ......ccceeviiieiiiiiiieiieeie ettt 27
2.2 Design of Dual-Band Circularly Polarized Monopole Antenna ..................... 30
22,1 Antenna 1 DESIZN ....ccceeeviiiiiiiiieiieeieeee ettt 31

vii



222 Antenna 2 DESIZN ....ccceeeiiieriiieiieiieeieeeie ettt ettt et 33

2.3 Parametric STUAIES .....ocouieriiiiiieiiieiieeee ettt 37
2.3.1  Inverted-L Slit of Antenna 1 ........cccooviriiniiiiiienieeeeeeee e 37
2.3.2  I-shaped Slit of ANteNNAa 2 ......cccviieiiiieeiiieeiie et 38
2.3.3  I-shaped Stub of ANtenna 2 ........ccccoeeviieiiienieeiieieeeeeee e 39

2.4  Simulation and Measurement Results ...........cccccooviiiiiniiiiiiniiinienieeieeee 43
24.1 Impedance Bandwidth and Resonant Modes ..........cccceveeveriienieniennnene 43
242 AXIAl RGOS ..eiiiiiiiiiiiiieieee s 51
2.4.3  Radiation Patterns and Gains .........ccccecereeviriienienenieneeneeie e 56

2 TN 1111111 - ) oy 2 USSP 59

2.6 References ......ccccooeoy BRI . .........ooniiieninineteeteee et 60

Chapter 3 Compact Wideband.Leaky-Wave Antenna . .....ccc..coooeeniieeiieniiieiienieeieeieans 61

3.1  Leaky-Wave Antenna TREOTY ...l 62

3.2 Procedure of Leaky-Wave Antenna DESIZN  ..ieovie..veeiveeniiiniieiiiiiienieeieees 67
3.2.1  Compact Leaky-Wave ANtenna ... i ieierieeiieeieenieeeieesieeeveeee 68
3.2.2  Parameter Study of Etched Slot Elements ..........cccccceevviiiiiiieiiiiennen. 77
3.2.3  Increasing Bandwidth and Suppressing Back Lobe ...........cccccueennnnnen. 81

3.3 Simulation and Measurement Results ..........ccocccooiiiiiiniiiiiiniiiee 85

3.4 SUIMMATY  eeiiiiiiieiiie ettt e et e ettt e st e e s bt e e sabteessbeeesabeeesnbeessnseesnns 89

3.5 RETEIENCES ..ottt ettt ettt et 90

Chapter 4 Suppressing Side Lobe of Tapered Short Leaky-Wave Antenna —................... 92

4.1  Tapered Leaky-Wave Antenna TheOory ........ccccovevviieeiiieeiieecieeeieeeiee e 93

4.2 Antenna DESIZN ...ccoocoviiiiiiiieieeiiee et 95

4.3  Simulation and Measurement Results ............ccocoiiiiniiiiiiniiiiiiiiecee, 102

4.4 SUMIMATY  ceooiiieiiiieiiiee ettt et et e et eesateesaaee ettt esabaeeesbeeesaseeesnseeennseesnnseens 105



4.5 RETEIEICES oottt eeeeeeaeeeeaeeeeeeeeeenenenennnnnn 106

Chapter 5 End-Fire Radiated On-Chip Monopole Antenna for WPAN Application ..... 107
5.1  Coplanar Waveguide (CPW) Theory .......cccccceeviiiiieiiienieeiienieeieesee e 108
5.2 Antenna DESIZN .....oooociiiiiiiieiiie e eae e 111
5.3 Simulation RESUILS ...cc.oooiiiiiiiiiiiiiiicieee e 117
S4  SUMMATY oo e e et e e e et e e e e saeeeeesnsaeeessnsreeesanes 124
5.5 REIEIENCES .uiiiiiiiiieiieeete ettt st 125
Chapter 6 Future StUAY ....c.oooiiiiiieiieecee ettt et et ens 126
6.1  Radiation of Dual-Beam .........ccccoceiiiiiiiiniiiiieeeceeee e 126
6.2 Integration of Front-End ... ... i e 127
6.3 References ........ ud0e . Bl H ot T W Ml - eeveeneermeenneeneeneensenieeneens 129

ix



Table 2-1

Table 2-2

Table 3-1

Table 4-1

Table 5-1

List of Tables

Dimensions of the proposed printed Antenna 1 and 2 .........ccceveevvenveennnnne 36
Performance of Conventional and proposed antennas .............ccceeeveervveennnnn. 55
Dimensions of the proposed Leaky-Wave Antenna ...........cccceeevveeveenieennnnn. 73
Dimensions of the proposed Tapered Short LWA ..........ccooeeiiiiiiiiiiiieeie 97
Dimensions of the proposed Monopole Antenna ...........cceeeeevvievieenieeneens 116




Figure 1-1

Figure 1-2

Figure 1-3

Figure 1-4

Figure 1-5

Figure 1-6

Figure 1-7

Figure 1-8

Figure 1-9

Figure 1-10

Figure 1-11

Figure 1-12

Figure 2-1

List of Figures

Microstrip-fed annular-ring patch for CP antenna [1-7]  ......ccevveienee. 5
Dual-band CP antenna [1-8]  ..cccooiieiiiiiieee e 5

Two prototypes of CP antenna: (a) annular-ring slot antenna [1-9], (b)

microstrip- fed circularly polarized slot antenna [1-10]  .......cccveeeneens 6

Frequency-fixed beam-scanning microstrip leaky-wave antenna [1-17]

.................................................................................................................... 9
Two prototypes of LWA: (a).EME microstrip leaky-mode antenna

[1-21], (b) half~width-antenna [1-22] e, 10
Active frequency-scanning leaky-mode antenna array [1-25]  ........... 12
Active feedback microstrip leaky wave antenna [1-26]  .......ccccceeeneeee. 13
Aperture-fed patch antenna connected to the LWA [1-27] ... 13
On-chip antenna: (a) monopole antenna [1-28]; (b) PIFA [1-32]  ......... 15
On-chip dipole antenna: (a) dipole antenna with balun [1-33]; (b)

dipole antenna with front-end circuit [1-34] ..o 16
On-chip Yagi antenna: (a) Yagi antenna with director, driven, reflector
element, and a ground plane [1-31]; (b) quasi-Yagi antenna [1-35] ... 17

Antenna 1, configurations of the proposed printed monopole antenna

X1



Figure 2-2

Figure 2-3

Figure 2-4

Figure 2-5

Figure 2-6

Figure 2-7

Figure 2-8

Figure 2-9

Figure 2-10

Figure 2-11

WIth INVEITEA-L SIIt oo e e e eeeeeeeeenaees 34

Antenna 2, configurations of the proposed printed monopole antenna

with inverted-L slit, I-shaped slit, and I-shaped strip ~ ....c.cccvveivenenennnnn. 34

Simulated surface current distribution of conventional monopole

aNteNNA At 3 GHZ oo 35

Simulated AR of conventional monopole antenna  .......cc.ccceeiiriinnennee. 35

Simulated center frequency of axial ratio and 3-dB axial ratio
bandwidth for the inverted-L length of Antenna 1: (a) lower band; (b)

UPPET DANA oo e 40

Simulated phase.difference-and axial ratio.of the I-shape slit length of

Antenna 2 at upper band: (a) axial ratio;.(b) phase difference  ............. 41

Simulated phase difference and axial ratio ofithe I-shape stub length of

Antenna 2 at upper band:' (a) axial ratio;(b) phase difference  ............. 42

Simulated and measured return loss of the conventional antenna and

ANTENNA 1 oo e et e e e e e e e e e raeaeeaeaaaes 46

Simulated surface current distributions of Antenna 1: three resonant
modes of monopole (a) 2.25 GHz; (b) 4.65 GHz; (¢) 6.35 GHz; and

one resonant mode of ground plane (d) 3.35 GHz  ....cccoevviviieiiennnne, 47

Comparison the measured return loss of Antenna 1 with and without

T DEVEL e aa e e e e e e 48

Simulated and measured return losses against frequency for the

Proposed ANtENNA 2 ..oioiiiiiiiiiieiie e 48

Xii



Figure 2-12

Figure 2-13

Figure 2-14

Figure 2-15

Figure 2-16

Figure 2-17

Figure 3-1

Figure 3-2

Figure 3-3

Figure 3-4

Figure 3-5

Simulated surface current distributions of Antenna 2: (a) 2.93 GHz; (b)

3.37 GHz; (¢) 6.00 GHz; and (d) 8.00 GHZ = ...ccoiiiiiiieeeeeeee 49
Comparison the simulated return loss of Antenna 2~ .........ccceevuveennennnen. 50
Simulated and measured axial ratio and phase difference of Antenna 1:

(a) lower band; (b) upper band ..o 53
Simulated and measured axial ratio and phase difference of Antenna 2:

(a) lower band; (b) upper band  ....c.oooiiiiie 54
Measured radiation patterns of Antenna 1 in the XY- and XZ-plane: (a)
2.50 GHZ; () 3.44 GHZ oo 57
Measured radiation patterns-of Antenna 2.in the XY- and XZ-plane: (a)
2.49 GHz; (b)3.70 GHz; (€) 420 GHZ i 58
Field diagram for the |(a)’dominant mode and (b) first higher order
mode (E field: solid line;'H field: dashed line) [3-2]  ....coooiiiiiieniis 65
Top view of the strip of microstrip line and dielectric region around it

[Bm0] oottt ettt eaean 66
Normalized complex propagation constants of the conventional

microstrip LWA. H= 1.6 mm, W = 15 mm, and ,=4.4. k is the free
SPACE WAVE MUIMDET .oooiiiiiiiieeieeeeiie et eeiteeetee et e et eeenaeeesveeenneeenes 66
Configuration of the proposed leaky-wave antenna — ..........ccceeevveennennnen. 72
Normalized complex propagation constants of the conventional

microstrip LWA. H= 1.6 mm, W = 15 mm, and ,=4.4. k is the free
SPACE WAVE MUIMDET .oooiiiiiiiieciieeeite ettt eiee et e st e e eeesveeeneneeeaes 73

xiii



Figure 3-6

Figure 3-7

Figure 3-8

Figure 3-9

Figure 3-10

Figure 3-11

Figure 3-12

Figure 3-13

Figure 3-14

Figure 3-15

Comparison of the theoretical, simulated, and measured 6,, and A8 of a
conventional LWA: (a) Radiation angle 6,; (b) Radiation beamwidth

AD e 74

Simulated radiation angle and 3-dB radiation beamwidth of LWA with
etched slot elements: (a) Radiation angle 6,,; (b) Radiation beamwidth

AD e 75

Simulated surface current distributions at 4.2 GHz: (a) conventional

LWA; (b) LWA with 10 slot elements — ......ccccoeovveiiieciiiiecieece e 76

Simulated radiation patterns of the slot widths, G, in the YZ-plane at

370 GHz ... g i i o 79

Simulated radiation patterns of the slot lengths, G, in the YZ-plane at

RIVINCIPAN— IR AR RN 79

Comparison the simulated return tosses of conventional LWA and LWA

with 10 slot elements on the groundplane ..., 80

Comparison the simulated impedance of the LWA of conventional,
tapered, and tapered with Slot-A structure: (a) Real part; (b) Imaginary

PATE ettt ettt e et e st e et e e st e e abeeeearee s 83

Comparison the simulated radiation patterns of the multi-section
tapered short LWA without slot, that with Slot-A, and that with Slot-A

and S1ot-B at 4.3 GHZ oot a e 84

Simulated and measured radiation patterns of the proposed LWA in the

YZ-plane: (a) simulated patterns; (b) measured patterns — ........cccceceeee. 87

Maximum measured gains of the proposed LWA  ........cooiiiiiiiiennnne. 88

Xiv



Figure 3-16

Figure 4-1

Figure 4-2

Figure 4-3

Figure 4-4

Figure 4-5

Figure 4-6

Figure 4-7

Figure 4-8

Figure 4-9

Figure 4-10

Figure 4-11

Comparison the simulated and measured return losses of the

conventional LWA and the proposed LWA ..o 88

Three structure of tapered LWA: (a) Type I, (b) Type I, (c) Type 11

[4-11 oo 94

Structure of the proposed short length LWA ..., 97

Measured normalized radiation patterns of the conventional tapered

SOOIt L A et ——_ 98

Simulated return losses of the conventional tapered short LWA and the

conventional tapered short LWA with Slot 1 structure  .......c..cccceeeenee 98

Structures of LWA and simulated radiation pattern in YZ-plane at 6.0
GHz: (a) conventional tapered short LWA; (b) LWA with Slot 1; (c)

