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Design of the Broadband Millimeter-Wave On-Chip Antenna, a Novel Structure of
Decreasing Side Lobes and Increasing Frequency Scanning Region for Leaky Wave

Antenna and High Isolation Multi-Input Multi-Output Antenna

Student: Cheng-Ting Lee Advisor: Dr. Christina F. Jou

Department of Communication Engineering
College of Electrical and Computer Engineering

National Chiao Tung University

Abstract

This paper proposes three designs of antennas. One is the research of the on-chip antenna,
another is the research of the novel structure for the decreasing side-lobe and increasing beam
steering range leaky-wave ‘antenna, the other is the search of the low relationship multi-input
multi-output antenna (MIMO).

For the first topic, a broadband millimeter-wave on-chip antenna is presented here. We
design the proposed antenna by using the construction of monopole antenna. To reach the
End-Fired radiation pattern, the reflector of the Yagi-Uda construction is used in the research.
The proposed on-chip antenna has the combination of two constructions about monopole
antenna and the part of the reflector in Yagi-Uda.

Then, the second topic, a novel structure for leaky-wave antenna, is introduced here.

To decrease back lobe, we can design slots on conventional leaky-wave antenna, and utilize
the energy of the reflected wave of the leaky-wave antenna. Here, we design the monopole
antenna on the open end of leaky-wave antenna. It can utilize the energy of the reflected wave
of the leaky-wave antenna to composite the radiation pattern of leaky-wave antenna to
increase frequency scanning range. Due to the reflected wave is guided to the monopole, the
back lobe level can be decreased by the method.

Finally, the third topic, the high isolation multi-input multi-output (MIMO) antenna is
presented. We use some method to decrease the relationship between two antennas like
orthogonal quadrature hybrid and resonator. Because the MIMO antenna is designed to apply
to the personal motion communication device, the radiation pattern is designed to be

omni-directional.



]k H
RAEHEALE e FAAMR R LR R I RR BHFROR E RE2
FrU RS TR KAEN IR TR FS S - RHTBLR T ik
E@.ﬁfgiﬁ-%éiﬁﬂiﬁgﬁﬁﬁ’lﬁ'“ﬂ&‘-ﬁv FEML S R 4 BHEYR
R ERPFL AR FROREREAMRR 2T EFT L e S 2% R i
3“&’:1“*’?&3;:4@@75 1 E R AH o

EHRHZNInE e BHRR 22 2 e FL o 87§ 5% eh
A3 REAFELRFEL (4 b 2o B BENE L L Rnf H R A ek
R e AN ER - kg2 B BENFEFE FR B R
FREEEF BRGNP R FRDTRPAETE cRIRAFL > FomFeap
f*’”"t—’-’”ﬂfﬁ’r'ﬂmﬁTE"Fi‘?‘ﬂ‘H"'u 5o RHE Eenle 4 - R B
PRAEHDTRRF T LR HIRBBHE BRI K I A TUREP- FEY
CErs 0 e ] B T RRALL RS S R MR AL
22l I I D A e R ) ?‘]"""‘f*liﬂ‘%""i AgEd 4L} ¢hif 1) ”)" R s i
@ AF ARG AT L A o

RERHATL Y AR i Rid I RF - FE - FE 85 P BHHEP
fp o RAFY I FRUASTERERH KD ARG RPN PEN %
Rz ~ ié TRBIRIF AN A FRIFREARILEE N AL ¥ g e
.,lléafhé‘%mf\o

BUABRHMANFER 0§ CHENE FF o AT ATES EiERY 0§
REAER I PLBACF L PR B FAE N ﬁ.uﬁfsﬁa;;i.iﬁﬂi‘ b

?’i-
TP AAFLREEFEEFLRL G RPALIFEA ]G S X hd % o g M)
FRUEAOFA S FTAEPERATERER -

3 Fus
SO N R

2011. 07



Table of Contents

CHINESE ABSTRACT ... .. [
ENGLISH ABSTRACT ... ... I1
ACKNOWLEDGMENTS ... I11
TABLE OF CONTENTS. ... I\Y
LIST OF TABLES .. ..., VI
LIST OF FIGURES . ... VII

Chapterl Introduction
1.1 Motivation ... .o e e 1
1.2 Organization . ... oo i 3
Chapter2 A Broadband And End-Fired Millimeter-

Wave On-Chip Monopole Antenna For

60GHz
2.1 Basic Theory............. 4
2.1.1 Theory of the Monopole Antenna Structure. ... . 4
2.1.2 Theory of the Yagi-Uda Structure .............. 7

2.2 Design of the Broadband and End-Fired Millimeter

Wave On-Chip................ . 9
2.3 Simulated Result........... . . . . . 14
2.4 Measurement Result ................ ... . ... .. ...... 20

v



2.0 Conclusion. ... i 25
Chapter3 A Novel Method Of Beam-Steering
Range Greatly For Leaky-Wave Antenna
3.1 Basic Theory.......... ... . 27
3.1.1 Theory of the MLKW Structure............... 27
3.2 Design of the Novel Method of Beam-Steering Range

Greatly for Leaky-Wave Antenna.................... 28
3.3 Simulated and Measurement Results ................ 32
3.4 Conclusion . .. ot e 35

Chapter4 Design Of MIMO Antenna For 2.4GHz

Application
4.1 Basic Theory of Quadrature Hybrid ................. 40
4.2 Design of the MIMO Antennar....................... 45
4.3 Simulated and Measurement Result ................. 50
4.4 Conclusion . ... 57

Chapter5 Conclusion And Future Study
5.1 Conclusion and Summary ........................... 60

5.2 Future Study.......... ... 61



List of Tables

Table1l The simulated result summary..........................
Table2 The dimensions of the proposed antenna ..............

