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Design of the Dual-Band Millimeter-Wave On-Chip Monopole Antenna, a Novel
Structure for the End-Fire Pattern Antenna and High Front-to-Back Ratio

Quasi-Yagi Antenna

Student: Jie-Huang Huang Advisor: Dr. Christina F. Jou

Department of Communication Engineering
College of Electrical and Computer Engineering

National Chiao Tung University

Abstract

This paper proposes two ‘designs of antennas. One is.the research of the on-chip
antenna, the other one is the topic ofithe"high front-to-back ratio quasi-Yagi antenna.

For the first topic, a 24,/ 60GHz dual-band millimeter-wave on-chip antenna is
presented here. We design the feeding network by using the coplanar waveguide
(CPW) structure. For the dual-band design, there are two major current paths to
radiate. To avoid the harmonic frequency band of the low frequency-band, we add two
strips to couple the harmonic frequency of the low frequency-band. Besides, the two
strips let the higher frequency-band performance better.

Then, the second topic, a novel structure for end-fire antenna, is introduced here.
By the reduce the ground plane, adding short-circuited with ground stubs and
choosing the appropriate position and the size of the connecting metal squares where
the antenna body and the short-circuited stubs are connected, we can obtain the
end-fire radiation pattern. And the front-to-back ratio of this design will increase as

well as the operating frequency is increasing.
I



And the third topic, a high front-to-back ratio quasi-Yagi antenna is
demonstrated here. The antenna consists of three parts which are the reflector, or
ground of the antenna, the driver, and the directors. It has three directors of this quasi
Yagi antenna to improve the antenna gain and the front-to-back ratio. Here, it is worth
to be noticeable that the positions of the dipole arms are not at the symmetric location.
The one extended from the ground plane is a few farther to the ground plane than the
one extended from the signal path for improving the performance. At last, we will
show the enhance type of the high gain and high front-to-back ratio quasi-Yagi

antenna.
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Chapter 1

Introduction

1.1 Motivation

Recently, there is much interest in 60-GHz band for wireless personal area
network (WPAN) application which is noticed in the short-range communications
because of its attenuation characteristic of atmospheric oxygen of 10-15 dB/km in a
bandwidth of about 8 GHz centered around 60 GHz [1] and [2]. Due to this reason, it
is very attractive to the short-range wireless communication systems design today [3].

On the other hand, the 24GHzdSM-band is;also worth to being notice because it
needs not licensed. Based onithe advantagesit can be a good solution for short-range
wireless communication [4] and [5].

Over the past few years, a number of résearchers have attempted to develop the
millimeter-wave CMOS RFICs and en-chip-antenna which have been studied [6]-[9].
The CMOS on-chip antennas haye been presented by Chuang ea al. in 2007 and 2008
[1] and [2]. Hence, there has lots of research of this topic and it will be an important
solution for integrated MMIC antenna.

For the second and third topics, a novel structure antenna for end-fire pattern and
the high front-to-back (F/B) ratio quasi-Yagi antenna are also good researches. With
the development of modern wireless communications, there are some cases such as
point-to-point communication systems require unidirectional radiation patterns. It is
well known from antenna theory that Yagi-Uda antenna is primarily used to achieve
end-fire radiation pattern by satisfying the special conditions or antenna array system
is also another solution for the same situation.

Recently, the end-fire pattern antenna [10] has become a major candidate for these

1



applications especially the quasi-Yagi antenna because of its several advantages
[11]-[19]. With the development of modern wireless communications, the end-fire
radiated antenna has become a significant research in many cases like point-to-point
communication systems which requires the unidirectional radiation patterns. The
reason is that the end-fire radiated antenna has several advantages such as high
directivity and low-cost, moreover, we can even obtain a high F/B ratio pattern which
is synonymous to high unidirectional characteristic by adjusting the configuration of
the antenna. Besides, it is worth noticing that the F/B ratio is an especially significant
parameter in the framework of the indoor communication applications. Because it
may crave to have antennas which propagate their signal primarily towards the
interior of a building not only_£or the security but also in order to avoid waste of

energy.



1.2 Organization

This dissertation has two research topics, which is organized as follows:

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

In chapter 2, we will present the on-chip antenna structure. And before that, we
will review some basic theories such as half-wave dipole, image theory, and
monopole. Then we begin to develop our first topic, or dual-band millimeter-wave
on-chip monopole antenna.

Next, in chapter 3, we will demonstrate a novel structure for the end-fire pattern
antenna. Firstly, we will introduce some antenna type whose radiation pattern is
end-fire. And then, we will showsthe results of this design.

Then, in chapter 4, the design of the high F/B ratio*quasi-Yagi antenna has been
presented. Here, we will review the theory of the Yagi-Uda antenna first. And then,
we will demonstrate our~study .of thehigh E/B ratio*quasi-Yagi antenna. After
introduction of the high F/B:ratio quasi-Yagi antennay; we will present the enhance
type high F/B ratio quasi-Yagi antenna.

