e~ FRGEA T e ] MR U T

PO RV B R desh ] & Al o

Design of Compact Mushroom Structure with Lumped Elements

to Improve the Performance of Small Antennas

By EEa (Po-Cheng Tsali)

to 4t T £ 58 £ L (Dr. Malcolm Ng Mou Kehn)

A~ N = 102 # 8 * 30 F



Wit r BN A e ] (R Rt R
S S ST NI g e

Design of Compact Mushroom Structure with Lumped Elements
to Improve the Performance of Small Antennas

Rt

242 Student : Po-Cheng Tsai
PR T O s 2 Advisor : Malcolm Ng Mou Kehn
Bl * ¥
e 1 A2
oL w2
A Thesis

Submitted to Institute of Computer and Information Science
College of Electrical Engineering and Computer Science
National.Chiao Tung University
in partial Fulfillment of the Requirements
for the Degree of Master
in
Communication Engineering

August 2013

Hsinchu, Taiwan, Republic of China

PEAR- O & A



Wit » B A T RGBT R RS R

g3 s FEe gL

4

=
|4
«k
(A.
A
%
=3
o

s 1 ARFT Y ATAR L TT

# £

gt ¢ o BN E R g o 3 R SR 3 ) e
Bk S Flt A R F A R S R ] 1 R
ﬁ%%??wﬁmm%*\w%%&ﬁ'%ﬁ%wwﬁu )
ARG IER L RN LS S 2R T 5
(758 SRIEAR AR 1 @ﬁgﬁmﬁu KigfE 4 - tA L4 L35
ﬁiﬁiﬁﬁﬁ%ﬁs:%w%agﬁﬂﬁﬁiﬁﬁ%ﬁﬁéi&@
HAR ] 0 e E A ) PP R e RARK P O APRLZE
TR P RARSH R - AT S AR R A AT 2 2 D
BB EE R - B A AT T R 2 8T TR I e
b B 2 A AT F kAT B2 R A R SRR
BRRBERH o %= AR Ek unixwgﬁ@,w%guuﬁaﬁ

*m?ﬁi%ﬁiﬁkﬁﬁ»w+ﬂﬁ%%ﬁ peeb iR g L3RR
N AR IPETIRUEAFES =+ ﬁ%k“%ﬁ H e iTap 5 32
g et R OT B Y % R ] 1 R R 5
R AR ST A R o



Design of Compact Mushroom Structure with Lumped Elements

to Improve the Performance of Small Antennas

student : Po-Cheng Tsai Advisors : Dr. Malcolm Ng Mou Kehn

Institute of Communications Engineering
National Chiao Tung University

ABSTRACT

In Thesis, the new type of compact-mushroom structure had been
proposed. The original equivalent circuit transmission line model tells
that the electromagnetic bandgap (EBG) range can be affected by its
equivalent capacitor and inductor. So-this thesis propose the simple way
to shift down the EBG range by inserting lunped element, instead of
complex design, such as interdigital capacitor and meander line. Also we
use three methods to analyze the compact mushroom structure, dispersion
diagram, S-parameters measurement, and modified equivalent circuit
model. Three of them have different advantage for analyzing. Dispersion
diagram provides the complete analysis for compact mushroom structures,
S-parameter measurement is the only way to observe the effects of EBG
practically, and modified equivalent circuit model have the quicker way
to find out the bandgap range. In addition, patch antenna and CRLH small
antenna are designed to combine with compact mushroom structure, to
prove that the radiation efficiency of both antenna can be improved by
compact mushroom structure.
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Chapter 1 Introduction