VI



List of Figures

Figure 1
Figure 2
Figure 3
Figure4
Figure 5

Figure 6
Figure 7
Figure 8
Figure 9
Figure 10
Figure 11
Figure 12
Figure 13
Figure 14
Figure 15

Figure 16

Figure 17

The monopole above a PEC .......................... 5
The equivalent source in free space................... 6
Geometry of Yagi-Uda array .......................... 8
Configuration of the proposed on-chip antenna ..... 10
The 3D structure for the proposed on-chip antenna

........................................................... 10
The layout pheto of the on-chip antenna .......... .. 11
The strueture of the monopole antenna.............. 12
The current distribution of the configuration........ 12
Add another path to monopole antenna of Figure

T \ WY, Y | 13
Before add the another path in the structure of

Figure 1200 e 13
The current distribution of the proposed on-chip

ANTEIITIA © .ottt e 16
The feeding point in A ... 16
The feeding point from Ato E....................... 17
The S-parameter of the corresponding feeding point

........................................................... 17
The S-parameter of the corresponding construc-

11116 )0 18

VII



Figure 18
Figure 19

Figure 20

Figure 21
Figure 22

Figure 23

Figure 24

Figure 25
Figure 26
Figure 27
Figure 28
Figure 29
Figure 30

Figure 31

Figure 32
Figure 33

Figure 34

The radiation pattern of the structure of Figure 11

........................................................... 19
The measurement gain of the proposed on-chip
ANTEIINIA ..ot 22
The comparison gain of the proposed on-chip an-
tenna between measurement and simulated......... 22

The photograph of the proposed on-chip antenna..23
The measurement VSWR of the proposed on-chip
ANTEIITIA © .ottt 23
The measurement and simulated result of the pro-
posed on-chip antenna................................. 24
[llustration of the on-wafer measurement setup for

the VSWR, and power gain of the 60-GHz CMOS

RFIC-on-¢hip monopole antenna..................... 24
Configuration of the conventional leaky wave an-
BEIIA = L 30
The top view of the proposed-antenna .............. 30
The bottom view of the proposed antenna.......... 31
The simulated radiation patterns of the proposed
MLWA 33
The simulated radiation patterns of the conven-
tional MLWA ... ... .. 33
The measurement radiation patterns of the pro-
posed MLWA ... ... ... 34
The comparison S-parameter of matching and with-
out matching ........... ... 36
The structure of quadrature hybrid coupler......... 44
The structure of quadrature hybrid coupler with
POIT MAINIE. . oottt 46

The structure of quadrature hybrid coupler in 2.4GHz

VIII



Figure 35
Figure 36
Figure 37
Figure 38
Figure 39
Figure 40
Figure 41
Figure 42
Figure 43
Figure 44
Figure 45
Figure 46
Figure 47
Figure 48
Figure 49
Figure 50

Figure 51

Figure 52

The S-parameter of the quadrature hybrid coupler

Add monopole to the quadrature hybrid coupler...47
Configuration that is without phase difference...... 48
The structure is added monopole from Figure 34 ..48
The structure is to decouple the MIMO antenna. ..49
The structure is to match the S-parameter ......... 49
The simulated S-parameter of the contribution of
Figure 33. . ... H2
The simulated relationship between two ports of
Figure 35.. .. 52
The difference of degree from portl to port3 and
portl to portd respectivly............................. 53
The difference of degree from port2 to port3 and
port2 to portd respectivly. ... 53
The radiation pattern for the structure of Figure3b

The simulated' relationship between two ports of
Figure 36. ... ..o 5%5)
The S-parameter before we add open stubs to match

The simulated S-parameter for the proposed MIMO
antenna
The measurement S-parameter for the proposed
MIMO antenna
The radiation pattern about simulated and mea-
surement result

X



Figure 53 The radiation pattern about simulated and mea-
surement result ...




Chapterl
Introduction

1.1 Motivation

Recently, there exists an increasing demand for broadband multime-
dia applications for an ever-increasing capacity of wireless networks. In
particular, for dense local communications, the 60-GHz band for wireless
personal area network (WPAN) applications is of special interest to the
short-range communications due to its attenuation characteristic of atmo-
spheric oxygen of 10-15 dB/km in a bandwidth of about 8 GHz centered
around 60 GHz. It makes the 60-GHz band become an attractive alterna-
tive for the short-range wireless communications [1]. In order to pursue the
RF system-on-chip (SoC) for the 60-GHz radio and the antenna integrated
with the low-cost monolithically integrated CMOS RF front-end circuitry,
a millimeter-wave CMOS RFIC-on-chip system has been studied [2-4].

For the second topic, a novel LKW antenna for wide beam-steering
range and decreasing side lobe is‘good research.The microstrip leaky-wave
antenna (MLWA) was first constructed by Menzel in 1979 [5], based on
exciting the first higher order mode(TEO1 mode) of the microstrip line to
obtain a narrow beam radiation pattern. Oliner and Lee subsequently de-
tected the complex propagation constant & = 8 — ja of the leaky mode
[6], where 3 is phase constant and a is attenuation constant. The travel-
ling wave in the MLWA leaked power into air due to a small attenuation
constant. The MLWA has attracted considerable interest recently, due to
its characteristics of simple construction, low profile, narrow beam, and
frequency scanning capability.

For the third topic, the mimo antenna is much interest about high iso-
lation and omi-direction pattern to research. IN MODERN wireless com-
munication systems, high data rate is required over band-limited channels.
Multiple- input-multiple-output (MIMO) systems that utilize multiple an-
tennas to increase channel capacity without sacrificing additional spectrum

or transmitted power have received a growing amount of interest in recent
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years. Up to date, most MIMO antenna systems with more than two anten-
nas are three-dimensional rather than planar [7], [8]. In practice, low-profile
planar antennas are more preferred so that antenna radiators can be easily
integrated with other printed circuit board (PCB) components in portable
devices. In addition, it is sometimes desirable that all the elements have
simultaneously good impedance matching, similar radiation patterns, and
the same polarization. However, due to the integration of several closely
packed antennas on a single PCB with very limited space, mutual coupling
between elements is severe, and this many techniques have been proposed

for diminishing the mutual couplings of antennas [9-16].