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

future study.



Chapter 2
A 24/60GHz Dual-Band Millimeter-Wave On-Chip

Monopole Antenna

In this chapter, a 24 / 60GHz dual-band millimeter-wave on-chip antenna is
presented here. We design the feeding network by using the coplanar waveguide
(CPW) structure. For the dual-band design, there are two major current paths to
radiate. To avoid the harmonic frequency band of the low frequency-band, we add two
strips to couple the harmonic frequency,of the low frequency-band. Besides, the two
strips let the higher frequency:-band performance better. At this work, the simulator is
based 3-D full-wave EM solver, Ansoft HESS. Here, we will display the simulation

result of this design.

2.1 Basic Theory

2.1.1 Theory of the Coplanar'Waveguide (CPW) Structure

In recent years, the CPW structure, or the GSG for the single input or GSGSG
for the differential input, is very widely used in the feed structure of the MMIC or
RFIC system because of its several advantages.

A coplanar waveguide (CPW) fabricated on a dielectric substrate was first
demonstrated by C. P. Wen [20] in 1969. Since that time, tremendous progress has
been made in CPW based microwave integrated circuits (MICs) as well as monolithic
microwave integrated circuits (MMICs) [21]-[24]. A conventional CPW on a
dielectric substrate consists of a center strip conductor with semi-infinite ground

planes on either side shown in Fig. 2.1.



The CPW offers several advantages over conventional microstrip line:

The first is that it simplifies fabrication, which no any metal on the back side and
all the metal are on the same plane. That is to say it eliminates the need for
wraparound and via holes [25] and [26].

Second, a ground plane exists between any two adjacent lines so cross talk
effects between adjacent lines are very week [25] and the CPW has low dispersion
and hence offers the potential to construct wide band circuits and components.

Third, the characteristic impedance is determined by the ratio of the signal path
metal width s, or 2a in the figure, and the distance of the two ground plane s+2w, or
2b in the figure, shown in Fig. 2.2, so size reduction is possible without limit, the only
penalty being higher losses [27].

And the forth, it reduees radiation loss when delivering the signal by CPW
structure. So it is very appropriate to being the feed network of the antenna.

According these advantages. of .the' CPW.structure, hence we use the CPW
structure to being the feed structure of the on-chip antenna in this paper.

The characteristic impedance'is determined by the width of the signal line and
the width of the gap on either side, which the approximate formula is shown below

[26].

ZO

307 1 2.1)
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Where ¢ is the effective dielectric constant of the CPW structure. The approximate

formula of the effective dielectric constant can be written that



g, = 1+2‘9' (tanh(1.78510g(% )+1.75)+%(0.04—0.7k+0.01(1—0. l¢,)(0.25 + k)))
(2.2)
Where
S
k= S+2W 23)
k'=~N1-k (2.4)
K(k) r 1
e e, for 0<k<
K (k") 1n(2-1+*/F) or 0= </J5
1-Jk' (2.5)

Kk 1 |
S G T LR <k<l
Kk 7 o //5

If the thick of the substrate é 3 effective dielectric constant

can be written as

(2.6)



Metal : Ground

Metal : Signal

Metal : Ground

(a)

Fig. 2.1 The conventional structure (a) 3D structure and

Fig. 2.2 The design parameters of the conventional CPW structure[28]



2.1.2 Theory of Half-Wave Dipole Antenna[29]-[31]

In dipole antenna, the very widely used antenna is the half-wave dipole antenna
whose structure is shown in Fig. 2.3(a). It is a linear current whose amplitude varies
as one-half of a sine wave with the maximum at the center of the half-wave dipole
antenna and the current distribution is shown in Fig. 2.3(a). And then the radiation
pattern is shown in Fig. 2.3(b). The current distribution is placed along the z-axis and
for the half-sine wave current on the half-wave dipole, the current distribution can be

written as

A
)1 E SZ (2.7)

I(z)=1,sin[ ﬂ(% ~|z

Where p=27/A, 4 is the wavelength of the opérating frequency of the antenna.

F(0)

1(z)

(a) (b)
Fig. 2.3 The half-wave dipole

(a) Current distribution /(z) and (b) Far-field radiation pattern F(6)



This current will have the maximum value 7, at the center (z =0) and will be
zero at the ends (z = i%). According to the current distribution, the far-field radiation

pattern can be calculated as

el cos(%cos@)
E, = jn-= 2.8
o=/ 2xr sin @ 28)
[ P cos(%cos@)
H, =;-= 2.9
+=J 2xr sin @ @9)
E,=H,=0 (2.10)

The definition of the ficld pattern function, F(0)=g(6)/(6), then the complete

(normalized) far-field pattetn of the half-wave dipole antenna is

half -wave dipole (2.11)

And then we define the antenna directivity, D, which defines as that:

D=t (2.12)

Pra%
4r

In theory, the input power can be radiated totally by antenna. In practical, the
antenna has the loss, however, the radiated power will less than the input power.