A new type of electromagnetic structure commonly referred to as the mushroom
surface had been developed in 1999, lending itself to new methods to improve the
performance of antennas. As long as the inserted structures, called cells, are very small
compared to the propagating wavelength, they can create a macroscopic effect on the
electromagnetic wave as they pass through the new medium [1]. Those effects can be
called high impedance surface (HIS) or electromagnetic bandgap (EBG) properties.
While a conductive surface is-a good reflector, it has the unfortunate property of
reversing the phase of the reflected wave [2]. The flat metal sheet produces the reverse
phase shift when the distance gets-smaller than 3 /4 between antenna and ground, and
it will reflect the destructive interference wave to reduce the radiation wave by the
antenna. The HIS is_the method to solve this problem in antenna design. Another
property of the structure is that it can produce an-electromagnetic bandgap over a
certain frequency range. It'means that no surface waves can propagate in this band.
Over the years of antenna developments, the patch antenna has become an important
application in antenna engineering. Inevitably, the patch antenna always excites the
surface wave propagating between the air and substrate; it will become a multipath
interference that reduces the performance. The EBG structure is the way to solve this
problem, as long as the resonant frequency operates within the bandgap, the surface
wave will be suppressed. In recent years, antenna developments are focused on
miniaturization, such as using meander lines, interdigital capacitors, shorting pins, and
lumped elements etc. But the antenna size and its performance are strongly linked

together [3]. So we take advantage of the EBG structure to improve the antenna’s



performance [4] and [5]. In the meantime, the ground plane size comprising the EBG
structure is usually ignored. But the size of the EBG structure is larger than the small
antenna. The antenna, including the ground plane, is thus no longer miniaturized.

For those reasons, we focus on how to reduce the electrical size of the EBG structure to
realize the truly compact, small, but yet still good-performing antenna with EBG
structure, without the facade of a large ground plane excluded from the total size. The
size of the EBG structure is dependent on the frequency range of the bandgap, so if the
bandgap can be shifted down to lower frequencies in the spectrum, we will have a
compact EBG structure. In this thesis, we propose an idea of utilizing lumped elements
to shift down the frequency ‘band of the EBG structure; and we can use this compact
ground plane to combine with the small antenna, improving the performance, such as

the radiation efficiency and gain.



Chapter 2 Mushroom structure

2.1 Introduction

In recent years, there has been growing interest in utilizing electromagnetic EBG
structure in the electromagnetic and antenna community [6], and a lot of different types
of EBG structures have been developed for reducing the size of the EBG structure [5]
[6]. In this thesis, we choose the mushroom structure as the research body of which the
operation frequency range of the EBG is to be modified; reduced to be specific. The
mushroom structure, a kind of EBG structure, shown in Figure 2.1, is a periodic
structure characterized by a substrate filled with an array.of vertical metallic via posts,
each capped by a capacitive frequency selective surface [7]. The advantages of the
mushroom structure.include ease-of fabrication into-any substrates,.and convenient but
accurate determination of the operating EBG by equivalent transmission line models.
Recently, the mushroom structure was developed for reducing the operating EBG by
modifying the shape of the. mushroom structure, such as adding-interdigital capacitors
and spirals to increase the capacitance and inductance respectively [8]-[10]. Here, we
propose a new method to find the analytic TM wave solution, so as to predict the TM
wave and compare with the dispersion diagram generated by HFSS simulation. In
reality, we cannot get the dispersion diagram of actual fabricated structures by practical
measurements. Nonetheless, implicit information about the surface-wave passbands
and bandgaps may be acquired through the scattering-parameters (S-parameters). In
S-parameter measurements, we can find the frequency bandgap from the S21
parameters. However, we can only find the TM wave at one time, as the TE wave will
be forbidden from being manifested by the S-parameters. So we cannot decide the

position of frequency bandgap from the S-parameter diagram (specifically, the graph of



2.2

S21 vs. frequency). The main point of using the S-parameter diagram is for its
comparison with the dispersion diagram generated theoretically (by simulations); if the
frequency bandgap indicated by the dispersion diagram is the same as that implied by
the S-parameter diagram, then we can be sure about the validity of that frequency
bandgap. Because the mushroom structure can be represented by a transmission line
circuit model, there is motivation to combine lumped elements with the mushroom
structure. The mushroom structure with lumped elements may then be analyzed by the
equivalent circuit. In the following section, we will introduce the transmission line
circuit model of the mushroom structure; from  which the analytic TM wave solution of
the mushroom structure may be obtained. Otherwise the. HFSS and CST full-wave
simulation software solvers will be used, respectively to determine the bandgaps of the
mushroom structure through the dispersion diagrams that they are-able to generate and

to compute the S-parameter diagram for comparing with practical measurements.