LWA with Slet 1 and 2; (d) proposed LWA; (e) Radiation pattern ... 99

Simulated surface current distributions at 6:0 GHz: (a) conventional
tapered short LWA; (b) LWA:with Slot 1; (c) LWA with Slot 1 and 2;

(d) proposed LWA o 100

Simulated radiation pattern in YZ-plane at 6.0 GHz  ..........ccccoevieeenee. 101

Simulated surface current distributions at 6.0 GHz: (a) 0.75 A, between

Slot 1 and Slot 2; (b) 1.0 A between Slot 1 and Slot2 ..o 101

Measured normalized radiation patterns of the proposed LWA ............. 103

Comparison of the measured main lobe to side lobe ratios (MSR) of

tapered LWA and proposed LWA ..o 103

Comparison of measured maximum gains of the tapered LWA and the

XV



Figure 4-12

Figure 5-1

Figure 5-2

Figure 5-3

Figure 5-4

Figure 5-5

Figure 5-6

Figure 5-7

Figure 5-8

Figure 5-9

Figure 5-10

Figure 5-11

Figure 5-12

Figure 6-1

Proposed LWA e 104

Simulated and measured return losses of the proposed LWA  ........... 104
3D structure of conventional coplanar waveguide (CPW)  ................. 110
Structure of the proposed on-chip monopole antenna  ........cccceeeenenee. 113

Surface current distribution of the monopole antenna with central-fed
and asymmetric-fed: (a) central-fed at 78.6 GHz; (b) asymmetric-fed at

60 GHZ e e 114

Simulated normalized radiation patterns of the monopole antenna with

asymmetric-fed at 60 GHz: (a) X'Y=Rlane; (b) YZ-Plane  ..................... 115
Simulated return losses of central-fed and asymmetric-fed  ................. 116
Proposed on-chip antenna: (a) layout photo; (b) micrographic .............. 118
Simulated return loss;of the proposed antenna  ..........c.cocooevvveeieeneenen. 119

Current distribution of the on=chip antenna: (a) 58 GHz; (b) 63 GHz

.................................................................................................................... 120
Simulated normalized radiation patterns of on-chip antenna at 58 GHz:

(a) XY-Plane; (b) YZ-Plane; (€) 3D oot 121
Simulated normalized radiation patterns of on-chip antenna at 63 GHz:

(a) XY-Plane; (b) YZ-Plane; (C) 3D oot 122
Maximum simulated gain of the proposed LWA ..., 123
Simulated gain of the proposed LWA at end-fire direction — ................. 123
Schematic configuration of the topology for dual-beam radiation  ....... 127

XVi



Figure 6-2

Figure 6-3

Configure of a beam-switchable scanning LWA [6-1]  .............

Configure of frond-end: (a) transmitter [6-2], (b) receiver [6-3]

xvii



CHAPTER 1

INTRODUCTION

1.1 Objective of this Thesis

In this thesis, three topics are proposed. The first topic is the monopole antennas with
dual-band circular polarization. The research includes how to transform the polarization from
the linearly polarized monopole antenna to circularly polarized antenna, and how to increase
the axial ratio bandwidth. The second ytepiepincludes two types: compacting size of
leaky-wave antenna and suppressing side llobe<of tapered leaky-wave antenna. These
researches include the studiesof reducing width of leaky-wave' antenna, increasing impedance
bandwidth, and suppressing side lobe. These properties provide a lot of advantages for the
scanning systems, traffic control, and collision avoidance system such as compact size, low
cost, wideband, and easy fabrication. The third topic is the study of on-chip antenna for
wireless personal area network (WPAN) application. The on-chip antenna is fabricated by
using TSMC 0.18-um CMOS process. The above antenna not only provides 7.7 GHz

bandwidth for WPAN band, but also excites end-fire radiation.



1.2 Motivation of Circularly Polarized Monopole Antenna

In recent years, printed monopole antennas have been developed since they have many
attractive features such as simple structure, low profile, light weight, wide impedance-
bandwidth, and omni-directional radiation patterns [1-1] ~ [1-3]. The antennas are widely
used for the wireless communication systems such as GSM, DCS, PCS, IMT-2000, WLAN,
and UWB. However, these printed antennas are both tall and wide; they are few applications

in handheld devices.

In general, the radiation patterns of printed monopole antennas are linearly polarized
(LP); they are difficult to radiate cireularly »polarized (CP) radiation wave which was
generated by two near-degenerated orthogenal resonant modes of equal amplitude and 90°
phase difference (PD). Recent*the applications of cifeularly polarized (CP) wave have
attracted much attention due to their significant superiority on resisting of inclement weather
over linearly polarized (LP) wave. They have been especially employed in modern
communication systems sensitive to atmospheric variation, such as radar tracking, navigation,
satellite systems, radio frequency identification (RFID), sensor systems, and mobile
communication systems [1-4]. The hazard caused by misalignment could be neglected to
simplify antenna mounting as well as to benefit receiving efficiency, and the essential feature
of polarization diversity is that the signal reception performance can be improved in the

multi-path fading environment. If the monopole antenna can generate the LP and CP radiation



waves, the applications of the monopole antenna will be greatly enhanced.

Typically, the planar CP antenna is achieved through using patch antenna [1-5] ~ [1-8]

and slot antenna [1-9] ~ [1-12]. Previous reports in [1-5] and [1-6] show that a CP patch

antenna is introduced by cutting slot. A coupling method of a fan-shaped patch for CP

antenna has been proposed in Fig. 1-01 [1-7]. To reduce the size of CP antenna, see Fig. 1-02,

a cross-patch with a dual-band hybrid is proposed [1-8]. These antennas can excite a pure CP

radiation wave, but the impedance- and AR-bandwidth are narrower than 10%. To generate

wider AR-bandwidth, many printed_slot antennas atre. designed [1-9] ~ [1-12]. In [1-9] and

[1-10], the antenna structures,contain a ring slot which produces CP radiation waves by

embedding a slot or adding=a shorted strip“(see Fig. 1-03). In addition to ring slot, a

crosspatch-loaded is added in the centre of the square slot'[1=11] and a mono-strip is added in

the circular slot [1-12] to excite two near-degenerate orthogonal resonant modes of equal

amplitude and 90° phase difference for CP. In fact, the 3-dB AR-bandwidth of slot antennas

can be larger than 10%. However, the 10-dB impedance-bandwidth is less than 50%.

In chapter 2, novel broadband monopole antennas with dual-band CP are proposed. A

microstrip-fed monopole antenna with an inverted-L slit in the ground plane, called Antenna 1.

It gives a broadband impedance-bandwidth of 102.5% at the center frequency of 4.35 GHz

and the dual-band CP radiation waves of 6.0% LHCP at the center frequency of 2.485 GHz

(lower band) and 6.7% RHCP at the center frequency of 3.425 GHz (upper band). In addition,



Antenna 2 is designed by embedding an I-shaped slit in monopole radiator and adding an

I-shaped stub in ground plane. It can further increase the impedance-bandwidth to118.4% and

enhance the 3-dB AR-bandwidth at the upper band to 23.1%. The results show that the two

novel antennas can achieve broadband impedance-bandwidth and dual-band CP. The

impedance- and AR-bandwidth are better than patch and slot antenna.



Fig. 1-1.

Microstrip-fed annular-ring patch for CP anténna [1-7].
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Fig. 1-2. Dual-band CP antenna [1-8].



(b)

Fig. 1-3. Two prototypes of CP antenna: (a) annular-ring slot antenna [1-9], (b) microstrip-

fed circularly polarized slot antenna [1-10].



1.3 Motivation of Compact Wideband Leaky-Wave Antenna

Leaky wave antennas (LWAs) have been presented nearly thirty years, the structure of
which was proposed in 1979 by Menzel [1-13] and the theory of which was derived in 1986
by Oliner and Lee [1-14]. LWAs are usually used in the radar system and the satellite
communication because they possess the advantages of narrow beam, frequency-scanning
capability, wideband bandwidth, and fabrication simplicity [1-15] and [1-16]. For enhancing
the applications of LWA, the frequency-fixed beam-scanning LWAs are proposed [1-17] and
[1-18]. In [1-17], the structure of micrestrip leaky-wave antenna, which is plotted in Fig. 1-04,
contained many feeding terminals and control switches .which achieved the ability of
frequency fixed beam-scanning by switching different feeding terminal. In addition to use of
the switch, an active microstrip- leaky wave-antenna *which derived the dual-beam

asymmetrically scanning pattern by the ‘active circuit was designed [1-18].

Although owning many advantages, LWA is faced with a major problem of large size. As
well known, the length and the width of LWA are respectively required about four and half
wavelengths to radiate effectively. There are two ways to reduce the antenna size: shortening
the length and reducing the width. In general, if the length is shortened, the induced back
lobes, which are caused by the reflected power, will be increased. For suppressing the back
lobes of short LWA, a radiating element was added at the end of short LWA to radiate the

remaining power in [1-19]. Recently, a method of utilizing two patches with short-circuit



edges, see Fig. 1-05, was designed to couple the radiation power, and then suppressed the

back lobe [1-20]. Excluding short LWA, the techniques of compressing the width have been

presented in [1-21] and [1-22]. The structures of the LWA are shown in Fig. 1-06. The

electric-magnetic-electric (EME) microstrip was added in the LWA to affect the first higher

order mode, and a half width LWA was designed to compact the width of conventional LWA

by the image theory.

In chapter 3, we propose a novel method to achieve compact size, wide bandwidth, and

low back lobes. This antenna is composed of etched slot elements on the ground plane.

Although this method can shift;the cutoft frequency to.lowet.frequency in order to reduce the

width of conventional LWA“these etched slot elements on' the ground plane causes the

impedance mismatching. Therefore, we_embedded:two_réctangular slots, Slot-A and Slot-B,

on the multi-section tapered short LWA" These two slots can achieve the impedance matching

and suppress the back lobe. Detail design rules and results of the short LWA antenna (only

about 1.14 A at 3.4 GHz) demonstrate that the impedance bandwidth can be achieved about

33 % at the center frequency of 3.95 GHz for 7-dB return loss. The cutoff frequency of this

antenna can be shifted about 750 MHz from 4.15 GHz to 3.40 GHz in order to reduce the

width of the LWA by more than 20 %. The back lobe can be suppressed by 7.5 dB at 4.3 GHz.



microstrip leaky-wave antenna
port 2 |

-
-
k.

port 3

Fig. 1-5.  Microstrip leaky-wave antenna (MLWA) with parasitic elements [1-20].
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Fig. 1-6. Two prototypes of LWA: (a) EME microstrip leaky-mode antenna [1-21], (b)

half-width antenna [1-22].
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1.4 Motivation of Suppressing Side Lobe of Tapered Short LWA

LWA is mainly operated in the first higher order mode, so it possesses the advantages of
frequency scanning capability, narrow beamwidth, and high gain. However, the radiation
bandwidth is controlled by the width of LWA, the thickness of the substrate, and the dielectric
constant. To improve the radiation bandwidth, the tapered structure leaky wave antenna was
proposed [1-23] and [1-24]. Although realizing broad impedance bandwidth, the tapered LWA
results in a serious problem of spurious side lobe which is generated by the backward

radiation.

The side lobe is often oceurred in-the LWA, especially:the short LWA, so that several
researches are studied to solve this problem [1-25] ~ [1-27].In [1-25], the method of LWA
array, which is plotted in Fig. 1-07, reduced the reflected wave power and increased the power
gain. In Fig. 1-08, an active feedback synthesizer and a closed loop were designed; therefore,
the side lobe level was greatly decreased [1-26]. The design of the LWA with aperture-fed
antenna (see Fig. 1-09) offered another radiated path of the reflected wave from the open end
of LWA to suppress the side lobe [1-27]. These topologies achieved good result of suppressing

side lobe.

In chapter 4, we present a novel method to solve the problem of spurious side lobe of
tapered short LWA (about only 1.5 at 4.5 GHz). The proposed LWA is composed of two

rectangular slots and a shorting pin on the tapered short LWA. From the measured results, the

11



side lobe is suppressed over 5 dB at higher frequency band (6.0~6.4 GHz), the main lobe
scanning angle is achieved about 43° from 14° to 57° between 4.6 to 6.4 GHz, and the 7-dB

impedance bandwidth is about 1.6 GHz from 4.58 to 6.18 GHz.