Because of this reason, we define the antenna radiation efficiency, #,, and the antenna
9



gain, G, which are defined as

7, = %1"
Note that

0<n <1
And the antenna gain is

G=nxD

Since gain is a power ratie-it can be calculated in decibels as follows

G, =10logG

D, =10log D

(2.13)

(2.14)

(2.15)

(2.16)

(2.17)

Gain relative to a half-wave dipole carries the units of dBd. And the unit dBi is

often used instead of dB to emphasize that an isotropic antenna is the reference. The

relation between the dBi and the dBd is:

dBi=dBd +2.15

(2.18)

According to the antenna parameters mentioned above, we can know that the

radiation efficiency is the higher the better. That is to say the input power can radiate

10



by antenna almost and then the antenna gain will be higher.

2.1.3 Theory of the Image Theory[29]-[31]

Consider an ideal dipole near a perfect ground plane and oriented perpendicular
to the ground plane shown in Fig. 2.4. The uniqueness of the solution to a differential
equation (wave equation) plus its boundary conditions introduces an equivalent
system that is different below the ground plane (GG’). However, it satisfies the same
boundary conditions on the ground plane (GG’) and has the same sources above the
plane. Using this equivalent model, the solution will be different for the initial
problem which below the plane. However, we can find the same solution for the
problem above the ground plane and satisfies the boundary conditions. As a result, the

image for this case is equidistant:below the image plane and the same direction.

']* ?MA: "* ?!ﬂ.;

d d

G

o=x d

(a) (b)
Fig. 2.4 Ideal dipole above and perpendicular to a perfectly conducting ground
plane

(a) Physical model and (b) Equivalent model using image theory

An ideal dipole oriented parallel to a perfect ground plane has an image that

again is equidistant below the image plane. However, the direction is oppositely as

shown in Fig. 2.5.

11



— Az T — [Az

d d

G | G = — — —l —————— G
[

o= d
\\' - Az
(a) (b)

Fig. 2.5 Ideal dipole above and parallel to a perfectly ground plane

(a) Physical model and (b) Equivalent model using image theory

The image of a current element oriented in any direction with respect to a perfect
ground plane can be calculated by decomposing the element into perpendicular and
parallel components, shaping the images'of the’components, and constructing the

image from these image components as shown inFig. 2:6.

I’ \ Az T K fAz

G l R ¢ T — —l —————— G

=0 d

(a) (b)

Fig. 2.6 Ideal dipole above and obliquely oriented relative to a perfectly ground
plane

(a) Physical model and (b) Equivalent model using image theory

2.1.4 Theory of the Monopole[29]-[31]
A monopole is a dipole that has been divided in half at its center feed point and
fed against a ground plane shown in Fig. 2.7. According to the image theory, if the

current distribution over the monopole antenna is equal to the dipole then the electric

12



field of the monopole and the dipole will be the same. However, the image current of
the monopole is generated by the ground metal. Hence, the length of the monopole is

one-quarter wavelength, which is half of the dipole.

o

Fig. 2.7 Monopole antenna over perfect ground plane with their image (dashed)

The current and chargeston a monopele-are-the same as on the upper half of its
dipole counterpart, but the terminal voltage is only half that of the dipole. The input

impedance for a monopole-is half of its dipele counterpart;or

1

P P L Lo
7 _ _Amono _ 2" Adipole :lZ (219)

A,mono 2 A,dipole

A,mono [A,d[pole

Where Z mono 18 the input impedance of the monopole and Z iy 1s for dipole.

Therefore, the radiation resistance of the monopole can be written as:

1P,
R _ Pmono — 2 * dipole — lR (220)

7,mono 2 2 r,dipole
17 2
2 |* A,dipole

2 ‘ A,mono

Where R,.mono 15 the radiation resistance of the monopole and R, 40z 15 for dipole.

The radiation pattern of the monopole above a perfect ground plane is the same

13



as a dipole. However, a monopole fed against a perfect ground plane radiates one-half
the total power of a similar dipole in free space. Because of the reason, it is leading to
a doubling of the directivity:

4 4

D = = =2D 2.21)

mono Q 1 Q - dipole
A,mono 2 A,dipole

Where D010 1s the directivity and Dy 1s for dipole.
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2.2 Design of the 24 / 60 GHz Dual-Band Millimeter-Wave On-Chip Monopole

Antenna

The structure of the proposed dual-band millimeter-wave on-chip CMOS
antenna is shown in Fig. 2.8 and the layout photo of the on-chip antenna is shown in
Fig. 2.9. The used process of this on-chip antenna is TSMC 0.13 CMOS process. The
CPW line structure is adopted for feeding network of this antenna [1] and [2]. The
structure consists of three parts: longer path monopole antenna, shorter path monopole
antenna, and two stubs at the middle.