Figure 2.1 Mushroom structure

Equivalent circuit
After we understand what the mushroom structure is, we have to use a simple way to
analyze it. Figure 2.2 shows the cross-sectional view of the mushroom structure, with

patch width w, gap size between patches g, substrate thickness h, radius of via r, and



dielectric constant ¢, of the dielectric host. A voltage applied parallel to the surface
causes charge buildup on the ends of the plates, which can be described as a capacitance.
As the charges slosh back and forth, they flow around a long path through the vias and
the bottom plate. Associated with these currents is a magnetic field, and thus an
inductance [2]. Summing up the above description, we can represent the pictorial

schematic of Figure 2.2 by the equivalent circuit model of Figure 2.3.

Figure 2.2 The cross section-view of mushroom structure

Figure 2.3 The equivalent circuit of mushroom structure
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Figure 2.4 The conformal mapping of fringing capacitance

Even Figure 2.3 is still just a brief diagram, although it does provide the main idea for
understanding how the mushroom structure works. More detailed derivation will be
given below. We know that the adjacent metal patches give rise to fringing capacitance,
the representation of which can be derived using conformal mapping, a common
technique for solving. two dimensional electrostatic field distributions, as shown in
Figure 2.4. By conformal mapping, the-electric flux_function for this geometry is
described by the following equation [2]. First we should use the flux function for this
geometry by Eq.(1.1), and then assume that g<<d, Eq. (1.1) is subsequently

approximated to Eq.(1.2).

= Im[ﬂcos*1 XNy ] (1.1)
/4 g/2
W~ Im[ZLVcos’l(i)] = 2L\/cosh’l(ﬁ) (1.2)
T g T g

The flux ending on one plate is equal to the charge on that plate, which is equal to the
product of the capacitance and the voltage across the plate. The edge capacitance
between the two plates, called C-fringing, is therefore given by the following

expression Eq.(1.3) [2]



w(e +¢,)
fringing —

C cosh™ (%) (1.3)

T

where w is the width of mushroom structure, the metal plate is surrounded by & and
&,, and dx is the unit cell length of mushroom structure equal to w + g. The other
equivalent capacitance is defined by the parallel capacitance. Assuming the height of
the mushroom structure is h, and the permittivity between the two metal plates are ¢, ,

the parallel capacitance can be acquired by Eq.(1.4) as:

2
C=¢ WT (1.4)

parallel

After every equivalent capacitor of mushroom structure is. obtained, we have to
determine the total capacitance of the equivalent capacitance. Eq. (1.3) provides the
fringing capacitance between adjacent patches, but in this case, Eq .(1.3) is described
by one side patch with voltage mapping to the other side patch without voltage. So, by
assuming the condition is reversed, we can-derive the other fringing capacitance across
the same gap. In this condition, the two capacitors can be regarded as parallel. As such,
the total capacitance between adjacent patches-will” be twice the original fringing
capacitance. Shown by Figure 2.2, the parallel plate capacitor and fringing capacitor are
in series. Hence, we can get the total capacitance of the equivalent circuit of mushroom

structure, given by Eq. (1.5).

1 1 1 15)
C 2C

C

total parallel fringing

The inductance of the transmission line can be approximated by supposing a solenoid
has a cross section hxw and length w [2]. In this case, magnetic field H is

represented by Eq. (1.6).



H=— (1.6)

A stored energy of an inductance equals a stored energy of a magnetic energy. So Eq.

(1.7) is obtained.

I2L=I(yH-H)dv=yI|H|2dv=y(|W) h-w-w (1.7)

By EQ.(1.7), we can get the inductance associated with the current through the flat

metal plate, shown in Eqg. (1.8).

Lsheet =M h (18)

Currents also flow_through the vertical via between the patch and the ground. The

inductance of the via'can be derived by [11], given by Eq. (1.9).
2 2
L. =g‘—°[h-|n(h+— Vrr+h)+(r—\/r2 +h?)] (1.9)
T

In Figure 2.2, we know that L

sheet

Is in series with L, so the total inductance of the

mushroom structure is shown in Eq. (1.10)

Ltotal = Lsheet + I‘via (110)

With the equivalent circuit of the mushroom structure, the surface wave solution may

be derived. First we can find an expression relating k, a, and w [2].



k? = pye,0° +a? (1.12)

Eq. (1.11) shows the relationship relating the wavenumber, material parameters, and
the frequency for TM surface waves. Using Eq. (1.11) to combine with the impedance

of TM surface waves, we obtain Eq.(1.12) [2].