Microstrip Leaky-VWave Antenna

G- = -

Matching Circuit |
| e L >l
\ S T
CVG-7864 NE424844

ey
/

i

Fig. 1-7. Active frequency-scanning leaky-mode antenna array [1-25].
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1.5 Motivation of End-Fire Radiated On-Chip Monopole Antenna for

WPAN Application

Recently, 7GHz of unlicensed bandwidth around 60-GHz band for wireless personal area
network (WPAN) is interested in the short-range communications and high data rate wireless
consumer applications [1-28] ~ [1-31]. The attenuation characteristics of 60 GHz nowadays
contain atmospheric oxygen of 10-15 dB/km in wide bandwidth, high-speed wireless LAN,
Gb/s point-to-point links, vehicular radar at nearby frequencies, and wireless home video and
data link that need lots of bandwidth.Due to these reasons, it is very attractive to the WPAN

design today.

Millimeter-wave CMOS*RFICs and on-chip antenna have been attempted to develop
[1-30] ~ [1-35]. Monopole anterina [1-28], PIFA [1-32], dipole antennas [1-33] and [1-34],
and Yagi antennas [1-31] and [1-35] are commonly used to design the CMOS on-chip
antennas. These antennas, shown in Fig. 1-10 to Fig. 1-12, are utilized the traditional
structures to design. However, the on-chip antenna will be integrated into RF front-end circuit,
so the effects of electromagnetic compatibility (EMC) and electromagnetic interference (EMI)
are considered. Because the radiation pattern of dipole antenna, monopole antenna, and PIFA
1s omni-direction, the electromagnetic wave will interfere with the frond-end circuit. Yagi
antennas is the end-fired radiated, so the electromagnetic power of back side is lower, and

effects of EMC and EMI can be reduced to influence the front-end circuit.

14



In chapter 5, in order to reduce the radiated wave of antenna to interfere with the
front-end circuit, an end-fired radiated on-chip monopole antenna for wireless personal area
network (WPAN) application is proposed. This antenna is composed of a coplanar waveguide
(CPW) asymmetric-fed, a rectangular monopole antenna with a slit, and a shorting path which
connects the monopole antenna and the ground plane. The on-chip antenna is fabricated in
TSMC 0.18-um CMOS process, and the antenna size is only about 0.62 x 1.00 mm®. It gives
a wide impedance bandwidth of 7.7 GHz at the center frequency of 60.25 GHz, the radiation

patterns of end-fire direction, and the hl_gher gain n-I],lthe WPAN band.
'f _- i e e
e
fll--}"}.‘ [ JEE -""\.-.-\l-.\"-l ﬁ

2 mm

(b)

Fig. 1-10. On-chip antenna: (a) monopole antenna [1-28]; (b) PIFA [1-32].
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Fig. 1-11.  On-chip dipole antenna: (a) dipole antenna with balun [1-33]; (b) dipole antenna

with front-end circuit [1-34].
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(b)

Fig. 1-12.  On-chip Yagi antenna: (a) Yagi antenna with director, driven, reflector element,

and a ground plane [1-31]; (b) quasi-Yagi antenna [1-35].
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1.6 Thesis Organization

This dissertation is divided to six chapters and is organized as follows:

In chapter 1, the outline and the motivations of four researches are introduced.

Chapter 2 documents the design of dual-band circular polarization (CP) monopole antenna.
And before that, the basic theories of monopole antenna and polarization will be reviewed.
Then we will begin to propose our first research which includes two antennas. The current
distribution of these antennas is change to achieve broad impedance bandwidth and dual-band

axial ratio bandwidth (AR-BW) simultaneously.

Chapter 3 describes a compact wideband leaky-wave antenna (LWA) with etched slot
elements and tapered structure. Here, we-will Teview the basic theory of leaky-wave antenna
first. After that, we will demonstrate that our study not only reduces the antenna size but also

suppresses the back lobe.

In chapter 4, a method for suppressing side lobe of tapered short leaky-wave antenna is
demonstrated. The basic theory of tapered leaky-wave antenna will be introduced in the first
section. After that, the proposed LWA, which contains a tapered microstrip radiator with a
shorting pin and two rectangular slots, will be shown that the radiation of side lobe can be

successfully suppressed.

In chapter 5, an end-fired radiated on-chip monopole antenna for wireless personal area

18



network (WPAN) application is designed. In first section, we will introduce the basic theory

of coplanar waveguide. Then the on-chip antenna will be analyzed to demonstrate that this

proposed antenna can reach wide bandwidth and excite end-fire direction pattern.

Finally, future studies will be made in chapter 6.
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CHAPTER 2

DUAL-BAND CIRCULARLY POLARIZED MONOPOLE

ANTENNA

Novel designs of dual-band circular polarization (CP) monopole antenna are presented.
Broad impedance bandwidth and dual-band axial ratio bandwidth (AR-BW) can be
simultaneously achieved. The proposed antenna comprised of a ground plane embedded with
an inverted-L slit, which is capable of generating a resonant mode for broadband
impedance-bandwidth, and excites two orthogonal £ veetors with equal amplitude and 90°
phase difference (PD) for radiating left-hand circular polarization (LHCP) at 2.5 GHz and
right-hand circular polarization (RHCP) at 3.4 GHz."A bevel.is cut in the rectangular radiator
to increase the impedance-bandwidth:-According to.themeasurement results, the measured
result of the impedance-bandwidth is about 4.46 GHz for 10-dB return loss from 2.12 to 6.58
GHz; the 3-dB axial ratio (AR) bandwidths are about 150 MHz at the lower band (2.5 GHz)
and 230 MHz at the upper band (3.4 GHz). Furthermore, embedding an I-shaped slit in the
rectangular radiator and adding an I-shaped stub in the ground plane, the
impedance-bandwidth can be further increased to 6.30 GHz (2.17 ~ 8.47 GHz), and the 3-dB

AR-bandwidth at the upper band is greatly enhanced from 230 MHz to 900 MHz.
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2.1 Basic Monopole Antenna and Polarization Theory
2.1.1 Monopole Antenna Theory

Monopole antenna is formed from dipole antenna by the principles of image theory.
Firstly, dipole antenna is introduced in this section. Two metal elements, the total length of
which is a half wavelength, are symmetrically fed by a balanced two-wire transmission line to
construct a half-wave dipole antenna. The current distribution of the dipole antenna is nearly
one-half of a sine wave, and the maximum amplitude is at the center of the dipole [2-1]. The

current distribution is defined as

1(z) =y sin[%[ (% = |z|ﬂ (2-01)

where 7, is the maximum current magnitude, z is the current.from the maximum at the center
of the dipole to zero at the ends, z = £A/4: Erom this'current equation, the radiation pattern can

be calculated. The electric field is found as

e cos[(z/2)cos O]

E,=jou—" 2-02
0 =IO T 4w sin @ ( )

The normalized far field pattern is derived as

F(0) = cos[(;r'/2)cos 0] (2-03)

sin @

The total radiated power is

P =[ [ UG.0)0*sinigd6, U(r.6)= Lgf (2-04)

00 21,
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So,

_1.22p,

Py = I, (2-05)
A

The radiation resistance and the complete impedance of the dipole are written as

2P, 12211
R =t — 0 = 73(Q 2-06
e 2 (©2) (2-00)

and

Z, =73+ j42.5Q (2-07)

The directivity of the dipole antenna‘is defined as

_4nU

D =1.64=215dB (2-08)
rad
where
2 2
U, =~—|E NI —77"];" (2-09)
2770 max 872.

The performances of monopole antenna are similar to dipole antenna except the
impedance and directivity. Because the length and the voltage of monopole antenna is a half

of dipole antenna, the impedance of monopole is only half of dipole. It is derived as

Vi
ZM:I’M:

in,M

V.
]'"’D = lZD (2-10)

in,D

N | =

Directivity of monopole is twice as large as the dipole in free space. The equation is shown as

(2-11)



2.1.2 Polarization Theory

According to the concept of polarization, the polarization of antennas is related to the
polarization of the wave radiated in a given direction [2-1] and [2-2]. The polarization of a
plane wave describes the time-varying behavior of the instantaneous electric field at a fixed
observation point. Generally, the polarized wave includes three important types: linearly

polarized (LP), elliptically polarized (EP), and circularly polarized (CP).

Linear Polarization: LP is excited when the electric filed vector moves positive or

negative along a line. The situation.can be written as

E =nE (2-12)

n

where E is the instantaneous-electric filedVector] There are two cases of linear polarization:
vertical and horizontal linear polarization.. The radiation of commercial antennas is linear

polarization such as dipole, monopole, horn, and Yagi-Uda antenna.

Circular Polarization: CP is generated by two orthogonal E vectors with equal

amplitude and 90° phase difference. It is defined as

E=E,, +e’E,, (2-13)
_ 1 — —
Erucr = ﬁ(EHor +JEy,.) (2-14)

and
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_ 1 _
E pep = ﬁ(EHor - JEy..) (2-15)

where E is the instantaneous electric filed vector, E,, and E,, respectively denote the
electric field vector in the horizontal and vertical plane, and ¢ is the phase difference. If the
amplitudes of E,,, and E,, can be equal and § = £90°, the polarized wave is right-hand
circularly polarized (RHCP) or left-hand circularly polarized (LHCP) [2-1]. Patch, helical,

and spiral antenna are usually designed to radiate CP radiation wave.

Elliptical Polarization: EP is produced by two E vectors. In general, these two E vectors
are considered that the phase differénce between two E.vectors is 90°, and the amplitude of

two E vectors is not equal. It is.expressed-as
E=Fp + B (2-16)
and

Hor # EVer (2-17)

The phenomenon of EP which can excite right-hand elliptically polarized (RHEP) or
left-hand elliptically polarized (LHEP) is similar to CP. In physical sense, when the structure
of conventional linearly polarized antenna is varied for reducing size, the antenna will

produce two electric filed vectors to form EP.

Axial Ratio: The value of axial ratio (AR) can represent the characteristic of polarization.

AR is defined by the ratio of the major to the minor axis electric field [2-1], [2-3], and [2-4]
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or by RHCP and LHCP, and it is written as

1<AR= |E Major | RHCP+ELHCP| (2-18)

‘ RHCP — LHC ‘

‘ Minor

or

ERHCP + ELHCP

0dB < AR = 20log < o0dB (2-19)

RHCP — T LHCP

For a perfect CP wave, the AR value is 0 dB or 1, and for a LP wave, the AR value is

infinite. EP is defined between LP and e the perfect CP wave with AR = 0 dB is

ideal, the CP is typically defined as
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2.2 Design of Dual-Band Circularly Polarized Monopole Antenna

The schematic diagrams of the proposed monopole antennas are illustrated in Fig. 2-1
and Fig. 2-2, respectively. These proposed antennas are etched on a FR4 substrate with
relative permittivity & = 4.4, loss tangent tan 6 = 0.024, and thickness H = 1.6 mm. The
overall dimensions of the antennas are about 40x39x1.6 mm’. In general, the length of
monopole antenna is usually about a quarter-wavelength. The approximate value for the

length L, of monopole radiating strip is given by

A

Ly~—F= . 1
o v

with

e +1
Sy =8 )

where ¢ is the speed of light, 4, is the free-space wavelength of the monopole resonant
frequency f,, and &, 1s the approximated effective dielectric constant [2-5]. The dimensions of

the rectangular radiator of the antennas (LyxW)) are 23.5x12 mm?>.
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2.2.1 Antenna 1 Design

The general behavior of a monopole antenna is either vertical or horizontal linearly
polarized. If the conventional monopole antenna is vertically linearly polarized, the radiation
in the horizontal direction is very weak. For example, Fig. 2-3 presents the simulated surface
current distribution of the conventional monopole antenna, which can be divided into vertical
and horizontal current. The distribution of horizontal current excites two components with
180° out of phase. Therefore, radiation at the horizontal direction in the far field is very weak.
Thus the monopole antenna excitesy LP: The simulated AR results of the conventional
monopole antenna at the broadside direction.are shown in Eig. 2-4. The antenna radiates an
LP radiation wave with an AR value greater.than 40 dB. For this reason, the conventional
monopole antenna is very difficult to excite CP-CP:s generated by two orthogonal E vectors
(Eror,  Ever) with equal amplitude and 90° phase difference (PD), where Ex,, and Ey,, denote

the complex voltage in the horizontal and vertical plane, respectively.