The longer current path which is near a loop and about quarter wavelength of the
lower operating frequency operdtes at low frequency band. On the contrary, the
shorter current path which®is on-therright side of this antenna and approximated
quarter wavelength of the higher operating frequency works at high frequency band.

Here, the wavelength \is the! effective wavelength of the lower or higher
frequency calculated by the effective dielectric constant:of the substrate [32] and [33].
Besides, it is important that the distance of the CPW gap, g =48 um, and the distance,
d = 40 pum, between the radiator and the ground metal of the CPW structure are the
key factors of the matching feeding and the return loss [34].

The two strips in the middle of the antenna structure are designed by L; = 335
um, W =30 um, and the gap between the two stubs, s = 20 um. The feeding line is

designed by = 80 um. The on-chip antenna size is about 0.76 x 1.045 mm®.
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(a) (b)
Fig. 2.8 Configuration of the dual-band millimeter-wave on-chip antenna:

(a) The Geometry and (b) The 3D structure

Fig. 2.9 The layout photo of the on-chip antenna
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2.3 Simulation Results

The current distribution of the on-chip antenna is shown in Fig. 2.10 for
operating at 24GHz and 60GHz respectively. When operating at lower band (24GHz),
the main current distributes over the longer path of the on-chip antenna shown in Fig.
2.10(a). And for higher band (60GHz), the main current distributes over the shorter
path of the on-chip antenna shown in Fig. 2.10(b)

Fig. 2.11 shows the simulated input return loss of the antenna. At 24GHz band,
the minimum of input return loss is about 15dB and the bandwidth is about 180MHz.
For the higher operating frequency band, 60GHz, the minimum of input return loss is
about 38dB and the bandwidth is also about 700MHz.

For the radiation pattern at.the lower operating frequency band shown in Fig.
2.12, the XY-plane approximates an-emni-directional pattern and the gain is about
-9dB. At this band, we can.expect the pattern result by the.current distribution that this
antenna acts as a CPW menopole antenina. That.is to say; the pattern of this antenna
seems like the monopole antenna.

For higher operating frequency band; the radiation pattern shown in Fig. 2.13 has
higher directivity so that the gain is about 1dB. We can see in Fig. 2.10(b) that there
have two major current paths. So the pattern of this band has higher directivity. The

simulated result summary is shown in Table 2.1

Table 2.1 simulated result summary

Simulated results 24 GHz band 60 GHz band
Bandwidth 180 MHz ; 0.75% 700 MHz; 1.67%
Max. gain in XY-plane -9dB 1 dB

Chip size 0.76 x 1.045 mm®
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Fig. 2.11
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(c)
Fig. 2.12 The radiation pattern at 24 GHz

(a) The XY-plane, (b) The XZ-plane and (c) The YZ-plane
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180 (b)

Fig. 2.13 The radiation pattern at 60 GHz

(a) The XY-plane, (b) The XZ-plane and (c) The YZ-plane
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2.4 Conclusion

A 24 / 60 GHz dual-band millimeter-wave CPW-fed on-chip antenna is presented
not only for a 24 GHz ISM-band application but also for 60 GHz WPAN CMOS
on-chip antenna application. This on-chip CMOS antenna is fabricated with a
0.13-um standard CMOS process. The whole on-chip antenna size is about 0.76 X
1.045 mm”. The bandwidth of the lower band is about 0.75% and about 1.67% for
higher band. The radiation pattern of the lower band approximates an
omni-directional at the XY-plane and the gain is about -9 dB. For the higher band, the

radiation pattern has higher directivity so the maximum gain is about 1 dB.
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Chapter 3

A Novel Structure for the End-Fire Pattern Antenna

In recent years, there several antenna configurations which can provide the
end-fire pattern have been proposed such as Yagi-Uda antenna [11]-[19],
traveling-wave long wire antenna [35]-[36] and antenna array systems [37]-[38].
However, traditional end-fire radiated antenna is middle gain antenna and is not
suitable for a radar system. In addition, most traditional end-fire antenna arrays are
along z or x axes direction, which will has excellent directivity but the cross aperture
figure will be limited in some speeial ‘application. Therefore, it is very necessary to
develop a new structure which is locatedsalong the end-fire direction, or y-axis.

In this chapter, we demonstrated a new configuration of the end-fire radiated
antenna based on the leaky-wave antenna structure whichrhas the frequency scanning
characteristics that will radiate to near end-fire direction at high frequencies [39]-[42].
The proposed structure is composed-of the conventional open end leaky-wave antenna
with reducing ground plane and the adding short-circuited stubs and the connecting
metal squares. According to the measured results, the impedance bandwidth is about
2.1GHz from 3GHz to 5.1GHz of 10-dB. The antenna peak gain we obtained is about
5.4dBi in the end-fire direction. Furthermore, the F/B ratio of this design is better than
30dB and the measurement results show that the F/B ratio is increased while the

operating frequency is increased.