1.2 Organization

This dissertation has three research topics, which is organized as fol-
lows:

In chapter 1, we will introduce this dissertation at beginning and de-
scribes the motivation of this paper.

In chapter 2, we will present the on-chip antenna structure. And
before that, we will review the theories such as PIFA, Yagi-Uda antenna.
Then we begin to develop our first topic, or board-band and directive
millimeter-wave on-chip monopole antenna.

Next, in chapter 3, we will demonstrate a novel LKW antenna struc-
ture for wide beam-steering range and decreasing side lobe. First, we will
compare some antenna structure which properties are better. And then,
we will show the results of this design.

Then, in chapter 4, the design of high isolation and the omi-directional
pattern MIMO antenna has been presented. First, we will review the
theory of Hybrid coupler. And then, we will combine it by monopole
antenna. Finally, we will present the high isolation MIMO antenna.

The last, chapter 5; we.will give the summary and the conclusion of

all and the future study.



Chapter2
A Broadband And End-Fired Millimeter-Wave
On-Chip Monopole Antenna For 60GHz

In this paper, a 60GHz broadband and End-Fired millimeter-wave on-
chip antenna is presented here. For the broadband design, we select the
construct of monopole antenna by finding the appropriate length of the
proposed antenna. About the property of End-Fired, we design it for the
type of Yagi-Uda. On the other hand , this antenna not only has the prop-
erty of broadband, but has directive. At this work, the simulator is based
3-D full-wave solver, Ansoft HF'SS. Here, we will display the simulated re-
sult of this design.

2.1 Basic Theory
2.1.1 Theory of the Monopole Antenna Structure

A monopole antenna is one half of a dipole antenna, always mounted
above some sort of ground plane. The case of a monopole antenna of length
L mounted above an infinite ground plane is shown in Figure 1.

Using image theory, the fields above the ground plane can be found by
using the equivalent source (antenna) in free space as shown in Figure 2.
This is simply a dipole antenna of twice the length. The fields above the
ground plane in Figure 1 are identical to the fields in Figure 2, which are
known and presented in the dipole section. The monopole antenna fields

below the ground plane in Figure 1 are zero.

Using image theory, the fields above the ground plane can be found by
using the equivalent source (antenna) in free space as shown in Figure 2.
This is simply a dipole antenna of twice the length. The fields above the
ground plane in Figure 1 are identical to the fields in Figure 2, which are
known and presented in the dipole section. The monopole antenna fields

below the ground plane in Figure 1 are zero.
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Monopole antennas are half the size of their dipole counterparts, and
are attractive when a smaller antenna is needed. Antennas on older cell
phones were typically monopole antennas, with an infinite ground plane

approximated by a small metal plate below the antenna.

v

'
/ ﬂcrfect electric conducto/ /

Figure 1: The monopole above a PEC
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Figure 2: The equivalent source in free space




2.1.2 Theory of the Yagi-Uda Structure

Yagi-Uda Antenna is a parasitic linear array of parallel dipoles, see
Figure 3, one of which is energized directly by a feed transmission line
while the other act as parasitic radiator whose current is induced by mu-
tual coupling. The basic antenna is composed of one reflector (in the rear),
one driven element, and one or more directors (in the direction of transmis-
sion/reception).The Yagi-Uda antenna has received exhaustive analytical
and experimental investigations in the open literature and else where. The
characteristics of a Yagi are affected by all of the geometric parameters of
the array. Usually Yagi-Uda arrays have low input impedance and rela-
tively narrow bandwidth.Improvements in both can achieved at the expense
of others.

Yagi-Uda consists of a number of metal rods called elements arranged
on a central support beam. The elements are a dipole, which is the only
driven element arranged with a number of parasitic elements, of which
there are a reflector and one or more directors. 'The function of the parasitic
elements is to improve the radiation pattern in-the forward direction. The
reflector is placed behind the dipole, but having more than one reflector
has little benefit. The directors are placed in front and slightly shorter in
length than the dipole provide an additional 3dB of forward gain each.



-

)/ | Diven Directors
Reflector glement

1 203 45 e N
Figure 3: Geometry of Yagi-Uda array
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2.2 Design of the Broadband and End-Fired Mzilla-
meter Wave On-Chip Monopole Antenna for
60GHz

The structure of the proposed broadband and end-fired millimeter
wave on-chip cmos antenna is shown in Figure 4 and the layout of the
proposed on-chip antenna is shown in Figure 6. The used process of this
on-chip antenna is TSMC 0.18 CMOS process. The structure consists of
two parts: monopole antenna, and Yagi-Uda antenna. The on-chip antenna
size is about 0.7 x 0.8mm?.

We design the resonant frequency of the antenna to 60GHz by using
the theory of monopole antenna. Figure 7 shows the proposed structure
of monopole antenna. The. distribution of current is shown in Figure 8.
Due to it be designed from monopole antenna, the resonant frequency is
sensitive from the length of the antenna. So, finding the proposed length
of the monopole antenna is the important thing. To reach broadband, we
design the extra pathto excite another current path. To reach the end-fired
radiation pattern, we-design it by using properties of Yagi-Uda antenna.
There are two stubs which are close to the feeding pad of the antenna. It
will work like reflector of Yagi-Uda antenna. On the other hand, we design
the antenna structure from Figure 7 to Figure 11. Finally, we complete

the antenna that shows in Figure 4.



Figure 4: Configuration of the proposed on-chip antenna

Figure 5: The 3D structure for the proposed on-chip antenna
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Here, the wavelength is the effective wavelength of the frequency cal-
culated by the effective dielectric constant of the substrate [17] and [18].