To achieve the CP radiation wave, see Fig. 2-1, an inverted-L slit is embedded in the
ground plane at the left side of the feed line. The Ey,, of the inverted-L slit and Ey,, of the
rectangular radiator have a phase difference of 90° which can excite CP. The phase of the Epy,,
leads Ey, about 90° and the LHCP wave at the lower frequency (2.5 GHz) can be generated.
At the upper frequency (3.4 GHz), a RHCP wave is also excited, because there is a 90° phase

lag instead of 90° phase lead as in the lower band. The effect of the length of inverted-L slit
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(S>+S3) on the AR will be discussed in section 2.3.

The impedance-bandwidth can also be increased by this technique. In the operating

frequency range, three resonant modes are excited by the rectangular radiator and one

resonant mode is excited by the ground plane with the inverted-L slit.

Furthermore, a bevel is cut to adjust the impedance matching [2-6]. Also, a 50 Ohm

microstrip feed line of width W; and length L; is terminated with the standard SMA connector

and connected to an impedance transformer of width 7, and length L.
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2.2.2 Antenna 2 Design

To further enhance the impedance- and AR-bandwidth, the I-shaped slit and stub are
added in the rectangular radiator and ground plane, respectively. The geometry of this
Antenna 2 is shown in Fig. 2-2. The I-shaped slit of length L,in the rectangular radiator can
excite a RHCP wave at the upper frequency band. The I-shaped stub of length L;in the
ground plane can affect the phase difference. The AR-bandwidth of the upper band can be
increased by adjusting the sizes of L; and L,. The detail effects about the length (L3, L) will
be studied in section 2.3. Furthermoreythe I-shaped slit and stub can excite a mode at 8.0 GHz,

so that the impedance-bandwidth is further extended t0.6.30 GHz.

The positions of the I-shaped slit and:stub can interfere’ with the antenna performance
resulting from tuning the inverteéd-L slit. If the positions “of the I-shaped slit and stub are
designed at the left side of the feed line, the characteristics of the extremely wide
impedance-bandwidth and dual-band CP will be destroyed. Therefore, they are embedded at

the right side of the feed line. Detailed dimensions are listed in Table 2-1.
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Fig. 2-2.  Antenna 2, configurations of the proposed printed monopole antenna with
inverted-L slit, I-shaped slit, and I-shaped strip.
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DIMENSIONS OF THE PROPOSED PRINTED ANTENNA 1 AND 2

TABLE 2-1

Antenna 1 Antenna 2 Antenna 1 Antenna 2

Lo 23.5 mm 23.5 mm Wo 12 mm 12 mm
L, 6.0 mm 6.0 mm Wy 3.0 mm 3.0 mm
L, 9.5 mm 9.1 mm W, 2.4 mm 2.4 mm
| ) - 3.5 mm W3 - 0.5 mm
L4 - 8.2 mm W, - 1.2 mm
Si 1.0 mm 1.0 mm W5 - 13 mm
S, 6.0 mm 6.0 mm Po - 1.0 mm
S3 11.0 mm 11.0 mm B 5.0 mm -

Sa 4.7 mm 4.0 mm B, 2.5 mm -

Ss 7.0 mm 7.0 mm Go 2.5 mm 2.1 mm
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2.3 Parametric Studies

This section focuses on the effects of various parameters on the AR. The performance of
AR at the broadside direction is mainly affected by the inverted-L slit (S>+S3) of Antenna 1,

and the I-shaped slit (L) and the I-shaped stub (L3) of Antenna 2.

2.3.1 Inverted-L Slit of Antenna 1

Fig. 2-5 exhibits the effects of adjusting the total length of inverted-L slit (S:+S3) of
Antenna 1 on the center frequency of AR and 3-dB AR-bandwidth at the lower band
frequency. The lower and upper bands are affected by the total length of inverted-L slit. It is
clearly seen that the center frequency of AR' decreased as the length of the inverted-L slit
increased. Therefore, the center frequency‘of CP 1s mainly controlled by the inverted-L slit. In
addition, the 3-dB AR-bandwidth"is affected by the totalilength of inverted-L slit, which can

be optimized by tuning the parameters (S>+S3).

From the simulated results, the characteristic of CP is determined by the length of

inverted-L slit (S,+S3).
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2.3.2 I-shaped Slit of Antenna 2

The simulated upper band AR and PD results of Antenna 2 at the different length of
I-shaped slit (L) are plotted in Fig. 2-6. The I-shaped slit with three different lengths, 7.2, 8.2,
and 9.2 mm, are analyzed as other parameters are fixed. From Fig. 2-6(a), the first CP mode is
about 3.5 GHz, which is excited by inverted-L slit, and it is affected slightly when varying the
length L,. However, the second CP mode is strongly dependent on L,. When L, = 9.2 mm,
there is only one CP mode. Thus, the 3-dB AR-bandwidth is quite narrow. From the case of L,
= 8.2 mm, two CP modes are shown and the two bands resulting from the two CP modes are
merged into one broad CP band. As Ly is decteased to 7.2 mm, the frequency of the second CP
mode is increased to 4.36 GHz, so that the uppér band is turned into two bands. Therefore, by
properly tuning L4, the two CP modes can be‘combined to form a wider AR-bandwidth.
However, from Fig. 2-6(b), it can clearly be found that although for L, = 7.2 mm, the PD is
kept roughly -90° at 3.8 GHz, but the AR (see Fig. 2-6(a)) is not less than 3-dB at 3.8 GHz.
Therefore, because the magnitudes of two orthogonal E vectors are not equal, this radiation
wave becomes elliptic polarization instead of circular polarization at 3.8 GHz. Based on this

study, we choose L, = 8.2 mm.
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2.3.3 I-shaped Stub of Antenna 2

The effects of the length of I-shaped stub L; on AR and PD at the upper band are
depicted in Fig. 2-7. From studying these data, there are two important points to be found.
First, in Fig. 2-7(a), the length of I-shaped stub can affect the second CP mode of the upper
band. However, compared with Fig. 2-6(a), L, is more affective than L; for tuning the second
CP mode. Second, from Fig. 2-7(b), it is observed that the variation of PD can be tuned by
different L;. Note that the variation of PD is important for CP. When L; = 4.0 mm, the
variation of PD from 3.5 to 3.9 GHz.is kept roughly-90° in Fig. 2-7(b), and the AR is also

less than 1.5 dB to activate a good CP in Fig,.2-7(a).

According to these study results of Lyand L3, the frequency of the second CP mode is
mainly controlled by L,, and the. PD of the second CP.mode is mainly controlled by L;.
Therefore, the widest 3-dB AR-bandwidth can be reached at the upper band by properly

adjusting L, and L;.
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inverted-L length of Antenna 1: (a) lower band; (b) upper band.
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Fig. 2-6. Simulated phase difference and axial ratio of the I-shape slit length of Antenna 2 at
upper band: (a) axial ratio; (b) phase difference.
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Fig. 2-7. Simulated phase difference and axial ratio of the I-shape stub length of Antenna 2
at upper band: (a) axial ratio; (b) phase difference.
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2.4 Simulation and Measurement Results

There are three subsections: 2.4.1) Studying the impedance-bandwidth and resonant
modes. The simulated and measured return loss of Antenna 1 and 2 are discussed. The
resonant modes are explained by the simulated surface current distributions for Antenna 1 and
2. 2.4.2) Analyzing axial ratios. The simulated and measured results of AR will show that
Antenna 1 has dual-band CP and Antenna 2 enhances the AR-bandwidth at the upper band.
The many methods can be used to measure the AR such as using the 3D chamber and utilizing

the polarizer in the 2D chamber. 2.4.3). Illustrating the measured radiation patterns and gains.

2.4.1 Impedance Bandwidth and Resenant Modes

The characteristics of the ‘two ymonopole antennas were calculated by Ansoft High
Frequency Structure Simulator (HESS) software [2-7] and measured by HP 8722C network

analyzer.

Antenna 1: Fig. 2-8 compares the simulated and measured return loss for a conventional
monopole antenna and Antenna 1. In our experiments, the conventional monopole antenna
consists of a feed line, a rectangular radiator without the slit and bevel, and a ground plane
without the slit and stub. The measured impedance-bandwidth of Antenna 1 for 10-dB return
loss is from 2.12 to 6.58 GHz, which has about 4.46 GHz bandwidth (102.5 %), comparing to

the conventional antenna only has 0.73 GHz bandwidth (27 %) from 2.34 to 3.07 GHz.
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According to the result of measured return loss, Antenna 1 performs a wide bandwidth due to

the four resonant modes which are influenced and excited by the inverted-L slit. From the

simulated result, these four resonant modes are: the three resonant modes of monopole

antenna at the center frequencies of 2.25, 4.65, and 6.35 GHz, and one resonant mode of the

ground plane at the center frequency of 3.35 GHz. In Fig. 2-9, the simulated surface current

distributions are presented for these four resonant modes. In Fig. 2-9(a), (b), and (c), the

simulation results show that the three resonant modes of monopole antenna are influenced by

the inverted-L slit. Fig. 2-9(d) shows the most surface current distributions are formed along

the inverted-L slit to excite the resonant mode of the ground plane. Therefore, the ground

embedded inverted-L slit can be used to excite extra resonant mode, which provides extended

bandwidth.

Fig. 2-10 describes the effect of the cutting bevel on the measured return loss. For the

rectangular radiator without the bevel, the third and fourth resonant modes of the Antenna 1

are excited at 4.40 and 6.40 GHz, respectively. With the presence of the cutting bevel, the

third mode is shifted to higher frequency and the fourth mode is shifted to the lower

frequency. Thus, the impedance-bandwidth can be increased.

Based on the discussion above, we can realize that due to the combination of the four

resonant modes, the impedance-bandwidth can be increased from 27 % of conventional

monopole antenna to 102.5 % of Antenna 1. The experimental results verify that the method
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of embedding inverted-L slit in ground plane and cutting the bevel in the rectangular radiator

can increase impedance-bandwidth.

Antenna 2: Fig. 2-11 illustrates the simulated and measured return loss of Antenna 2.

The 10-dB bandwidth of measured return loss is extended to 6.30 GHz or about 118.4%,

covering the range from 2.17 to 8.47 GHz. The resonant modes of Antenna 2 are at: 2.93, 3.37,

6.0, and 8.0 GHz which are affected by embedding the I-shaped slit and adding I-shaped stub.

Therefore, these resonant modes are differed from Antenna 1. From Fig. 2-12(a), (b), and (c),

it can be clearly seen that the resonances at 2.93, 3:37, and 6.0 GHz are interfered with the

I-shaped slit in the rectangular radiator and the I-shaped stub.in the ground plane. In addition,

this method excites one resofiant mode at 8.0° GHz. In Fig."2-12(d), the maximum surface

current is localized in the I-shaped stub and slit-to'yield a resonant mode at 8.0 GHz. Due to

the four resonant modes affected by the I-shaped stub and slit, they combined to form a

broadband impedance-bandwidth.

The simulated return loss of the Antenna 2 with and without I-shaped stub is compared

in Fig. 2-13. A resonant mode at the center frequencies of 9.0 GHz can be shifted to 8.0 GHz

by using I-shaped stub to increase the impedance-bandwidth. Furthermore, this technique of

embedding the I-shaped slit and stub can also improve the AR-bandwidth at the upper band

(3.4 GHz band). Details of the results of AR will be described in next subsection.
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Fig. 2-8. Simulated and measured return loss of the conventional antenna and Antenna 1.
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2.4.2 Axial Ratios

Antenna 1: The simulated and measured AR and PD results of the lower and upper

bands at the broadside direction are plotted in Fig. 2-14(a) and (b). The measured 3-dB

AR-bandwidths reach 150 MHz from 2.41 to 2.56 GHz (lower band) or about 6.0% with

respect to the center frequency at 2.485 GHz, and 230 MHz from 3.31 to 3.54 GHz (upper

band) or about 6.7% with respect to the center frequency at 3.425 GHz. From the measured

PD results, the PD of the lower band is close to 90° to generate a LHCP wave, and a RHCP

wave is achieved at the upper band by the PD of'-90°. In addition, the measured PD as

function of frequency varies less than the simulation result; therefore the measured 3-dB

AR-bandwidth is wider than the simulation.” From the ftesults, we can see that the

AR-bandwidth could be greatly«increased, if the‘variation'of the PD can be kept about 90° or

-90° as function of frequency.