3.1 Some end-fire antenna structures
There are some type antennas which can obtain the end-fire radiation pattern

such as Yagi-Uda antenna shown in Fig. 3.1[43], traveling-wave long wire antenna
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shown in Fig. 3.2[44] and the antenna array systems shown in Fig. 3.3[45]. All of
these antennas, the main operating mode is based on the array theory. Like the
antenna array, the Yagi-Uda antenna structure is similar to the array but it only excides
one element. For the traveling-wave long wire antenna, the current distribution of the
antenna is also like the array systems.

According to the mention above, we know that the main design idea is the
antenna array theory if we want design end-fire pattern antenna. In the array theory,
there are many factors will affect the radiation pattern, like the distance between the
each element or the excided power of each element. That is to say, we can change

these factors to design the end-fire antenna.
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Fig. 3.1 Yagi-Uda antenna[43]

Fig. 3.2 Traveling-wave long wire antennaf44]
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Fig. 3.3 Antenna array system[45]
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3.2 The Antenna Design

Figure 3.4 shows the structure of the proposed antenna which has three parts: a)
conventional open end leaky-wave antenna structure with reducing ground plane, b)
adding the stubs which are connected to the ground plane and c) adding the
connecting metal squares which connect the antenna body and the short-circuited
stubs. These configurations are fabricated on the substrate, or FR-4, with a dielectric
constant of & = 4.4 and a thickness of # = 1.6mm. This research adopts an
asymmetrical feed line to excite the proposed antenna which is similar to leaky-wave
antenna. Detailed dimensions are listed in Table 3.1. Figure 3.4(a) shows the structure
of the convention open end leaky-wave antenna of which the length L is 50mm, the
width W is 15mm and the ground plane on the back side of the substrate is 45mm x
10mm.

In Fig. 3.4(b), it shows the design which we add the short-circuited stubs in order
to improve the antenna gain and the impedance bandwidth. The stubs can be divided
into three parts. The first stub connects to the ground plane and the distance, g,
between this stub and the feed line is 3mm: The second stub is a vertical one which is
connecting to the first stub and with the gap, g, = Imm, between this stub and the
antenna body. The third stub is parallel to the bottom side of the antenna body with
the gap gz = 0.5mm and it connects to the second one. Since these stubs are
short-circuited by the first stub and the gap distance between the antenna body and the
third stub is very slight, it will cause that most of the current will distribute on the
edges of the gap. For all the stubs, the width W, of them are equal to Imm and the
length L;; of the first stub is 14mm, the second one, or Ly, is 11.5mm and the third
one, or Lz, 1S 52mm.

Figure 3.4(c) shows the configuration in which we add the connecting metal

squares that connect the antenna body and the short-circuited stubs. The size of all of
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the connecting metal squares is 0.5mm % 0.5mm. Here, the position and the size of the
metal squares which are connecting the antenna body and the short-circuited stubs act
extremely critical roles of this design. They not only match the impedance bandwidth
but also affect the antenna gain and F/B ratio since the connecting metal squares will
cause that the main current will be directed to the connecting metal squares between
the short-circuited stubs and antenna body. That is to say, comparing configuration (b)
and configuration (c), the current distribution changes from that most of the current
flows on the edges of the gap to that most of current distributes at the connecting

metal squares points.

Table 3.1 Dimension-of the proposed antenna structure

L 50 mm Lsi 14 mm 53 1 mm
w 15-mm Lo 115 mm 23 0.5 mm
W, 10"'mm La 52 mim I, 8 mm
Wi 1 mm g 3 mm
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(a)

0.5x0.5 mm®

(c)
Fig. 3.4. Configuration of the proposed antenna,

(a) conventional open end leaky-wave antenna with reducing ground plane.

(b) Adding the stubs which are connected to the ground plane.

(c) Adding the connecting metal squares which connect the antenna body and the

short-circuited stubs
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3.3 Simulation and Measurement Results

In our study, for the original configuration which is similar to the conventional
open end leaky wave antenna but the ground plane is reduced as shown in Fig. 3.4(a),
we can see the current distribution in Fig. 3.5(a) which demonstrates that most of the
current distributes at the bottom side of the antenna body and the current flows along
the y-axis. Meanwhile, the length of antenna body is about a wavelength for the
operating frequencies so the wave will travel on antenna body but there still has slight
current which distributes on the center of the antenna body. Based on the current
distribution mentioned above, the radiation pattern of this configuration will be near
to the end-fire pattern in yz-plane, however, the F/B ratio is extremely disappointing
and the antenna gain is dissatisfied because of low gain in its operating frequencies. In
order to improve the antenna gain andjF/B ratio, we first proposed the solution which
is adding short-circuited stubs to couple the current and the fields to achieve our
purpose shown in Fig. 3.4(b). However,.in spite-of the improvement of gain and F/B
ratio, the operating band 18 not ‘greatly perfect.: To ameliorate the impedance
bandwidth, we add two metal squares to connect'the short-circuited stubs and antenna
body for improving the bandwidth displayed in Fig. 3.4(c). Consequently, the
impedance bandwidth has been promoted and the antenna gain and F/B ratio has also
been enhanced. The detail description for these configurations will be in following
subsections.