Loy =—— (1.12)
g,

By eliminating «, Eq. (1.13) shows the TM wave function k.

ol 258 [ X (1.13)

Where the 7 is the impedance of free space; ¢ is the light speed in vacuum, and Z is the

reactance in Figure 2.3, shown in‘Eq. (1.14).

— ja)LtotaI (114)
1- a)Z Ltotal Ctotal

The TE wave can be also derived in the same way by combining Eq. (1.11) with the

following Eq. (1.15).

7 =% (1.15)
a

Then the propagation constant of TE mode is shown in Eq.(1.16)
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|, _n
e =2 1= (1.16)

After establishing the concepts of the equivalent circuit of mushroom structure, we will
use the modified method to generate the TM and TE modal dispersion diagrams, as

given by Figure 2.5. The capacitance and inductance are 0.27pF and 1.13nH

respectively.
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Figure 2.5 TM and TE mode diagram of mushroom structure

2.3 Dispersion diagram

The dispersion diagram constitutes a graph of frequency versus the propagation
constant, from which we can know what modes will or will not be excited at a certain
frequency. Ordinary structures normally cannot produce electromagnetic band-gaps, so
the modal number will rise contiguously with the frequency. But in the EBG structure,

the dispersion diagram will produce the band gap as shown in Figure 2.6, and the mode

10



excitation is not continuous anymore. In Figure 2.5 we can see the red solid-line is for
the TM mode, and the blue dashed-line corresponds to a TE mode. These two modes
are not continuous, as there is a gap between the solid line and dashed line, constituting
the electromagnetic bandgap.

The dispersion diagram is a useful tool to study the electromagnetic band-gap, and we
can clearly see that there is no mode excited in the band-gap, which means the wave
cannot propagate within the bandgap, and surface waves will be suppressed by the EBG

structure at any frequency inside the electromagnetic bandgap.
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Figure 2.6 Dispersion diagram and electromagnetic bandgap

2.4 Simulation result and original mushroom structure

Since we have defined the equivalent circuit of the modified unit cell, we will use
simulation software to prove our assumption: that lumped elements can be used to shift
down the electromagnetic bandgap. The dimensions of the unit cell are as follow: patch

width w = 5mm, cell-size dy = 5.6mm, substrate thickness h = 0.8mm, radius of via =
11



0.4mm, and a dielectric slab with relative permittivity of 3.55 is used in this structure.
In these dimensions of these initial investigations, we used the HFSS simulation
software. Because we want to generate the dispersion diagram, so the boundary must be
periodic. At first, we will show the procedure of setting up the simulation for obtaining

the dispersion diagram.

Figure 2.7 Two directions of master ana siave pounaaries

Figure 2.7 shows the unit cell of the periodic structure, in which the master and slave
boundaries are as indicated. Information about master and slaves boundaries may be
found as below:

Master and slave boundaries enable to model planes of periodicity where the E-field on
one surface matches the E-field on another to within a phase difference. They force the
E-field at each point on the slave boundary to match the E-field to within a phase

difference at each corresponding point on the master boundary. They are useful for

12



simulating devices such as infinite arrays

Unlike symmetry boundaries, the E field does not have to be tangential or normal to
these boundaries. The only condition is that the fields on the two boundaries must have
the same magnitude and direction (or the same magnitude and opposite directions).
Since the dispersion diagram is two dimensional, so in this simulation, we set two
master and slave boundaries for two phase shifts. The dispersion diagram includes three
parts, and each part has a unique phase shift. In the first part, we set one boundary phase
shift from O degree to 180 degree, which means only x-direction, and the other master
and slave boundaries phase shift is fixed to Odegree, called " — X part. The second part
is call 2 — I part, in this part one boundary phase-shiftis fixed to 180 degree, and the
other part phase is shifted from Odegree to 180 degree, which means the phase shift is
y-direction. The third.part is called 1 — " part, in this.part, one boundary phase shift
will be shifted from Odegree to 180 degree at the same time, after that, we just combine
these three parts, thereby obtaining the dispersion diagram by simulation software, as
shown in Figure 2.8.The first solid line is TM maode and the second dashed is TE mode.
The bandgap exists between TM and TE mode, we can see there is no wave propagation

in the certain region, about 8GHz to 10GHz.