Antenna 2: Fig. 2-15(a) and (b) show the simulated and measured AR and PD results of

the lower and upper bands at the broadside direction. From Fig. 2-15(a), it appears that the

3-dB AR-bandwidth is from 2.41 to 2.55 GHz approximately 5.6% with respect to the center

frequency at 2.48 GHz. Compare Fig. 2-14(a) with Fig. 2-15(a), it can be found that the

characteristic of AR at the lower band is slightly affected by the I-shaped slit and stub.

From the measured results of upper band which compare Fig. 2-15(b) with Fig. 2-14(b),

we can see the first CP mode (3.6 GHz) excited by inverted-L slit and the second CP mode
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(4.2 GHz) generated by the I-shaped slit and stub are combined to form a wider

AR-bandwidth at the upper band than Antenna 1. In addition, the variation of the PD at the

upper band can be kept about -90° from 3.5 to 4.2 GHz by the I-shaped slit and stub. The

measured 3-dB AR-bandwidth can greatly extend to about 900 MHz from 3.45 to 4.35 GHz

or about 23.1% with respect to the center frequency at 3.90 GHz. Thus, the AR-bandwidth of

Antenna 2 at the upper band has been improved from 6.7% of Antenna 1 to 23.1% of Antenna

2. The measured minimum AR of LHCP is 0.41dB at 2.49 GHz and RHCP 1s 0.71 dB at 4.2

GHz.

The performances of the conventional .and two proposed Antennas are summarized in

Table 2-2. In Antenna 1, invefted-L slit can greatly increase impedance-bandwidth and excite

dual-band CP. In Antenna 2, the impedance-"and“AR-bandwidth at the upper band can be

further improved by embedding an I-shaped slit and adding an I-shaped stub.
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Fig. 2-14. Simulated and measured axial ratio and phase difference of Antenna 1: (a) lower
band; (b) upper band.
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TABLE 2-2

PERFORMANCE OF CONVENTIONAL AND PROPOSED ANTENNAS

Conventional Antenna 1 Antenna 2
Jiowest (GHZ) 2.34 2.12 2.17
Imp. BW (GHz, %) 0.73,27 % 4.46,102.5 % 6.30, 118.4 %
Lower-band AR-BW
none 150, 6.0 % 140, 5.6 %
(MHz, %)
Upper-band AR-BW
none 230, 6.7 % 900, 23.1 %
(MHz, %)
CP:241~256GHz CP:2.41~2.55GHz
Polarization LP 3.31 ~3.54 GHz 3.45~4.35GHz
LP : others LP : others
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2.4.3 Radiation Patterns and Gains

The measured normalized radiation patterns at XY-plane and XZ-plane of Antenna 1 are

displayed in Fig. 2-16. It is noted that the radiation patterns are not omnidirectional because

the structure of the proposed antennas is not symmetrical and the radiation patterns are

influenced by slit and stub. Therefore, it can not achieve the requirement for handheld devices.

We observe that good LHCP and RHCP radiation patterns are excited in the lower and upper

band, respectively. The measured 3-dB AR beam widths in the XY- and XZ-plane are 101° and

34°, respectively, at 2.50 GHz in Fig.;2=16(a). In Fig.,.2-16(b), the 3-dB AR beam widths are

49° and 24° at 3.44 GHz. Themeasured normalized radiation patterns of Antenna 2 at three

different frequencies of 2.49, 3.70, and 4.20 GHzare showed in Fig. 2-17. The measured 3-dB

AR beamwidths of Antenna 2 at'2.49}3.70, and4.20 GHz are 88°, 76°, and 66°, respectively,

in the XY-plane. In the XZ-plane are 27% 31°, and'27°. In addition, the maximum measured

gains of Antenna 2 at 2.40, 3.70, and 4.20 GHz are about 0.77, 0.97, and 1.92 dBi,

respectively. From Fig. 2-16 and 2-17, the CP of the antenna at +X and -X direction is the

opposite polarization, the reason is because the Ej,, on the top and bottom surface of the

substrate remains the same phase; however, the Ey,. on the top and bottom surface of the

substrate is 180° out of phase.
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2.5 Summary

The broadband monopole antennas with dual-band circular polarization have been
developed. In Antenna 1 design, an inverted-L slit embedded in the ground plane can not only
be used to enhance the impedance-bandwidth, but also to excite dual-band circularly polarized
radiation waves. The measured impedance-bandwidth is 102.5% from 2.12 to 6.58 GHz, and
the 3-dB AR-bandwidths of dual-band CP wave are about 6.0% for LHCP at the lower band
and 6.7% for RHCP at the upper band. Furthermore, a method used to enhance the
impedance- and AR-bandwidth is proposed. Antenna 2 demonstrates by embedding an
I-shaped slit in the rectangular.radiator and by adding an I-shaped stub in the ground plane
can further increase the impédance-bandwidth and AR-bandwidth of the upper band. The
measured results show that the impedance-bandwidth was enhanced from 102.5% to 118.4%,
and the 3-dB AR-bandwidth at the upper band was improved from 6.7% to 23.1%. The
proposed antennas, which have simple structure, excellent performances, and fabricated easily,

are very suitable for the modern wireless commutation system.
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CHAPTER 3

COMPACT WIDEBAND LEAKY-WAVE ANTENNA

A compact wideband leaky-wave antenna (LWA) with etched slot elements and tapered
structure is studied. The proposed antenna is composed of an asymmetric-fed multi-section
tapered short leaky-wave antenna with two embedded slots and a ground plane with etched
slot elements. Base on the concept of LWA, the asymmetric-fed is utilized to excite the first
higher order mode. By etching slot elements on the ground plane, the current distribution of
this antenna can be influenced to cempact the width of conventional LWA. In order to achieve
the impedance matching, thissmulti-section tapered short leaky-wave antenna is embedded
with two rectangular slots. This techniquenot only improves the impedance matching but also
suppresses the back lobe. According: to the measured:tesults, the impedance bandwidth
achieves about 1.30 GHz for 7-dB return loss, which covers the range from 3.30 to 4.60 GHz,
and the scanning angle of the measured main beam is about 36°, which covers the range from
17° to 53°. This short LWA is only about 1.14 Ay at 3.4 GHz, and the back lobe can be
suppressed by 7.5 dB at 4.3 GHz. Due to the etched slot elements on the ground plane, the
frequency of the radiation angle is shifted to lower frequency by 750 MHz, which can

compact the width of LWA by more than 20 %.
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3.1 Leaky-Wave Antenna Theory

Leaky-wave antenna (LWA), which used an asymmetric feed line to excite the first
higher order mode (TEy;, leaky mode), was presented by Menzel in 1979 [3-1]. In general, the
radiation mode of commercial antenna is the dominant mode, which is a slow wave relative to
radiating in free space. Comparing to the dominant mode, the first higher mode is a fast wave
and excites the characteristics of narrow beamwidth and frequency scanning. Figure 3-1
shows the electric and magnetic fields of the dominant mode and the first higher order mode
of open microstrip line [3-2]. In Fig. 3-1(a), the dominant mode, the electric field of which is
an even symmetry about the axial centerline,.is not a radiation mode of LWA. In Fig. 3-1(b),
the first higher order mode, the electric field:-of which is an“odd symmetry about the axial

centerline, excites a radiating traveling-wave.

The leakage theory and the phenomenon of leaky-wave antenna had been proposed by
Oliner, such as the difference between the surface wave and the space wave, bound mode
region, leakage region, and cutoff region in waveguide [3-3]~[3-5]. The leaky wave can be
analyzed into surface wave and space wave, shown in Fig. 3-2 [3-6]. k; is the surface wave
number, and k, and &, are respectively the x direction and the z direction of the surface wave

number. They can be expressed as

k> =kl +k: (3-01)

N
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k.=p-ja (3-02)

where f and o are the phase and the attenuation constant. There, £ is assumed that k. = S.

For actual leakage, k, > 0 and £, is real. Therefore, we can find that

k. >p (3-03)

N

As f is less than k;, the surface wave is formed. As £ is less than k; further, the space wave is

then formed. When S = ky, where ky is the free space wave number, the boundary can be

defined. If S < ky, the space wave will be leaked-out [3-6].

As a rule, k. is a complex propagation constant, like Eq. (3-02). The rigorous

(Wiener-Hopf) solution meftioning [3-7]~[3-9] can_be Wsed to obtain the complex

propagation constant of the firstshighet-order mode:The variation of the normalized phase and

attenuation constant are plotted in Fig.:3-3. In [3-10], the first higher order mode can be

divided into four region:

1) a=0,p >k, bound mode region. The power is propagated in the

forms of the surface wave and the quasi-TEM wave.

2) aissmall, ks >f > ky, surface wave leakage region. When S = ky, the main

beam is ideally radiated parallel to end-fire direction.

The power on the LWA is reflected from the open end

to produce a serious side lobe. When the length of
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LWA is increased, the side lobe will be reduced.

3) a is small, ky >p, surface wave and space wave leakage region. The

surface wave and space wave are excited. The

beamwidth of main beam is like a pencil beam. The

radiated power of side lobe is small.

4) o 1is large, ky >p, cutoff region or reactive region. The first higher order

mode is reactive below cutoff, and the small real

power 1s propagated in the guided direction.

Leaky-wave antenna is operated in the surface wave and space leakage region, and the

power leaks into the space wave except for the surface wave.
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(b)

Fig. 3-1. Field diagram for the (a) dominant mode and (b) first higher order mode
(E field: solid line, H field: dashed line) [3-2].
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Fig. 3-2.  Top view of the strip of microstrip line and dielectric region around it [3-6].
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Fig. 3-3. Normalized complex propagation constants of the conventional microstrip LWA.

H=1.6 mm, W= 15mm, and &,=4.4. ko is the free space wave number.
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3.2 Procedure of Leaky-Wave Antenna Design

Figure 3-4 shows the proposed configuration of the compact leaky-wave antenna. The
antenna is fabricated on FR4 substrate with a dielectric constant (g,) of 4.4, loss tangent (tan )
of 0.024, and thickness (H) of 1.6 mm. The total length L; of the multi-section tapered short
leaky-wave antenna is chosen to be 10.0 cm (about 1.14 Ay at 3.4 GHz). The width and length
of each section of the tapered LWA are listed in Table 3-1. Here, we embedded two
rectangular slots with the sizes of §; xS, (Slot-A) and S; xS, (Slot-B) on the leaky-wave
antenna. The etched slot elements with''the size of G <G, are on the ground plane, and the
gap between the slots is D. The dimensions of the geometric.parameters are also displayed in
Table 3-1. In this section, the design procedures of this antenna, which include the etched slot
elements on the ground for reducing-width-of leaky-wave antenna, and the multi-section
tapered short leaky-wave antenna with' embedded Slot-A and Slot-B for increasing the

impedance bandwidth and suppressing the back lobe, are introduced step by step.
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3.2.1 Compact Leaky-Wave Antenna

Generally, the cutoff frequency of a conventional leaky-wave antenna is controlled by
the normalized complex propagation constant which includes the normalized phase constant
Plko and the normalized attenuation constant a/ko, where ky is the free space wavenumber. In
Fig. 3-5, as the normalized attenuation constant equals the normalized phase constant (a/ko
=plky), the cutoff frequency can be defined. When the normalized phase constant is less than
one (f/ko < 1), which is called fast wave (f < k), the radiation region can be found. The f/ko,
alky, cutoff frequency, and radiation xeégien can be'determined by the width of leaky-wave
antenna, dielectric constant, and substrate thickness.. The theoretical f/ky and a/ky of the
conventional microstrip LWA*as a function of frequency ar€ plotted in Fig. 3-5. They are
calculated by employing a rigorous™(Wiener=Hopf) solution [3-7] and [3-9]. The cutoff
frequency is about 4.15 GHz, and the radiation region is operated from 4.15 to 4.9 GHz. In
[3-11] and [3-12], the normalized constant f/ky and a/k, relate directly to the maximum
radiation angle 6,, between the broadside direction and the main-beam direction, and the 3-dB

radiation beamwidth A. These relations are given by

sinf, = fB/k, (3-04)
AO=— L (3-05)
“(L/2,)cos6,

and
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0.183
alk,

L/A = (3-06)

Figure 3-6(a) compares the theoretical 6,, of infinite length, and the simulated and

measured 6,, of finite length (about 1.40 A, at 4.2 GHz) conventional LWA. The

characteristics of the finite length conventional LWA were simulated by Ansoft High

Frequency Structure Simulator software. Fig. 3-6(b) illustrates the theoretical Af of infinite

length, and the simulated and measured A of finite length conventional LWA. The values of

theoretical 6,, and Af are determined in Eq. (3-04)~(3-06) by the values of theoretical f/kg

and a/ko. The theoretical, simulated, and measured radiation angles of convention LWA are

respectively about 16°, 22°, and 15°at thel cutoff frequency of 4.15 GHz; therefore, it can be

seen that the length of LWA dées not influencethe value of @,,"and f/ko much (see Eq. (3-04)).