3.3.1 Adding short-circuited stubs

Figure 3.5(b) demonstrates the current distribution of the adding short-circuited
stubs configuration which we can know that the current will distribute on the two
sides of the gap between antenna body and stubs below the antenna mostly. As a result
of the strong coupling effect, the magnitude of the current of this configuration is

greatly stronger comparing to the first configuration. Because most of the current is
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concentrated on two sides of the gap, the antenna gain and F/B ratio are attained
improvement effectively, see Fig. 3.6(b). Here, the distance of the gap is the major
relevant factor which affects the current distribution and therefore we choose the gap
as 0.5mm by optimized. However, the impedance bandwidth of this configuration is
dissatisfied because the return loss has inversed peak where the return loss is worse
than 10-dB. For this structure, the maximum antenna gain is only 3.4 dBi and the
maximum F/B ratio is just 12 dB, see Fig. 3.6(b). Owing to the imperfect performance,
we present an improvement solution which is adding the metal squares connecting the
antenna body and the short-circuited stubs at the particular positions.

3.3.2 Adding connecting metal squares

To improve the impedance, bandwidth, we add the small size metal squares
connecting the antenna body: and jthe short-circuited stubs. For this configuration, the
size and the position of.theé connecting metal squares will affect not only the
impedance bandwidth but-also antenna.gain and F/B ratio. Figure 3.5(c) shows the
current distribution of this structuretand we can see that the main current will flow
near the connecting metal squares"which produce the end-fire pattern and improve the
F/B ratio, see Fig. 3.6(c) and 3.6(d). The discrepancies between the simulation and the
measurement results may occur because of the SMA connector and the copper metal
which is connecting the stubs and the ground plane on the backside of the substrate.
Since the grounded of the short-circuited stub is imperfect and the solder of SMA
connector will cause the mismatch for the signal. In this configuration the maximum
antenna gain is about 5.4dBi and the maximum F/B ratio is about 31dB at 5GHz. In
Fig. 3.7, the 10-dB impedance bandwidth is about 2.1GHz which is from 3GHz to
5.1GHz. Furthermore, the measurement results show that the F/B ratio is increased

while the operating frequency is increased shown in Fig. 3.8.
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Fig. 3.5 The current distribution of the configuration

(a) Conventional open end leaky-wave antenna with reducing ground plane.

(b) Adding the stubs which are connected to the ground plane.

(c) Adding the connecting metal squares which connect the antenna body and the

short-circuited stubs
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(b)

180
Measured

Simualtion (d)

Fig. 3.6 The simulation normalized radiation pattern at its operating frequencies of the

configuration

(a) Conventional open end leaky-wave antenna with reducing ground plane.

(b) Adding the stubs which are connected to the ground plane.

(c) Adding the connecting metal squares which connect the antenna body and the

short-circuited stubs.

(d) Comparing the simulation and measured results of configuration (c) at SGHz
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Fig. 3.7. The simulation and measured return-loss. of the:configuration (c) of proposed

antenna
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Fig. 3.8. The measurement F/B ratio of the configuration (c¢) of proposed antenna
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3.4 Conclusion

A novel structure of the end-fire radiated antenna is present in this chapter. The
impedance bandwidth of this antenna is about 51.8% at the center frequency of
4.05GHz for 10-dB return loss. The measurement peak antenna gain is about 5.4dBi.
The F/B ratio of the proposed antenna configuration is increased while the operating
frequency increased. The maximum F/B ratio is about 31dB at 5GHz. This proposed
antenna structure is suitable for the many applications which require unidirectional
radiation pattern such as traffic control, collision avoidance system, radiolocation, etc.

and has great potential for applications in the future.
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Chapter 4
High Front-to-Back Ratio Quasi-Yagi Antenna

In recent years, the quasi-Yagi antenna has become a major candidate for many
applications because of its several advantages such as the good radiation performance.
In this chapter, we will demonstrate the of the high front-to-back (F/B) ratio
quasi-Yagi antenna whose the F/B ratio has been improved. We use the microstrip-fed
structure of this quasi-Yagi antenna and adjust the position of the dipole arms, or the
driver element, to improve the performance. And then, we will display the simulated

and the measured results of this design.

4.1 Theory of Yagi-Uda Antenna [29]-[31}

The first research done on the Yagi-Uda antenna was-performed by Shintaro Uda
in 1926 and was published in Japanese in. 1926 and 1927. The work of Uda was
reviewed an article written in English by Uda’s professor, H. Yagi, in 1928. [46]

The basic unit of a Yagi antenna has three elements: driver, reflector, and director.
We can see the reflectors and the directors as the parasites of the array. When the
parasitic element is put closely to the driver element, it is excited by the driver
element with approximately equal amplitude and opposite in phase. According to the
array theory, we can know that two closely spaced, equal amplitude, and opposite

phase elements will have an end-fire pattern as shown in Fig. 4.1.
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(a) (b)
Fig. 4.1 A two-element array of half-wave dipoles, one driver and the other parasite.