13
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Figure 2.8 Dispersion diagram in HESS

After obtaining the simulation result of the dispersion diagram, the predictable TM and
TE mode diagrams can be compared with HESS simulation, shown in Figure 2.9. The
straight line is the light line, and the three curves are-TM mode by different method.
The solid curve is produced. by HFSS simulation software, the dashed curve is
produced by the modified equivalent-circuit, and the dotted curve, at the top of three
curves by the original unmodified model. By Figure 2.8, we can obtain the conclusion
that the modified method is much more agreeing with the HFSS simulation result than
the original equivalent circuit method. In the next section, we will propose scattering
parameter (S-parameter) simulations by CST simulations to prove the bandgap region,
and the advantage of using the S-parameter method is that the theoretical prediction

can be observed and validated by actual measurements.
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Figure 2.9 The comparison of different predictions of the TM wave

2.5 Scattering parameter simulation and measurement

We have already seen that .the dispersion diagram is an effective tool for
expressing the size and location of the electromagnetic bandgap. However, we
cannot get the dispersion diagram by measurements in reality. So we use the
other way to find the bandgap by S-parameter measurement, as was proposed by
[2]. We use two coaxial probes as monopole antennas, and connect them to
mushroom structure vertically. In that way the TM wave can be excited because
the vertical electric field of the probe couples to the vertical electric field of the
TM waves, shown in Figure 2.10. The structure consists of two signal coaxial
probe, 6x5 patches each with width 5mm and gap 0.6mm, with the radius of
via being 0.4mm. The substrate thickness is 0.8mm, and the dielectric constant is

3.55.
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Figure 2.10 (@) The cross-section view and (b) the top view of S-parameter
measurement

The simulation results are shown in Figure 2.11, consisting of two parts, mushroom
structure and just the substrate alone. The solid and dashed lines are for the mushroom
structure and sole substrate without any copper, respectively. In this method we have
to ensure there are bandgap effects caused by the mushroom structure, so the substrate

IS used to compare with the mushroom structure. Figure 2.11 shows a dipping of the
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S21 from 8.2GHz to 9.5 GHz, indicative of a bandgap over that frequency range.

Figure 2.11 can be

compared to Figure 2.7, from which it is clear that the bandgap

region of the dispersion diagram and the dip range of the S-parameter diagram are

almost the same. The main purpose of using S-parameter measurement is to compare

with the theoretically obtained dispersion diagram, which is hard if not impossible to

measure in reality. The S-parameter connects theoretical simulations with reality. The

effects of the electromagnetic bandgap are thus indirectly manifested by S-parameter

measurements, thereby allowing us to prove the correctness of the dispersion diagram

in terms of the bandgap effects.
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Chapter 3 Mushroom structure with lumped

element

3.1 Introduction

After the characteristics of the mushroom structure had been studied, we know that
the frequency range of the electromagnetic bandgap (EBG) is determined by the
capacitance and inductance, calculated by the equivalent circuit model. As mentioned
before, we can shift this EBG down in the spectrum, by increasing the values of the
capacitance and/or inductance. There had. been previous works [9] and [10] on
modifying the original mushroom structure so as to lower the EBG, thereby making
the structure more electrically compact. “Although the bandgap can be moved to a
lower frequency range by the method of applying interdigital capacitors or meander
lines, the design procedure for achieving the exact desired frequency band could be
difficult, or at least; non-systematic.-So-we propose the idea of a straightforward but
yet systematic approach of using lumped elements to shift‘down the frequency band
The chief advantages of inserting lumped elements are that lumped elements are
usually much smaller than the mushroom structure, and thus easier to design. The size
range of the lumped element, SMD capacitor, is from 0402 to 0805, which is smaller
than the mushroom structure. Moreover, exact values of the capacitance can be
applied by lumped elements instead of interdigital capacitors or meander lines
calculated by the equivalent circuit model that can provide only imprecise values. As
such, the procedure for designing a compact mushroom structure is more
straightforward and thus easier by using lumped elements instead of tuning the value
of the equivalent capacitance or inductance through the shapes and dimensions of