Figure:6: ' The layout photo of the on-chip antenna
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Figure 7: onopole antenna
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Figure 8: The current distribution of the configuration
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Figure 9: Add another path to monopole antenna of Figure 7

i,

Figure 10: Before add the another path in the structure of Figure 12
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2.3 Stmulated Result

First, we definite the point A for feeding point of the on-chip antenna.
It is shown in Figure 12. The length of the monopole antenna is important.
In this section we will find out the best location for broadband of the
antenna. The location is marked from A to E, and it is shown in Figure
13. The different location has different antenna length. The corresponding
S-parameter is shown in Figure 14. The result presents what resonant
frequency is vary from feeding location. Due to the location also change
the center frequency and radiation pattern, we will select the appropriate
feeding point. That is point A. To reach broadband, we add the extra
path to the proposed antenna, the construction is changed to Figure 12
from figure 10. The corresponding S-parameter is shown in Figure 15. The
bandwidth of the proposed antenna will reach 25% from 56GHz to 71GHz.

For the end-fired~radiation pattern, we use the Yagi-Uda construc-
tion on the monopole antenna. Before using the Yagi-Uda construct, the
antenna construct is'like Figure 7. The corresponding radiation pattern
shown in Figure 16. We can find the difference from front to back about
to 1dB. It has not the end-fired performance. So, we add the reflector on
the monopole antenna like Figure 12."'The corresponding radiation pattern
shown in Figure 18. The figure displays the difference from front to back

about to 7dB. The simulated result summary is shown in Table 1.
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Table 1: The simulated result summary

Simulated results Bandwidth F/B ratio  Chip size

60GHz 25% 7dB 0.7 x 0.8mm?
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Figure 11: The current distribution of the proposed on-chip antenna

Figure 12: The feeding point in A
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Figure 13: The feeding point from A to E

Return loss (dB)

Simulated S-parameter

feed point A
----- feed point B
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= == feed point D
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40 = | I E—
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Figure 14: The S-parameter of the corresponding feeding point
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Frequency (GHz)

Figure 15: The S-parameter of the corresponding construction

270

180 | Simulated radiation pattern
v 60GHz in x-y plane

Figure 16: The radiation pattern for the structure of Figure 7
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Figure 17: Add the reflector in the structure of Figure 7

270 Q T ‘ T ‘ T ‘ T ‘90
20216 412 8 #4 [

225 135
X
180 Simulated radiation pattern
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Figure 18: The radiation pattern of the structure of Figure 11
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2.4 Measurement Result

Figure 20 shows the chip micrograph of a fabricated 60 GHz CMOS
RFIC on-chip antenna using the TSMC 0.18um CMOS process. The chip
size is 0.7 x 0.8mm?. Figure 21 shows the on-wafer measured input VSWR
of the antenna which is less than three from 55 to 65 GHz. Compare with
the simulation and measurement result, and we show it in Fig.2.16. The
simulated antenna radiation efficiency is about 9%. The loss may be due
to the CMOS substrate loss.

The absolute power gain of the antenna has been measured on-wafer
with the technique presented in [19]. As illustrated in Figure 23, two
identical RFIC-on-chip antennas are placed side-by-side separated with a
distance R. One antenna is_used as a transmitting antenna and the other
as a receiving antenna. It is noted that the separated distance R between
two identical antennasshould be satisfied with-the far-field condition [19].
From the Friis power transmission formula, the maximum antenna power

gain can be can be rewritten as:

P.(dBm) = P(dBm)+G¢(dB)+G,(dB)=20log(Rkm— fGHz)—92.4 (1)

where G; and G, is the gain of ‘the transmitting and receiving antenna,
P, is the power transmitted, and P, is the power received. Since these
two antennas are identical, G,=G;=G. The power ratio of the transmitted
and received powers (P,/P;) equals to the square of direct transmission
coefficient (S21), which can be directly measured from the VNA. From
the measured Sy; and equation(5), the measured maximum antenna power
gain at 60 GHz is about -10.5 dB, which is slightly less than the simulated
result value about -8.8 dB. The figure 18 shows the measurement result
of the proposed on-chip antenna about —x axis. The figure 19 shows the
comparison gain of the proposed on-chip antenna between measurement
and simulated. It has the difference about 1dB. We can regard the phe-
nomenon as the loss about the enviroment. The developed CMOS on-chip

antenna can be used for the integration of a 60-GHz CMOS single-chip
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transceiver.
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Figure 19: The measurement gain of the proposed on-chip antenna
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Figure 20: The comparison gain of the proposed on-chip antenna between measurement
and simulated
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Figure 22: The measurement VSWR of the proposed on-chip antenna

23



\ Input VSWR
IRN measurement
N |eeea. Simulated
4 —
z
73
>
2 _

1 \ \ \

56 60 64
Frequency (GHz)

Figure 23: The measurement and simulated result of the proposed on-chip antenna

Figure 24: Tllustration of the on-wafer measurement setup for the VSWR and power gain
of the 60-GHz CMOS RFIC-on-chip monopole antenna
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2.5 Conclusion

A 60GHz millimeter-wave on-chip monopole antenna is presented for
a 60 GHz WPAN CMOS transceiver application. The CMOS antenna
is fabricated with a 0.18um standard CMOS process. The antenna chip
size is 0.7 x 0.8mm?. The on-wafer measurement is conducted to measure
the input VSWR and the maximum antenna power gain of the on-chip
antenna. The simulated antenna radiation efficiency is about 9%, which
may be due to the CMOS substrate loss. The simulated antenna pattern
performs an end-fire radiation characteristic, and the front-to-back ratio is
about 7 dB. The measured input VSWR is less than three from 55 to 65
GHz, and the maximum antenna power gain at 60 GHz is about -10.5 dB.
The designed on-chip monopele antenna is useful for the integrated design
of the 60GHz CMOS single-chip RF' transceiver.
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Chapter3
A Novel Method of Beam-Steering Range Greatly for
Leaky-Wave Antenna