However, from Fig. 3-6(b) we canfsee that-the=3-dB' radiation beamwidth, Af, of the

theoretical calculation of infinite length- LWA, and the simulated and measured results of

finite length LWA are respectively about 95°, 43°, and 60°at 4.15 GHz. This result agrees very

well with the thesis in [3-12] that the length of LWA can vary the value of A6 and a (see Eq.

(3-05) and (3-06)). Furthermore, since the cutoff frequency can be controlled by the width of

leaky-wave antenna, the width of LWA can be reduced by reducing the value of f/ky and a/k

or the cutoff frequency.

In order to compact the leaky-wave antenna size, the slot elements with the size of

G xG; are etched on the ground plane of the conventional LWA. This method of etching slot
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elements on the ground plane can change the current distribution on the ground to reduce the

frequency of the first higher order mode. Therefore, the radiation angle 6,, and 3-dB radiation

beamwidth Af are also varied. Figure 3-7(a) and (b) show the simulated radiation angle and

3-dB radiation beamwidth results with different number of slot elements. The slot elements

are 0, 4, 7, and 10 elements, respectively. For the results of Fig. 3-7(a), we can find that the

frequency of 8, is strongly dependent on the number of the slot elements. As they are

increased to 7 elements, the frequency of 22° radiation angle is decreased from 4.15 to 3.33

GHz. Furthermore, the frequency of 22° radiation angle is converted from 3.33 to 3.25 GHz

when the number of the slot ‘elements is increased from 7 to 10. In Fig. 3-7(b), the

characteristic of shifting to lower 'frequency of the'A@ is similar to that of the 6,,. As the cutoff

frequency is shifted to lower frequency, theé f/kn and a/k, has:been varied; therefore, the width

of LWA is reduced. For conventional LWA,.if it is-operated at lower frequency, obviously, the

width of LWA must be increased. However, using this technique of etched slot elements on

the ground plane, the LWA can be operated at lower frequency without increasing the width of

LWA. From these simulated results, it can clearly be concluded that the cutoff frequency is

decreased about 900 MHz from 4.15 to 3.25 GHz. Therefore, by this technique, we can

compact the width of conventional LWA by more than 20 %.

The 6,, and A@ are changed because the current distributions are influenced by etching

slot elements on the ground plane. The simulated surface current distributions of the
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conventional LWA and the LWA with 10 etched slot elements on the ground at 4.2 GHz are

illustrated in Fig. 3-8(a) and Fig. 3-8(b). Comparing the surface current distributions on the

LWA of Fig. 3-8(a) with that of Fig. 3-8(b), it can be found that the wavelength on the LWA is

different. The LWA with 10 etched slot elements on the ground is less than half of the

wavelength of the conventional LWA. Since the current distributions of ground plane are

affected by the slot elements, the wavelength on the LWA is decreased. This phenomenon is

explained that the fast wave (f < ky) of the conventional LWA is changed to the slow wave (f

> ky) by etching the slot elements on the ground at 4.2 GHz. The cutoff frequency and the

radiation region are shifted to the'lower frequency; therefore, the width of LWA is reduced.
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Fig. 3-4. Configuration of the proposed leaky-wave antenna.



TABLE 3-1
DIMENSIONS OF THE PROPOSED LEAKY-WAVE ANTENNA.

L 10.0 cm S 7.0 mm
L, 22.0 mm S, 13.0 mm
G 10.0 mm Ss3 8.0 mm
Gy 8.0 mm S4 7.0 mm
D 1.5 mm H 1.6 mm
Width of Section 1 15.0 mm Length of Section 1 15.0 mm
Width of Section 2 14.5 mm Length of Section 2 20.0 mm
Width of Section 3 14.0 mm Length of Section 3 20.0 mm
Width of Section 4 13.3 mm Length of Section 4 20.0 mm
Width of Section 5 11.8 mm Length of Section 5 25.0 mm

BT Slow Wave
|
0.6 | i .
04 o Radiation Region ——
A !
T~ E
02 . | ~ . Cutoff Frequency ; PO
L. |- - - -a/kO
0 : . T L R B S .
4 4.2 4.4 4.6 4.8 5 5.2

Frequency (GHz)

Fig. 3-5. Normalized complex propagation constants of the conventional microstrip LWA.

H=1.6 mm, W= 15mm, and ,=4.4. k is the free space wave number.
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Fig. 3-6.
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conventional LWA: (a) Radiation angle 6,,; (b) Radiation beamwidth A6.

74



50

40 +
g
2
T 30t
@
(]
c
<
S 20 ¢
&
S Slot = = = = Conventional
& 10 2N 4-clement
= : -elements
CITOOO0, | eomens
10-elements
0 ‘
3 35 4 4.5 5
Frequency (GHz)
(a)
60
- = = = Conventional
4-elements
§ 55 | — — 7-elements
g/ 10-elements
e
§ 50
=
€
3
m 45 -
c
Qo
&
3
& 40 +
35 -
3 35 4 4.5 5
Frequency (GHz)
(b)

Fig. 3-7. Simulated radiation angle and 3-dB radiation beamwidth of LWA with etched slot
elements: (a) Radiation angle 6,,; (b) Radiation beamwidth A#6.
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Fig. 3-8.

Simulated surface current distributions at 4.2 GHz: (a) conventional LWA; (b)
LWA with 10 slot elements.
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3.2.2 Parameter Study of Etched Slot Elements

Due to the coupling effect between the LWA and the slot elements on the ground plane,
this antenna can excite dual-beam radiation pattern, which includes the radiations of LWA
above the substrate and radiation below the ground plane with etched slot elements. Figure
3-9 exhibits the simulated normalized radiation patterns by adjusting the width of slot
elements (G;) in the YZ-plane at 3.7 GHz as the number and length of the slot elements are
respectively 10 and 8 mm. Notice that the energy of the current distributions at the end of the
short LWA with 10 etched slot elements on the ground is strong (see Fig. 3-8(b)); therefore,
the induced back lobe was excited: As can be seen from Fig. 3-9, the radiation angle of the
main beam at 3.7 GHz is incréased from 20° to'44° as the width is increased from 4 mm to 10
mm. The 3-dB radiation beamwidth of the main‘lobe and the gain of the back lobe above the
substrate are slightly affected by the width of slot'elements. Nevertheless, this gain of back
lobe is almost independent of the width of slot. The side lobe below the substrate is radiated
because the power of the ground is coupled by the LWA and radiates though the slot;
consequently, the size of slot can influence the side lobe. In this case, the gain of the side lobe
is enlarged as the width is increased from 4 mm to 7 mm, and it can be found that the
radiation angle is depending on the radiation angle of main lobe. The simulated normalized
radiation patterns of 3.7 GHz in the YZ-plane at the different length of slot elements (G.) are

shown in Fig. 3-10 as other parameters are fixed. As shown in Fig. 3-10, the 3-dB radiation
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beamwidth of the main lobe and the gain of back lobe are respectively narrowed and enlarged

by increasing the length of the slot, and it can also be seen that the back lobe is mainly varied

by the length of the slot.

The simulated return losses of the conventional LWA and the LWA with 10 slot elements

on the ground plane are plotted in Fig. 3-11. The dimensions of the slot and the distance

between the two slot elements are displayed in Table 3-1. The 7-dB impedance bandwidth of

the conventional LWA is about 1.0 GHz from 4.4 to 5.4 GHz. When slot elements are etched

on the ground plane, the initially frequency can'.be decreased from 4.4 to 3.4 GHz;

nonetheless, the impedance mismatched from.3.4 to 4.3 GHz is caused by this method.

According to above discussions of etching slot elements on the ground plane, we can

conclude that the numbers and theé dimensions of these slot.élements can reduce the frequency

of the radiation angle, control the 3-dB radiation beamwidth, influence the back lobe, and

excite the side lobe. Although reducing the width of LWA, the slot elements cause the

impedance mismatching.
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Fig. 3-9. Simulated radiation patterns of the slot widths, G, in the YZ-plane at 3.70 GHz.
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Fig. 3-10. Simulated radiation patterns of the slot lengths, G, in the YZ-plane at 3.70 GHz.
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Fig. 3-11. Comparison the simulated return losses of conventional LWA and LWA with 10
slot elements on the ground plane.
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3.2.3 Increasing Bandwidth and Suppressing Back Lobe

In order to achieve the impedance matching, the multi-section tapered leaky-wave
antenna is utilized. Because the radiated frequency is determined by the width and length of
each section of the tapered structure, the impedance and the radiation region can be improved
[3-13]. However, this method of the multi-section tapered short leaky-wave antenna results in
serious back lobes. To increase the impedance bandwidth further and reduce the serious back
lobe, the Slot-A with the sizes of §; xS is embedded on this multi-section tapered short LWA
to improve the impedance matching,sand the Slot-Bswith the sizes of S3; xS, is utilized to
suppress the back lobe. In this analysis here, the parameters of etched slot element on the

ground plane are fixed.

Figure 3-12(a) and (b) describe the simulated real part'and imaginary part impedance of
the conventional, tapered, and tapered with Slot-A structure. The dimensions of the
multi-section tapered short LWA and Slot-A are listed in Table 3-1. In Fig. 3-12(a) and (b), we
can see that the real part impedance of the conventional short LWA 1is almost less than 25 Q
except the three peaks at 3.5, 4.1, and 4.6 GHz, and the imaginary part of the impedance tends
to be inductive except the several deeps. When the LWA is changed from conventional to
tapered, the three peaks are lowered, and the low impedance is increased in the real part
impedance. The phenomenon of the imaginary part impedance which is inductive is lowered.

Even though the real and the imaginary part impedance are improved by tapered structure, the
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impedance matching is not widened. In order to achieve wideband impedance matching, the

Slot-A is embedded on this multi-section tapered short LWA. It can be seen from Fig. 3-12,

from 3.3 to 5.0 GHz, the real part impedance is changed to almost 50 €, and the imaginary

part of the impedance is decreased to approach 0 Q. Consequently, this method of the

multi-section tapered short LWA with embedded Slot-A can improve the impedance

bandwidth.

The simulated normalized radiation patterns in the YZ-plane of the tapered short LWA

with no slot, that with only Slot-A, and that with both Slot-A and Slot-B embedded at 4.3

GHz are compared in Fig. 3-13, We can see that.the gain of the back lobe of the tapered LWA

with no slot embedded is only about 1.4 dB.dower than the ‘main beam at 4.3 GHz. It was

observed that as the frequency was-inergased; the-gain of the back lobe could be even larger

than the main beam or even substitute for the main ‘beam. As Slot-A was embedded on this

tapered short LWA, the gain of back lobe can now be suppressed to about 2.5 dB at 4.3 GHz.