(a) Array configuration and (b) computed results of the H-plane pattern

However, the Yagi is revealed by the lengtheningsthe parasite and then the dual
endfire beam will change to a single endfire beam shown as in Fig. 4.2. Such a
parasite element which issa few longer.than the driver element is called a reflector

because it appears to reflect radiation from the driver.

X
y
(a) (b)

Fig. 4.2 Two-element Yagi-Uda antenna consisting of a driver and a reflector

(a) Array configuration and (b) computed results of the H-plane pattern
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If the parasite is shorter than the driver element, however, it placed on the other
side of the driver, the radiation pattern is similar to that when using the reflector in the
sense that the main beam will enhance in the same direction. So the parasite is called
as a director because it appears to direct radiation in the direction from the driver to
toward the director. Fig. 4.3(a) shows the parasitic array structure and the pattern of

the structure which has a driver and a director is shown in Fig. 4.3(b).

| |
[N]
L ]

(a) (b)
Fig. 4.3 Two-element Yagi-Uda antenna consisting of a driver and a director

(a) Array configuration and (b) computed results of the H-plane pattern

According to the theory mentioned above, it suggests that we could enhance the
antenna performance with a reflector and directors on the opposite sides of a diver. A
general Yagi configuration which has a reflector, a driver, and several directors is
shown in Fig. 4.4.

There are several design parameters of the Yagi antenna, such as the
director-to-director, director-to driver, and driver-to-reflector spacing, and the number
of the directors, which can improve the antenna gain, directivity, and front-to-back

ratio.
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(c)
Fig. 4.4 Five-element Yagi-Uda antenna which has a driver, a reflector and three
directors
(a) Array configuration,

(b) Computed results of the H-plane pattern and

(c) Computed results of the E-plane pattern



4.2 Design of the High F/BRatio Quasi-Yagi Antenna

The proposed antenna is printed on an FR4 substrate of the dielectric constant of
4.4, the conductor loss (tan 6 ) of 0.02, and the thickness of 1.6 mm. The structure of
the antenna is shown in Fig. 4.5.

The antenna consists of three parts which are the reflector, or ground of the
antenna, the driver, and the directors. For this design, it is called as quasi Yagi antenna
whose radiation pattern is similar to the Yagi antenna, however, the structure of these
two antennas are a little different.

Because the driver of the Yagi antenna is the half-wave dipole which needs
differential excited, hence, we use the ground plane and the signal path to be the
differential feed for this design411]-[19]. That is to say, one of the dipole arms is
extended from the ground plane of the microstrip structure and the other one is from
the signal path as shown in.Fig. 4.5.

It has three directors-of'this quasi‘¥Yagi antenna to improve the antenna gain and
the F/B ratio [19]. Here, it is worth'to be noticeable that the positions of the dipole
arms are not at the symmetric location. The one extended from the ground plane is a
few farther to the ground plane than the one extended from the signal path as shown
in Fig. 4.6.

The antenna dimensional parameters values are as follows: W=40mm, L=20mm,
Ws=3mm, Li=8 mm, L,=13 mm, Wg; =3 mm, Lg; = 14 mm, Wg;; = 3 mm, Lg;; =

14 mm and d = 1 mm. The total size is 60 x 40 mmZ.
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Fig. 4.5 Antenna geometry and parameters

(a)3D structure, (b) top layer and (c) bottom layer
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4.3 Simulation and Measurement Results for High F/B Ratio Quasi-Yagi Antenna

The return loss is computed using Ansoft HFSS [47] and measured using an
8510C vector network analyzer and is shown in Fig. 4.7. There are some small
discrepancies between the simulated results and the measured results, which may
occur due to the effect the SMA connector and fabrication imperfections. Both the
simulation and the measurements show that the antenna operates over the range which
extends from 3.9 GHz to 5.9 GHz with the impedance bandwidth of approximately
41% for this dipole arms quasi-Yagi antenna.

The simulated and the measured radiation patterns at the operating band center
frequency, or 4.9 GHz, are shown in Fig. 4.8. The antenna has the 3-dB beamwidth
that ranges from 142° to 214 ° inythe XY-plane, or E-plane, and from 213 ° to 332° in
the XZ-plane, or the H-plané:

Fig. 4.9 shows the measurement frequency dependence of the F/B ratio, which

always exceeds the level of 20 dB. The'measured.antenna‘gain has an average value

of 4 dBi.
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Fig. 4.7 Computed and measured retunn-ess of the antenna
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Fig. 4.8 Simulated and measured XY-plane radiation pattern at 4.9 GHz
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Fig. 4.9 Measured front-to-back ratio versus frequency
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4.4 Design of the Enhance Type High F/B Ratio Quasi-Yagi Antenna

In order to increasing the F/B ratio, we proposed the enhance type antenna in
which we added some directors and we adjusted the ground plane, or the reflector of
this design. The antenna is also printed on an FR4 substrate of the dielectric constant
of 4.4, the conductor loss (tan § ) of 0.02, and the thickness of 1.6 mm.