The most important property of leaky-wave antenna is beam-scanning
while frequency changing. The original MWLA is shown in Figure 24.
But it may have some difficulties to design such as matching impedance
bandwidth, increasing beam-steering range, decreasing side lobe, minimiz-
ing size. Recently there are more and more investigation to increasing
beam-steering range. Some paper suggest us to add element for increasing
scanning angle [20, 21]. In practical, we should avoid large side lobe level.
When side lobe level is large, it will disperse energy from main lobe. If it
is too large, it may interrupt signal of the direction in operating frequency.
The result induces the gain of main beam to diminish. To deal with the
problem, there is a method to provide feedback structure [22]. We also
can use remainder power of leaky-wave antenna not only increase scanning
range but also decrease side lobe level [23]. It supplies a new structure to
reduce side lobe level [24]. In this paper, we proposed a method to reform
the leaky-wave antenna. The proposed antenna can reach large frequency
scanning region with matching-impedance bandwidth and decreasing side

lobe level.
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3.1 Basic Theory

3.1.1 Theory of the MLK W structure

The microstrip leaky-wave antenna (MLKW) was first constructed by
Menzel in 1979, which was based on exciting the first order mode (TEO1,
leaky mode) of the microstrip line to obtain a radiation characteristics. A
simple traveling wave antenna as the microstrip line leaky wave antenna
was investigated in [5]. The leaky phenomenon was detected subsequently
by Oliner and Lee [6]; the traveling in a microstrip leaky wave antenna
would leak power to air due to a small attenuation constant. Comparing
to resonator antenna operated in fundamental mode, the microstrip leaky
antenna has a larger bandwidth due to the traveling wave in the microstrip
line. This leaky mode ‘antenna_also posses the advantages of having a
low profile, less weight, simple construction, being simple to fabricate and
ease of matching. In addition, narrow beam width and frequency scanning
characteristics are the extraordinary properties of the microstrip leaky wave
antenna’s physical behavior. Recently, this microstrip leaky wave antenna
has attracted a lot of interests to investigate.

A major problem of microstrip leaky wave antenna is the length of the
structure. The MLWA proposed by Menzel was mentioned in [25] that the
length of the antenna requires about five wavelengths to radiate out power
efficiently. A short length of the microstrip line would accompany with a
large back lobe in radiation pattern. Recent research found that the back
lobes could be suppressed by array topology [26] or a taper-loaded antenna
end [22]. The array topology in [26] could suppress to 10.5 dB with the
length of about 2f,. The back lobes were suppressed 10 dB at 10GHz and
8 dB at 10.5GHz by the radiating circuits in [27] and [28] respectively while
the length was 2)\;. However, these designs mentioned above required a

large length (at least 2)Ag) or a complicated structure.
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3.2 Design of the Novel Method of Beam-Steering
Range Greatly for Leaky- Wave Antenna

The antenna is designed on the two-faced plane. The substrate is
made by FR4. This is fabricated on the substrate with a dielectric con-
stant of £,=4.4 and loss tangent of §=0.02. The thickness of substrate is
1.6mm. The bandwidth is 0.55GHz. It is from 4.25GHz to 4.8GHz. To
increase frequency scanning region, we add monopole on the proposed an-
tenna. The position of monopole that we add is at the open-end of the
proposed leaky-wave antenna. Due to the pattern of monopole is broad-
side, it can utilize remainder power of the proposed leaky-wave to compose
the pattern of conventional leaky-wave antenna. Therefore, the region of
frequency scanning becomes:wide.. The composed pattern not only has
prototype of conventional leaky-wave antenna but also has broadside of
monopole. Since it utilizes the combination of radiation pattern, the per-
formance is better when the monopole property is better. It is well known
that the design of the ground plane is important for the monopole. In
order to enhance performance of the monopole, therefore, we add vias to
connect the ground of the top and bottem. It can increase effect of the
ground plane, and can let the top and bottom ground be equivalent volt-
age to increase performance of the proposed antenna. The position of the
top ground is beside the proposed leaky-wave antenna, and the bottom
ground is the shading part in Figure 26. Dimension of ground plane on
the top plane is L1 x W1 jand the ground plane on the bottom plane is
L1 x (W14 W2+ W3+ W4). Matching impedance bandwidth is consid-
ered for the proposed antenna. It is designed by made a slot on the bottom
ground. Two slots are produced on the corpus of the proposed leaky-wave

antenna. The dimensions of structure are listed in the Table 2.
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Table 2: The dimensions of the proposed antenna

W1 57 | W10 18 L6 80
W2 1.5 | W11 55.5 L7 95
W3 2 W12 5 L8 75
W4 13 | W13 6 L9 18
W5 2 | L1 100 L10 5
W6 2 | L2 3 L1 3

W7 2 | L3 15 L12 25
W8 11| L4 11.5 L13 o}
W9 6 | Lb 60 | Viaradius 0.5

Unit:mm
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Figure 25: Config ional leaky wave antenna
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Figure 26: The top view of the proposed antenna
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Figure 27: The bottom view of the proposed antenna
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3.3 Stmulated and Measurement Results

The simulated radiation patterns of the proposed MLWA is shown in
Figure 27. The original MLWA pattern of simulation is shown in Figure 28.
The simulated results illustrate that the back lobes have been suppressed
successfully, and the back lobes of the proposed LKW have been suppressed
by about 10 dB at the scanning band from 4.25GHz to 4.8GHz compared
to the original MLWA. The measurement radiation pattern of the proposed
MLWA is shown in Figure 29. The gain difference between the main beam
and back lobe is 10 dB. The back lobes of the proposed MLWA is suppressed
indeed in experimental results.