Therefore, we can see that although embedding Slot-A can improve the impedance matching,

but it still cannot suppress the back lobe effectively. To further suppress the back lobe, Slot-B

is embedded on this tapered short LWA (as shown in Fig. 3-4). Finally, we can see the gain of

back lobe is successfully be suppressed by 5.5 dB.
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Fig. 3-12. Comparison the simulated impedance of the LWA of conventional, tapered, and

tapered with Slot-A structure: (a) Real part; (b) Imaginary part.
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Fig. 3-13. Comparison the simulated radiation patterns of the multi-section tapered short
LWA without slot, that with Slot-A, and that with Slot-A and Slot-B at 4.3 GHz.
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3.3 Simulation and Measurement Results

From the above discussion of antenna design, etching slot elements on the ground can

reduce the frequency of the radiation angle, and the multi-section tapered short leaky-wave

antenna with embedded Slot-A and Slot-B can achieve both the impedance matching and

suppressing the back lobe. Fig. 3-14(a) and (b) respectively illustrate the simulated and

measured normalized radiation patterns in the YZ-plane of the proposed antenna at 3.4, 4.0,

and 4.3 GHz. The measured gain of the back lobe is 7.5 dB lower than the main beam at 4.3

GHz. The measured results of the ;characteristic ‘of the radiation angle, 3-dB radiation

beamwidth, and back lobe, are similar to.the simulated results (see Fig. 3-14(b)). The

scanning angle of the measuréd main beam 15:36° from 17° to 53°as the operating frequency

increases from 3.4 to 4.3 GHz. In addition, thesmeasured 3-dB beamwidth of 46° at 4.3 GHz

is larger because the main beam and ithe side lobe are combined to increase the 3-dB

beamwidth. Comparing the measured results of the conventional short LWA (in Fig. 3-6) and

the proposed LWA (in Fig. 3-14(b)), it can be inferred that the cutoff frequency of LWA is

decreased about 750 MHz from 4.15 to 3.4 GHz; therefore, the width of conventional short

LWA can be reduced by more than 20 %. Figure 3-15 shows the maximum measured gains.

The gains are larger than 4.8 dBi from 3.4 to 4.4 GHz, and the gain variation is less than 1.6

dBi.

The simulated and measured return losses of the conventional LWA and our proposed
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LWA are exhibited in Fig. 3-16. It has good agreement between the simulated and measured

results of our proposed LWA. Comparing with the impedance bandwidth of about only 24 %

for the conventional LWA, the measured 7-dB impedance bandwidth of our proposed LWA

reaches about 33 % with respect to the center frequency at 3.95 GHz. In addition, the initially

frequency is decreased about 1.12 GHz from 4.42 GHz of the conventional LWA to 3.30 GHz

of the proposed LWA. From the measured results, it can be seen that this compact antenna,

which is formed by the multi-section tapered short leaky-wave antenna with two slots and a

ground plane with ten etched slot elements; jnot only creates a wideband impedance

bandwidth and suppresses the back lobe, butalso réduces the width of conventional LWA by

20%.
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Fig. 3-14. Simulated and measured radiation patterns of the proposed LWA in the YZ-plane:

(a) simulated patterns; (b) measured patterns.
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Fig. 3-16. Comparison the simulated and measured return losses of the conventional LWA
and the proposed LWA.
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3.4 Summary

In this chapter, a novel compact leaky-wave antenna has been presented. The width of
LWA was reduced by using the method of etching slot elements on the ground; it thus
influenced the current distribution of leaky-wave antenna, reducing the frequency of the
radiation angle and influencing the back lobe, and excited the side lobe. Furthermore, it
causes impedance mismatching. As a result, we tapered this short leaky-wave antenna and
embedded Slot-A and Slot-B to achieve both the impedance matching and suppressed the
back lobe. With these methods, the 7-dB impedance bandwidth can be achieved from 3.30 to
4.60 GHz. The scanning angle of the measured main beam is.36° from 3.40 to 4.30 GHz. This
compact LWA with length of only about 1.14 xp at 3.4 GHz not only successfully reduces the
width of a conventional LWA by more'than 20"%,but also'suppresses the back lobe by 7.5 dB
at 4.3 GHz. This compact LWA provides a lot of advantages such as compact size, low cost,
and easy fabrication. It is suitable for the scanning systems, such as traffic control and

collision avoidance system.
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CHAPTER 4

SUPPRESSING SIDE LOBE OF TAPERED SHORT LEAKY-WAVE

ANTENNA

A method for suppressing side lobe of tapered short leaky-wave antenna (LWA) is
demonstrated in this chapter. The proposed LWA contains a tapered microstrip radiator with a
shorting pin and two rectangular slots. This design of two slots and a shorting pin can
interfere with the current distribution of tapered LWA to suppress the radiation of side lobe. In
order to achieve the impedance matching, a matching stub is added along the feeding line.
According to the measured results, the side lobe level (SLL) 1s improved from 0.01 dBi of the
tapered short LWA (about 1.5 A at 45 'GHZz) to -6.13 dBi of the proposed LWA at 6.4 GHz.

The 7-dB impedance bandwidth is'about 1.6 GHz, and-the scanning range is about 43°.
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4.1 Tapered Leaky-Wave Antenna Theory

LWA can excite a wide bandwidth by the first higher order mode. The radiation
bandwidth is mainly controlled by the width of LWA, the thickness of the substrate, and the
dielectric constant. Therefore, the tapered LWA is proposed to increase the bandwidth [4-1]
and [4-2]. The tapered LWA uses sections of different width and length to excite different
operating frequency band, and then these bands are combined to increase impedance
bandwidth. The theory of tapered LWA is that the wider width of LWA radiates in the lower
frequency region and the narrower width enters into'the reactive region not to radiate power,
simultaneously. Similarly, the narrower width radiates. in the higher frequency region and at
the same time the wider width enters into the.bound mode region. The width of each section
of tapered LWA can be determined by the start-and thé end frequency. The equations of

radiation region and cutoff frequency (f.):of each section is expressed as

C
f iy (4-01)
fo<f< foe (4-02)

where c is the speed of light in the vacuum, w,y 1s the effective width of strip line, and ¢, is the

dielectric constant of substrate. The length of each section can be designed by the survival

power ratio (r) at the end of strip, which is defined as

93



r=e’* (4-03)

where L is the length of a section. Therefore, we can use the Eq. (4-01) and (4-03) to design
the width and the length of each section. Figure 4-1 shows three types of tapered LWA.
Because the impedance mismatch and the discontinuity effect are caused by the original
tapered LWA (Type I), the bandwidth will be reduced and the side lobe level will be increased.

Type II and III are designed to improve the bandwidth.

(@)

(b)

(c)

Fig. 4-1. Three structure of tapered LWA: (a) Type I, (b) Type I, (c) Type III [4-1].
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4.2 Antenna Design

The structure of the proposed short length leaky-wave antenna is shown in Fig. 4-2. The
antenna is printed on a 1.6 mm thick FR4 substrate, the dielectric constant and the loss
tangent of which are 4.1 and 0.02. It is fed by microstrip feed line with a matching stub. The
antenna is contained of a tapered microstrip radiator with a shorting pin and two rectangular
slots (Slot 1 and Slot 2). The total length L; of the antenna is chosen to be 10.0 cm (about 1.5
Ao at 4.5 GHz, A is the free space wavelength), and the length of each section of the tapered
LWA is 10.0 mm. The width of each section is listedin Table 4-1. The sizes of S; xS, (Slot 1)
and S3 xS, (Slot 2) are respectiyvely 6.0x12:0 mm? and'6.0x7-5 mm?. In this chapter, we utilize

Ansoft High Frequency Structure Simulator to.simulate our proposed antenna.

In general, the tapered leaky-wave antenna is ltilized to increase the impedance
bandwidth [4-1]. However, this method of the tapered short leaky-wave antenna excites
serious side lobes, and even the main lobe is replaced by side lobe at higher frequency. The
measured normalized radiation patterns of the conventional tapered short LWA are exhibited
in Fig. 4-3. As can be seen from Fig. 4-3, the gain of the side lobe is greatly increased as the

frequency is increased, and the gain of side lobe has been equal to the main lobe at 6.4 GHz.

In order to suppress the side lobe, the method of using two slots (Slot 1 and Slot 2) and a
shorting pin is proposed. The Slot 1 is mainly used to suppress the excitation of the dominant

mode. The simulated return losses of the conventional tapered short LWA and the
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conventional tapered short LWA with Slot 1 structure are illustrated in Fig. 4-4. From these

simulated results, they can be clearly seen that the dominant mode is successfully suppressed

by embedded Slot 1 on the tapered short LWA. The Slot 2 and the shorting pin are designed to

affect the reflected wave and reduce the radiation of side lobe. The structures of LWA and

simulated radiation pattern in YZ-plane at 6.0 GHz are shown in Fig. 4-5. As can be seen from

Fig. 4-5(e), the level of the side lobe is successfully suppressed by utilizing these methods.

The simulated surface current distributions of the conventional tapered short LWA, with Slot

1, with Slot 1 and 2, and the proposed LWA at:6.0 GHz are plotted in Fig. 4-6(a), (b), (¢), and

(b), respectively. According to Fig. 4-6(a), the serious side lobe is generated by the strong

power of current distribution at the end of the tapered short LWA. As the Slot 1 is embedded

on the LWA, although the current distribution in Fig. 4-6(b) can be changed, the power at the

end of the LWA with Slot 1 still radiate a serious side lobe. From Fig. 4-6(c) it can be shown

that the path and the direction of current at the end of the LWA with Slot 1 and 2 are varied,

and then the serious side lobe of the LWA with Slot 1 is separated into two weak side lobes,

which is shown in Fig. 4-5(e). In order to reduce the power at the end of LWA with Slot 1 and

2, the shorting pin is design near the Slot 2. According to Fig. 4-6(d), because the power at the

end is guided to the ground, the side lobe can be reduced. By using this method, the side lobe

of the conventional tapered short LWA can be suppressed successfully. To achieve the

impedance matching, a matching stub is added along the feeding line.
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Figure 4-7 and 4-8 show the effects of the distance between Slot 1 and Slot 2 on

radiation pattern in YZ-plane and current distribution at 6.0 GHz. As the distance is 0.75 Ao,

the side lobe level is increased in Fig. 4-7, mainly because the power at the end of the LWA 1is

larger in Fig. 4-8(a). However, the power and the direction of current at the end of the LWA

can be varied in Fig. 4-8(b) as the distance is 1.0 Ay. According to these simulated results, the

side lobe level is mainly varied by the distance between Slot 1 and Slot 2.

Matching
Stub

Tapered LWA

Section 1 /’\’/ Section 10

)

Fig. 4-2. Structure of the proposed short length LWA.

TABLE 4-1
DIMENSIONS OF THE PROPOSED TAPERED SHORT LWA.

Width of Section 1 15.0 mm Width of Section 6 11.7 mm
Width of Section 2 14.5 mm Width of Section 7 11.0 mm
Width of Section 3 13.8 mm Width of Section 8 10.3 mm
Width of Section 4 13.1 mm Width of Section 9 9.6 mm
Width of Section 5 12.4 mm Width of Section 10 8.9 mm
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Fig. 4-3.

Fig. 4-4.

Measured normalized radiation patterns of the conventional tapered short LWA.

Return Loss (dB)

10

15

20

25

— — Tapered

— |
Tapered with Slot 1

~T—

2.5 3

4 4.5 5 55 6 6.5

Frequency (GHz)

Simulated return losses of the conventional tapered short LWA and the
conventional tapered short LWA with Slot 1 structure.
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(a)

(b)

YZ-Plane at 6 GHz
————— Tapered short LWA
— — LWA with Slot 1
LWA with Slot 1 &2
Proposed LWA

180

(e)

Fig. 4-5. Structures of LWA and simulated radiation pattern in YZ-plane at 6.0 GHz: (a)
conventional tapered short LWA; (b) LWA with Slot 1; (¢) LWA with Slot 1 and 2; (d)
proposed LWA; (e) Radiation pattern.
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(b)

(©)

A

(d)

Fig. 4-6. Simulated surface current distributions at 6.0 GHz: (a) conventional tapered short
LWA; (b) LWA with Slot 1; (c) LWA with Slot 1 and 2; (d) proposed LWA.
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270

YZ-Plane at 6 GHz
----- 0.75 X,

1.00 A,
— — 1252,

180

Fig. 4-7. Simulated radiation pattern in YZ-plane at 6.0 GHz.

(b)

Fig. 4-8. Simulated surface current distributions at 6.0 GHz: (a) 0.75 A between Slot 1 and
Slot 2; (b) 1.0 A9 between Slot 1 and Slot 2.
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4.3 Simulation and Measurement Results

The measured normalized radiation patterns of the proposed LWA at 5.9, 6.2, and 6.4

GHz are shown in Fig. 4-9. Comparing the measured radiation pattern of Fig. 4-3 with that of

Fig. 4-9, it is found that the tapered short LWA and the proposed LWA are very similar in the

characteristics of radiation angle and 3 dB radiation beamwidth within 6.2 GHz. However, the

measured side lobe level (SLL) of the proposed LWA have been significantly improved from

-0.01 to 6.13 dB at 6.4 GHz by using two slots and a shorting pin. The main lobe scanning

angle of the proposed LWA is from 14°to 57° between 4.6 to 6.4 GHz. Fig. 4-10 exhibits the

measured SLL, the SLL of the proposed LWA is.less than -5.dB, and the variation of the SLL

is independent on the frequency. Fig. 4-11 illustrates the m€asured maximum gains of the

tapered LWA and the proposed EWA. Fhe: variation-of maximum gain of the proposed LWA is

slightly affected by this method, and the gains are larger than 4 dBi from 4.6 to 6.4 GHz. Fig.