The difference between the prototype and the enhance type are the directors and
the ground which is also the reflector of the antenna. The antenna gain will be higher
if the mount of directors in more. Because of this reason, the enhance type one has
eight directors totally, four of them are on the top layer and the other is on the
backside of the substrate. For the ground plane, the right side is not symmetric to the
left side. The structure of the antenna is shown in Fig. 4.10.

The antenna dimensional parameters values are as follows: W=40 mm, L, =20
mm, L, =22 mm, L3 = 10 mm, Ly =8 mm, L5=13 mm, Ls =31 mm, L; =16 mm, d
=3 mm, d; = 1 mm, Lg; =14 mm, Ly =12 mm, Ls; = 10 mm, Ly, = 8 mm. The total

size is 60 x 40 mm?>.
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(b)
Fig. 4.10 Antenna geometry and parameters

(a)3D structure, (b) top layer and (c¢) bottom layer
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4.5 Simulation and Measurement Results for Enhance Type High F/B Ratio

Quasi-Yagi Antenna

Fig. 4.11 shows that the measurement and the simulation return loss of the
enhance type antenna. There are some discrepancies between the simulated results
and the measured results, which may occur due to the effect the SMA connector and
fabrication imperfections. Both the simulation and the measurements show that the
antenna operates over the range which extends from 3.7 GHz to 6.5 GHz with the
impedance bandwidth of approximately 55%.

The simulated and the measured radiation patterns at 5.5 GHz are shown in Fig.
4.12. The measured peak antenna gain is about 8.2 dBi. From the Fig. 4.12, we can
see that the radiation pattern is the end-fire.

Fig. 4.13 shows the méasurement frequency dependence of the F/B ratio, which

exceeds 30dB even 40dB in the middle operating band.
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Fig. 4.12 Simulated and measured XY-plane radiation pattern at 5.5 GHz
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4.6 Conclusion

Here, a high F/B ratio quasi-Yagi antenna is designed and tested. This structure
provides 41% impedance bandwidth (from 3.9 GHz to 5.9 GHz) which is better than
the conventional symmetric position quasi-Yagi antenna. Meanwhile, it shows good
radiation characteristics and can provide the average value of the antenna gain about 4
dBi. In the operating band, the F/B ratio always exceeds the level of 20 dB which
achieves the purpose that is improving the unidirectional radiation pattern.

For the enhance type, the bandwidth is about 55% (from 3.7 GHz to 6.5 GHz).
And its peak antenna gain can reach about 8.2 dBi. In the middle of operating band,
the F/B ratio exceeds the level of 30 dB even 40dB which achieves the purpose that is

improving the unidirectional radiation pattern better:
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Chapter 5

Conclusion and Future Study

5.1 Conclusion and Summary

Here, we will summarize the conclusions of these two different topics. The first
topic, on-chip antenna, has been integrated in the MMIC or the RFIC. It can provide
the antenna radiation characteristics such as return loss, antenna gain, and radiation
pattern. Moreover, because of the feed structure which is the CPW structure, it needs
not the back metal process. So the implement has become more easily. In this design,
it also shows the dual-band characteristics.

Then, the second topicia novel structure antenna for end-fire antenna, we have
demonstrated that the radiation pattern is the end-fire. Adso, it has wide impedance
bandwidth. And there is shown that the'F/B ratio will increase while the operating
frequency is increasing.

For the third topic, high F/B ratio, quasi-Yagi antenna, we have shown that it can
provide wide bandwidth and good radiation performance. And it always exceeds the
level of 20 dB for the F/B ratio, which improves the unidirectional radiation
characteristics. Here, in our design, the antenna can provide the gain about 4 dBi and
the average F/B ratio is about 26 dB. And the enhance type, it also can provide wide
bandwidth and good radiation performance which improves the unidirectional
radiation characteristics better. The F/B ratio can exceed 30dB even 40dB in the

middle of the operating band. The peak antenna gain can provide about 8.2 dBi.

51



5.2 Future Study

In the Future, there still have some topics we can research. For the on-chip
antenna, how to increase the antenna gain, radiation efficiency, and how to design the
antenna structure that can satisfy the IC design rule while the radiation pattern is we
expected such topics are good researches. Another topic is that how to decrease the
operating frequency band under the limit of the IC size condition.

Mentioning to the second topic, how to reduce the total size is one of the
challenge need to be solved. And how to improve the bandwidth, antenna gain are
also good researches.

For the quasi-Yagi antenna, how to improve the radiation performance is a good
further research. Besides, enlarging the bandwidth, enhancing the antenna gain or

increasing the directivity aréalso worthy to be studied.
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