It is noticeable to speak of the scanning angle of the main beams
about the proposed MLWA -and original MLWA. In simulated radiation
pattern, the main beams of the proposed MLWA are slightly slanted to
broadside direction compared to the-original one. It is mainly due to the
monopole of the proposed MLWA. Therefore the scanning region of the
proposed MLWA is wider than the original MEWA. In simulated results,
the scanning angle of main beam of the proposed MLWA is about 44°, and
the original MLWA is about-20°. There is-about 24° difference between the
proposed MLWA and original MEWA. The measurement scanning region

is shown in Figure 29.
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Figure 28: The simulated radiation patterns of the proposed MLWA
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Figure 29: The simulated radiation patterns of the conventional MLWA
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Figure 30: The measurement radiation patterns of the proposed MLWA
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3.4 Conclusion

Here, a novel Method of Beam-Steering Range Greatly for Leaky-Wave
Antenna is introduced. We can design the open terminal of original MLKW
to improve the performance. The monopole is used in this experiment.
This method can effectively improve the performance from comparing the
difference between Figure 27 and Figure 28. It not only decreases the back
lobes, but increases the scanning region. After we design the proposed
MLKW, we have to match the input matching. We design the slot under
the feeding line of the proposed MLKW appropriately. Figure 30 shows
the comparison about matching and without matching. Finally, we have

completed the proposed antenna.

35



Return loss (dB)
93

Simulated S-parameter

B with matching
= === without matching

30 R

4 42 4.4 4.6 4.8 5
Frequency (GHz)

Figure 31: The comparison S-parameter of matching and without matching
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Chapter4
Design Of MIMO Antenna For Application In
2.4GHz

Future wireless communication systems should be capable of accom-
modating higher data rates than the current systems owing to the advent
of various multimedia services. The use of multielement antennas, such
as multiple-input multiple-output (MIMO) antenna systems, is one of the
effective ways for improving reliability and increasing the channel capacity.
However, it is very difficult to integrate multiple antennas closely in a small
and compact mobile handset while maintaining good isolation between an-
tenna elements since the antennas couple strongly to each other and to
the ground plane by sharing the surface currents on them. For a MxN
MIMO communication system, the data throughput can be pushed up to
K times, K=min(M,N) that of a singlesinput single-output (SISO) system,
as long as the communication channels linked between the transmitter and
the receiver are uncorrelated [29-31].- The correlation between the chan-
nels depends not only on the propagation environment, e.g., multipath
effect due to the reflection ‘and diffraction of outdoor buildings or indoor
partitions, and also on the coupling between the N or M antennas. High
antenna coupling (or low isolation) would introduce signal leakage from
one antenna to another, thus increasing the signal correlation between the
channels. It will also decrease the antenna radiation efficiency due to the
loss of the power dissipated in the coupled antenna port. The signal cor-
relation between two receiver antennas can be reduced by increasing the
antenna spacing. However, this spacing is usually limited, especially for a
mobile terminal which has very restricted volume for the antennas. The
other way to diminish the correlation is using multiple antennas with dif-
ferent radiation patterns. It is better to have the patterns complementary
to each other in space, so as to receive multipath signals from various
directions.

For a long time, many papers have been focused on diminishing the

coupling of antennas. In[32], the relation of the isolation and the arrange-
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ment of two nearby antennas with different operating bands in a cellular
handset were studied. Itoh and the co-workers used the defected ground
structure (DGS) to increase the port isolation of dual-polarized and dual-
frequency patch antennas[11]. The above tackled the isolation problems
of antennas operating at different frequencies. For decoupling two nearby
antennas with the same frequency, many efforts have been done by us-
ing the electromagnetic band gap (EBG) structures. Mushroom-like EBG
structures are the ones that are usually inserted between patch antennas
to prevent the propagation of surface waves for higher isolation and better
radiation patterns[33-35]. These EBG structures provide conspicuous de-
coupling effect, but suffer from complicated structures and large structure
area. Possible loss may also be induced in the resonant EBG structures.
To reduce the coupling between two planar inverted F antennas (PIFAs),
Diallo[12, 36-38] used a suspended metal strip linking the two antennas to
cancel the reactive coupling between antennas. This neutralization tech-
nique has been also éxtended to patch antennas by [39] and [40]. In[41],
a decoupling circuit metwork was realized for two-element array by using
external transmission lines. Although good isolation was achieved, only
weak coupled antennas were tackled. The all-transmission-lines configura-
tion also made the circuit bulky. A similar approach of connecting circuits
between elements has also been used to improve the impedance matching
of a phasedarray antenna over wide scan angles [42] since mutual coupling
may vary the input impedance in different scanning angle. The mutual
coupling of two closely packed antennas was reduced by etching slots on
the ground plane [10]. The fish-bone like slots formed equivalent induc-
tors and capacitors on the ground plane, which prevented the flowing of
the coupling ground current between the antennas. A large ground plane
size was needed for sufficient isolation. In this paper, the MIMO antenna
will be composed by quadrature hybrid and monopole. We will design the
quadrature hybrid in 2.4GHz. It will have the important property of high
isolation. On the other hand, it has low relation between signal port. This

can improve the S/N ratio, and increase the capacity of communication

38



system.
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4.1 Basic Theory of Quadrature Hybrid

Quadrature hybrid are 3dB directional couplers with a 90° phase dif-
ference in the outputs of the trough and coupled arms. This type of hybrid
is often made in microstrip or stripline form as shown in Figure 31. It is
also known as a branch-line hybrid. The basic operation of the branch-
line coupler is as follows. With all ports matched, power entering port 1
is evenly divided between ports 2 and 3, with a 90° phase shift between
these outputs. No power is coupled to port 4 (the isolated port). We will
use this isolated property to apply on the MIMO antenna. The branch-line
hybrid has a high degree of symmetry, as any port can be used as the input
port. The output ports will always be on the opposite side of the junction
from the input port, and the isolated port will be the remaining port on
the same side as the input port. The [S} matrix of a reciprocal four-port

network matched at all ports has the following form:

0 Sia Si305u
Sto 0 Ssz Sy (2)
Sz Sa3 0 Sz
Sta Soq Sza 0

If the network is lossless, we can get equation from the unitarity, or energy

g -

conservation. Let us consider the multiplication of row 1 and row 2, and

the multiplication of row 4 and row 3:

ng,Slg + Sf4523 =0 (3&)
514513 + S54593 =0 (3b)

Now multiply (7a) by 53, and (7b) by Sj;, and subtract to obtain
S1a(IS13]* — |S24%) = 0 (4)

Similarly, the multiplication of row 1 and row 3, and the multiplication of

row 4 and row 2, gives
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SESQ?, + ST4534 =0 (5&)
Sik4512 + S§4523 =0 (5b)

Now multiply (9a) by Si12 and (9b) by Ss4, and subtract to obtain

Sa3(]S12* — [Ss4]?) = 0 (6)
One way for (8) and (10) to be satisfied is if S14 = So3 = 0, which results

in a directional coupler. Then the self-products of the rows of the unitary

[S] matrix of (6) yield the following equations:

|S12|* + |S13)* =1, (7a)
|S12/% 4+ |S24)* =1, (7b)
|S13]% + [S34)* = 1, (7¢)
|524|% 4 |534|* = 1 (7d)

which imply that|Sig| = |Sas|(using (11a) and (11b)), and that|Sis| =
|S34](using (11c) and (11d)).