4-12 plots the simulated and measured return losses. The 7-dB impedance bandwidth of

measured result is about 1.6 GHz from 4.58 to 6.18 GHz. Although the bandwidth of the

proposed LWA is narrower than the conventional tapered LWA (see Fig. 4-4), the proposed

LWA can largely suppress side lobe level; therefore, it avoids the main lobe being replaced by

the side lobe at higher frequency.
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Fig. 4-9.  Measured normalized radiation patterns of the proposed LWA.
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Fig. 4-10. Comparison of the measured side lobe level (SLL) of tapered LWA and proposed
LWA.
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Fig. 4-12. Simulated and measured return losses of the proposed LWA.

104



4.4 Summary

In this chapter, a method is proposed to reduce the serious side lobe excited by the
conventional tapered short LWA. By embedding two slots and a shorting pin, it can change
the current distribution at the end of the tapered short LWA at higher frequency to reduce the
radiation of the side lobe. According the measured results, the SLL of the proposed LWA
maintains less than -5 dB from 6.0 to 6.4 GHz. The scanning range covers 43° from 14° to
57°, and the impedance bandwidth is achieved about 30% with respect to the center frequency
at 5.38 GHz. Compared to the conventional tapered'short LWA, the proposed LWA not only
suppresses the side lobe, but also remains a wide impedance bandwidth. Furthermore, this
method does not use any parasitic element or circuit, thus we can avoid enlarging antenna

size.
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CHAPTER 5

END-FIRE RADIATED ON-CHIP MONOPOLE ANTENNA FOR

WPAN APPLICATION

An end-fired radiated on-chip monopole antenna for wireless personal area network
(WPAN) application is designed. The feeding network of coplanar waveguide (CPW)
structure is proposed to feed the monopole antenna. The on-chip antenna is fabricated in
TSMC 0.18-um CMOS process. The architecture of this antenna inherits rectangular
monopole antenna except for itstasymmetric-fed, slit, and shorting path approaches. The
asymmetric-fed is to provide dual-band around 60 GHz and end-fire radiation. In addition, by
embedding a slit on the monopole antenna and a“shorting. pin on the ground plane, this
antenna can achieve wide impedance.bandwidth. According to the simulation results, the
impedance bandwidth is 7.7 GHz for 10-dB return loss, which covers the range from 56.4 to
64.1 GHz. The simulated maximum gain is about 3.4 dBi, and the gain of end-fire direction is

about 0.75 dBi at 60 GHz.
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5.1 Coplanar Waveguide (CPW) Theory

In recent years, coplanar waveguide (CPW) structure is very widely used by microwave
integrated circuits (MICs), monolithic microwave integrated circuits (MMICs), or RFIC
system [5-1]~[5-3]. CPW, which was first proposed by C. P. Wen [5-4] in 19609, is fabricated
on a dielectric substrate. Conventional CPW structure (see Fig. 5-1) consists of a center strip
conductor with two semi-infinite ground planes on a dielectric substrate for the single input,
called GSG. Furthermore, the metals of conventional CPW are on the same plane, and via
holes are not required to fabricate [5-5]%and [5-6]. CPW structure offers several advantages to

replace microstrip structure [5-5] and [5-7]:

1. Cross talk effects aré very week because the signal line is existed between ground

planes.
2. CPW has low dispersion to offer the wide band circuits and components.
3. As the signal is delivered on CPW, the radiation loss will be reduced.
4. Series and shunt connections are easy achieved.

The characteristic impedance of CPW is determined by the width of the signal line, w,

and the width of the gap on either side, s. The approximate formula [5-8] is shown as

7 307 . 1
" K/ KK e,

(5-01)
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where
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where ¢, 1s the dielectric constant of the CPW structure. If the thickness of substrate is
approximately infinite, the effective dielectric constant can be defined as

_l+e,

5-06
=" (5-06)

&

According these equations, the size of CPW structure can be designed.
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Substrate

Fig. 5-1. 3D structure of conventional coplanar waveguide (CPW).
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5.2 Antenna Design

The structure of the proposed on-chip monopole antenna is shown in Fig. 5-2. The
on-chip antenna is fabricated in TSMC 0.18-um CMOS process. The proposed antenna is
etched on a silicon substrate with relative permittivity & = 11.9, thickness H = 0.7 mm, and
100 Q-cm material. The CPW structure is used for feeding network of this antenna. Besides,
the gap and the width of the CPW matching feed line are respectively 40 and 80 pm. The
antenna consists of three parts: a rectangular monopole antenna with a slit, an asymmetric-fed,
and a shorting path which connects the monopole” antenna and the ground plane. In this
chapter, Ansoft High Frequency Structure .Simulator is' utilized to simulate the proposed

antenna.

The length and the width of'rectangular monopole antenna are respectively 0.35 mm and
0.75 mm. According to the monopole basic theory, the resonant frequency is excited at about
78.6 GHz, and the radiated direction is at the broadside direction. However, in order to reduce
the resonant frequency and the radiated direction, an asymmetric-fed, which can cause
different surface current distribution on the antenna, is applied. Figure 5-3 presents the
surface current distribution of the monopole antenna with central-fed and asymmetric-fed. In
Fig. 5-3(a), the current distribution of the central-fed can be divided into vertical and
horizontal current, and two components with 180° out of phase are excited at the horizontal

direction. Therefore, radiation at the horizontal direction in the far field is very weak, and
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radiated direction is at the broadside direction. Asymmetric-fed, on the other hand, also
generates the vertical and the horizontal currents in Fig. 5-3(b). Due to the current level,
radiated direction is mainly caused by the horizontal current to generate end-fire radiation.
Figure 5-4 shows the simulated normalized radiation patterns of the monopole antenna with
asymmetric-fed at 60 GHz. It can be seen from Fig. 5-4 that the antenna generates the end-fire
radiation. The simulated return losses of central- and asymmetric-fed are plotted in Fig. 5-5.
The central-fed resonates a mode at 78.6 GHz, and the asymmetric-fed excites dual mode
around 60 GHz to reduce the antenna size: In erder to achieve the impedance matching, the
method of using a slit and a shorting path is/proposed. By using these methods, the wide
impedance bandwidth and ‘end-fire radiation”can be achieved successfully. Detailed

dimensions are listed in Table 5-1. The chipsizeisabout 0,62 x 1.00 mm’.
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Fig. 5-2. Structure of the proposed on-chip monopole antenna.

113



s P oy ot o T’““‘*ma,_ - \

-

\a‘--u.“-h-_‘“"--\_“""'u.."“‘m\\\ 2 \ \

~ o e > ! \ L ‘

S e T S e \

N — i

oo
-

Fig. 5-3. Surface current distribution of the monopole antenna with central-fed and

asymmetric-fed: (a) central-fed at 78.6 GHz; (b) asymmetric-fed at 60 GHz.
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Fig. 5-4. Simulated normalized radiation patterns of the monopole antenna with
asymmetric-fed at 60 GHz: (a) XY-Plane; (b) YZ-Plane.
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Fig. 5-5.  Simulated return losses of central-fed and asymmetric-fed.

TABLE 5-1

DIMENSIONS OF THE PROPOSED MONOPOLE ANTENNA.

W 80 um G 40 pm
Wi 0.75 mm Gy 30 um
W, 0.24 mm Gy 80 um
W3 0.15 mm L, 0.35 mm
Sq 0.3 mm L, 0.23 mm
S, 0.27 mm L; 70 um
S3 0.14 mm

116




5.3 Simulation Results

The layout photo and the micrographic of the on-chip antenna are shown in Fig. 5-6. Due

to the dummy of 0.18-pum CMOS process, the structures of the layout photo and the proposed

antenna have some different parts. However, these parts affect slightly the bandwidth and

radiation pattern. Figure 5-7 plots the simulated return loss of the proposed antenna. The

10-dB impedance bandwidth of measured result is about 7.7 GHz from 56.4 to 64.1 GHz, and

the minimum return loss is about 32 dB. The current distributions of the on-chip antenna at 58

and 63 GHz are shown in Fig. 5-8. The main current distribute is over the path of the slit at 58

and 63 GHz. The current distribute of the shorting path s less, so that the shorting path is

used to match the impedance.

The 2D and 3D simulated normalized radiation patterns at 58 and 63 GHz are shown in

Fig. 5-9 and 5-10. At the two frequencies, we can see that the direction of the pattern results is

at end-fire direction. However, the simulated maximum gain of the proposed antenna is not at

end-fire direction in YZ-Plane. As the result of the silicon substrate with 10 Q-cm material,

the input power is attracted to the substrate, and then the direction of the maximum gain is

affect. Fig. 5-11 and Fig. 5-12 illustrate variation of the maximum gain and the gain at

end-fire direction. Due to the silicon substrate of 100 Q-cm material, the maximum gains and

the gain at end-fire direction can be larger than 2.1 dBi and -0.5 dBi from 57 to 64 GHz.
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Fig. 5-6. Proposed on-chip antenna: (a) layout photo; (b) micrographic.
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Fig. 5-7.
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Simulated return loss of the proposed antenna.
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(b)

Fig. 5-8. Current distribution of the on-chip antenna: (a) 58 GHz; (b) 63 GHz.
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Fig. 5-9.
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Simulated normalized radiation patterns of on-chip antenna at 58 GHz: (a)
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Fig. 5-10. Simulated normalized radiation patterns of on-chip antenna at 63 GHz: (a)
XY-Plane; (b) YZ-Plane; (c) 3D.
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Fig. 5-12.  Simulated gain of the proposed LWA at end-fire direction.
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5.4 Summary

In this chapter, an on-chip CMOS monopole antenna is proposed to excite wide
impedance bandwidth for wireless personal area network application and radiate to the
end-fire direction. By using the asymmetric-fed, a slit on the monopole antenna, and a
shorting pin on the ground plane, this antenna can achieve wide impedance bandwidth and
end-fire radiation. The on-chip antenna size is only about 0.62 x 1.00 mm®. According the
results, the impedance bandwidth is about 12.8 % with respect to the center frequency at
60.25 GHz, the direction of radiation pattern approximates end-fire direction, and the
maximum gains are larger than 2:1 dBi {ftom .57 to.64 GHz. This design can reduce the

radiated power of back side to“interfere with the frond-end circuit.
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CHAPTER 6

FUTURE STUDY

The proposed designs have achieved the CP monopole antenna, reduced the LWA size,
solved the problem of serious side lobe, and designed on-chip antenna. Therefore, some

topologies will be proposed in this section.

6.1 Radiation of Dual-Beam

In chapter 3, the slot-lobe is radiated though'the slot of the proposed LWA and the
measured gain of the slot-lobe is about 4 dB-lower than the main beam. If the slot-lobe level
is increased, the top and the*bottom positionswill be simultaneously scanned by difference
operating frequency. We propose a topolegy to-approach this requirement. Figure 6-1 shows
the schematic configuration of the topology. Some stubs are added into bigger slots of ground
plane to couple the power of LWA. The power is coupled into these stubs to increase the
radiation of bottom position. Furthermore, we can use switches [6-1], which are shown in Fig.

6-2, to achieve large scanning region.
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6.2 Integration of Front-End

In chapter 5, an on-chip CMOS monopole antenna is proposed to excite wide impedance
bandwidth for wireless personal area network application and radiate to the end-fire direction.
In order to further the application, the on-chip antenna can be integrated into front-end circuit
such as receiver and transmitter front-end in [6-2] and [6-3] (see Fig. 6-3). The impedance
matching and the effects of electromagnetic interference (EMI) will be considered in the

integrated process. These problems are not alike the commercial produce, front-end circuit

challenge.

Feed-line

LWA

Fig. 6-1. Schematic configuration of the topology for dual-beam radiation.
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Leaky-wave antenna (L)

Fig. 6-2. Configure of a beam-switchable scanning LWA [6-1].
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Fig. 6-3. Configure of frond-end: (a) transmitter [6-2], (b) receiver [6-3].
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