Further simplification can be made by choosing the phase references
on three of the four ports. Thus, we choose S12 = S34 = «, Si3 = Se(j0),
and Syy = Pe(j¢), where o and fare real, and € and ¢ are phase constants
to be determined (one of which we are still free to choose). The dot product

of rows 2 and 3 gives

ngSlg + 554534 =0, (8)
which yields a relation between the remaining phase constants as
0+ ¢=m+2nm. 9)
If we ignore integer multiples of 27, there are two particular choices that
commonly occur in practice:

(1)The Symmetrical Coupler: 8 = ¢ = w/2. The phases of the terms
having amplitude 3 are chosen equal. Then the scattering matrix has
the following form:
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0 S Siz Su
Sz 0 Sz Sn
Sz Sa3 0 Sy
Sia Sag Sza 0

S = (10)

(2) The Antisymmetrical Coupler: § = 0, ¢ = m. The phases of the terms
having amplitude 3 are chosen to be 180° apart. Then the scattering
matrix has the following form:

0 a B 0
S = Oﬁ‘ 8 8 _f (11)
0 =68 a 0

Note that the two couplers differ only in the choice of reference planes.

Also, the amplitudes « and 3 are not-independent, as (11a) requires that:

TEISAS (12)

We can find the S-parameter matrx from (13) and (14), and four ports are
matching, the power supplied to port 1 is coupled to port 3 (the coupled
port) with the coupling factor |Si3|* =" % while the remainder of the
input power is delivered to port-2 (the through port) with the coefficient
|S12]? = a? = 1—/32. In an ideal directional coupler, no power is delivered to
ports 4 (the isolated port). Hybrid couplers are special cases of directional
couplers, where the coupling factor is 3 dB, which implies that a = § =
1/4/2. There are two types of hybrids:

(1)The quadrature hybrid has a 90°phase shift between ports 2 and 3
(0 = ¢ = w/2) when fed at port 1, and is an example of a symmetrical
coupler. Its [S] matrix has the following form

O . = O
~. O O =
— O O .
O~ S O

/

—_

w

N—
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(2)The magic-T hybrid or rat-race hybrid has a 180°phase difference be-
tween ports 2 and 3 when fed at port 4, and is an example of an
antisymmetrical coupler. Its [S] matrix has the following form:

0140

111007y

5_5]001 (14)
0j 10
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Figure 32: The structure of quadrature hybrid coupler
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4.2Design of the MIMO Antenna

For high isolation MIMO antenna, we select the isolated port of quadra-
ture hybrid to design. Figure 32 shows the port name. To wireless com-
munication device, we have to design the antenna radiation pattern to the
omni-direction. So, monopole is used in the MIMO antenna. The other
reason that we use monopole antenna is the omni-directional radiation
pattern. The qudrature hybrid frequency is 2.4GHz. Figure 33 shown the
coupler construction in 2.4GHz. The S-parameter of coupler is shown in
Figure 34. Then, we add monopole on the coupler like Figure 35. This
construction is called original MIMO antenna in the research. There is a
problem in the original antenna, that is phase. The phase difference be-
tween P3 and P4 is about 90°.  P3.'and P4 are fed from P1 simultaneously.
It will lead to the power mot the same about each monopole antenna. This
have not good performance about-MIMO antenna. To solve this problem,
we design path on the coupler to assure that the power is the same on each
monopole antenna. The coupler is shown in Figure 36 after the phase is
solved. Then we select the approach monopole antenna to add on the cou-
pler. Figure 37 shown the construction. To enhance the isolation, the strip
resonator on the ground between two monopole antenna is designed. The
method can decrease the relation between two antenna, and increase the
isolation. Finally, we consider the matching about MIMO antenna that is
composed by coupler and antenna. The complete MIMO antenna is shown

in Figure 39.
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Figure 33: The structure of quadrature hybrid coupler with port name

Figure 34: The structure of quadrature hybrid coupler in 2.4GHz
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Figure 35: The S-parameter of the quadrature hybrid coupler

Figure 36: Add monopole to the quadrature hybrid coupler
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Figure 37: Configuration that is without phase difference

Figure 38: The structure is added monopole from Figure 34
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Figure 39: The structure is to decouple the MIMO antenna

Figure 40: The structure is to match the S-parameter
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4.3 Stmulated and Measurement Result

The antenna was designed and simulated using Ansoft’s HF'SS full-
wave simulator. Figure 40 shows the relation about the MIMO antenna
construction of Figure 35. Because the phase of power to two antennas is
out of phase, it does not have good performance of MIMO performance.
In this research, good performance is like high isolation between two an-
tennas and omni-directional radiation pattern. So, we modify the path
from Figure 35 to Figure 37. It will have the same degree of phase to feed
two antennas. To reach inphase of the power, we construct the coupler to
Figure 36. For portl to port3 and portl to port4, we can find that the
difference of degree is 0°. Figure 42 shows the difference of degree. In other
words, they are inphase. Then, for-port2.to port3 and port2 to port4, we
can find that the difference of degree is about 180°. Figure 43 shows the
difference of degree. Because the period of electromagnetic wave length
is 180°, it is inphase.too. The Figure 38 is the method of being inphase
about two antennas. It has the relation about two antenna in Figure 41.
It can decrease the relation about 2dB from the value of the difference of
Figure 40 and Figure 41 in 2.4GHz. This.construction can also improve the
performance of the radiation pattern. Figure 44 shows the radiation pat-
tern of the construction of Figure 37. The radiation pattern become more
omni-directional after the construction is modified. Figure 45 shows the
radiation pattern. We can compare the radiation pattern between Figure
44 and Figure 45. The construction of Figure 37 can improve the radiation
pattern to omni-direction. So, we can demonstrate that the method can
improve the performance for MIMO antenna. To enhance the isolation,
we add the strip resonator on the ground between two antennas. The con-
struction is like as Figure 38. The isolation is shown in Figure 46 after
we add the strip resonator. We can find that the isolation is decreasing
about 3dB after the rod is added. The isolation is about -25dB in the Fig-
ure 46. It is effective to decrease the relation by adding the rod between

two antennas. Finally, we have to match the input impedance. In this
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research, the open stubs is used to match the input impedance. Figure 47
shows the input impedance before we use open stubs. It does not match in
the bandwidth that we design. So, we design the construction to solve the
problem. The construction is like as Figure 39. The input impedance is
shown in Figure 48 after open stubs is designed. The input impedance is
matched in the bandwidth that we design. It can reach less than -10dB in
the bandwidth that we want. Figure 39 is the final construction of MIMO
antenna. Figure 49 is the simulated S-parameter of the research for com-
plete MIMO antenna. Figure 50 is the measurement S-parameter of the
research for complete MIMO antenna. The simulated result is agreement
with the measurement result about S-parameter. The measurement radia-
tion pattern of the proposed MIMO antenna is shown in Figure 51. Figure
51 and Figure 52 displays the radiation pattern of the simulated and mea-
surement result. The environment of measurement result of Figure 51 is
the proposed MIMO antenna to be fed in port 1, and to be terminated in
port 2. Then the environment of measurement result of Figure 52 is the
proposed MIMO antenna to be fed in port 2, and to be terminated in port
1.
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Figure 41: The simulated S-parameter of the contribution of Figure 33
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Figure 42: The simulated relationship between two ports of Figure 35
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Figure 46: The radiation pattern for the structure of Figure39
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Figure 47: The simulated relationship between two ports of Figure 36
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Figure 48: The S-parameter before we add open stubs to match
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Figure 49: The S-parameter after we add open stubs to match

Return loss (dB)

2 2.2 24 2.6 2.8 3
Frequency (GHz)

Figure 50: The simulated S-parameter for the proposed MIMO antenna
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Figure 51: The measurement S-parameter for the proposed MIMO antenna
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Figure 53: The radiation pattern about simulated and measurement result
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4.4 Concluston

Here, we have presented the MIMO antenna. This structure is com-
posed by quadrature hybrid and monopole antenna. The quadrature hybrid
can offer high isolation by its property. For handset device, we have to have
omni-directional radiation pattern. So, the monopole antenna is selected.
Quadrature hybrid and monopole antenna can provide good performance
that we want in wireless communication. To enhance the isolation, we
add the strip resonator between two antennas. It can guide the energy of
antenna coupling each other to the ground. Hence, we have high isolation
MIMO antenna.

We know what high isolation is equal to high S/N. From Shannon
equation, high S/N can increase the channel capacity. So, the higher iso-

lation the better performance for MIMO antenna.
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Chapter5
Conclusion And Future Study

5.1 Conclusion and Summary

Here, we will summarize the conclusions of three topics. The first
topic, on-chip antenna, has been integrated in the MMIC or the RFIC.
It can provide specifications that we want. Like as radiaion pattern and
return loss. For radiation pattern, high F/B ratio is what we want to have.
Due to the proposed on-chip antenna be designed to avoid the radiation
pattern interfering with the back circuit, high F/B ratio is more important
obviously. So we select the construction of Yagi-Uda to implement the
effect.

Then, the second topie, a novel structure antenna for leaky-wave an-
tenna, we have reached performance of the wide frequency sacnning range
and the decreasing side lobe level. The proposed antenna of monopole at
the open end of the leaky wave antenna is the mainly design.

For the third topie, high isolation MIMO antenna, we have provided
the antenna of performance of high isolation about two antennas and the
omni-directional radiation pattern. T'he isolation can reach about -25dB.
It can increase the channel capacity and S/N ratio when the isolation of
two antennas is high. It can also cancel the effect of antenna array to reach
omni-directional radiation pattern for personal communication device in-
directly. The other antenna characteristic is omni-directional radiation
pattern. Because we have the proposed antenna to apply to personal com-

munication device, the omni-directional radiation pattern is designed.
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5.2 Future Study

In the future, there still have some topics we can reasearch. For the on-
chip antenna, the size decreasing, high radiation effeciency, and radiation
pattern that we require. For the second topic, leaky wave antenna, side lobe
level decreasing, frequency scanning region increasing, total size decreasing,
and operating frequency increasing. It will have many ways to design the
open end of the leaky wave antenna to enhance the performance. In our
research, the monopole is added to enhance the frequency scanning range.
We can use many ways to design the leaky wave antenna to reach not only
increasing frequency scanning range but decreasing the size of the proposed
antenna.

For MIMO antenna, increasing isolation between antennas is the most
important. The number. of antenna is. more than 2. So, decreasing the
relationship between antennas is more difficult. In MIMO antenna, the
decoupling device is the important component.. There are many ways to
design the decoulping device, and good designing not only decouple an-
tennas but match the impedance of every antenna. Decreasing the size
of the decoupling device'is another research. In the future, we can utilize
the decoupling devive to combinate radiated antennas to reach the perfor-
mance what we want. For instance, we want to generate circle polarization
MIMO antenna. we will design the circle polarization antennas and de-
coupling device to improve the antenna performance. It will be worthy to

research the combination of decoupling device and radiated antennas.
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