physical structures.
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For those reasons, we initial tried to perform simulation studies with the CST software.
Unfortunately, it seems the CST software is unable to produce the effects produced by
lumped elements. It means in CST simulation software, insertion of lumped elements
is not capable of obtaining the result to prove our hypothesis (assumption). There
were initially two possible explanations for this: either our assumption is not correct,
or the lumped element cannot be taken into account by the eigen-mode solver in CST
simulation software. To break this contradictory deadlock between the hypothesis and
CST simulations, we turned to the eigen-solver of the HFSS simulation software for
the decider, leaving only the S-parameter simulations of a finite two-port version with
lumped elements to the CST software, thereby comparing with the eigen-mode solver
results of the HFSS software.

The results of the dispersion diagram and S-parameter diagram by HFSS and CST
respectively will be'shown in the next sections, and we will show how the electrical
size is affected by _the other parameters.such as the width of the patches, the gap
between them, the height of the substrate, and the radius of the via, and then compare

the effects of these parameters.with those of the lumped elements.

3.2 Equivalent circuit with lumped element

An improved equivalent circuit model had been derived in Section 2-2. Its associated
formulas there could predict the dispersive behaviors of the TM modal waves more
accurately than those by the original unmodified circuit model representation. In this
section, we will ride on the waves of that improved model to derive the equivalent
circuit, this time with lumped elements. The thoughts behind the derivation are
straightforward: we think of the lumped elements as being inserted to the other system,
mushroom structure, instead of just parallel to the capacitance between adjacent

patches. So we combine the total capacitance derived by Eg. (1.5) and lumped
19



element into a new total capacitance, shown in Eq. (2.1).

C total — Ctotal + CIumped (2-1)

In this research we use the SMD capacitor as the lumped element. We did not use any

inductor in this research. So Eq. (2.2) is the same as Eq. (1.10)

I = Isheet + Ivia (2-2)

total

As long as we have the value of the inductance and capacitance from the equivalent

circuit, the modified reactance _Z can be derived from Eq. (1.14), shown in Eq.

2.3).

— ja)LlotaI : (23)
P a)Z Llotal C total

In the same way, we can derive the propagation formula of TM and TE waves, shown

in Eq. (2.4) and Eg. (2.5).

- ) Z?
K, =2 12 2.4)
C
) n?
K. =—,1-- 2.5
TE C Z 2 ( )

Now that the relationships of the TM and TE waves with lumped elements are derived,
we can use Eq. (2.4) and Eqg. (2.5) to generate the dispersion diagram and compare it

with the one obtained by the HFSS simulation software in the next section.
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3.3 Dispersion diagram with lumped element

3.3.1  Simulation process

As mentioned, the dispersion diagram of the mushroom structure with lumped
elements, herein referred to as compact mushroom structure, cannot be obtained by
CST simulation software. We use the HFSS simulation software to get the dispersion
diagram as usual. The master-slave process is the same as that laid out in chapter 2,
but there is a little difference in the way the lumped element is inserted in HFSS. In
order to use the master-slave boundary to create the periodic boundary, we insert the
lumped element boundary as-a capacitor between. patches and the master-slave
boundary. This results:in an irreducible unit cell model of the compact mushroom
structure. The four.solid square-patches around the central patch represent lumped
element boundaries; shown in Figure 3.1 (a), and they will also be inserted between

the master-slave boundary walls and thecentral patch, shown in Figure 3.1 (b).

(a)
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(b)
Figure 3.1 (a) Theimushroom structure with lumped element. (b) The mushroom
structure with lumped-element and master-slave boundary.

In this unit cell, we found an interesting result in‘the HFSS simulation software. As
we introduced before, the lumped element-boundary.is inserted between the patch and
master-slave boundaries, and,it means there are ‘infinite number of other mushroom
cells behind the master-slave boundary including the lumped element boundary along
the x and y axes. As the lumped element boundary is inserted between the patch and
master-slave boundary, it is imaged by another lumped element boundary just behind
the master-slave boundary. Then the software will take this situation as two series
lumped element boundaries. It also means if we want to insert 1pF capacitor between
adjacent patches, we cannot just set 1pF value for the lumped element boundary, but
instead we have to set 2pF value for the lumped element boundary because the
lumped element boundary would be treated as two series lumped elements in HFSS
simulation software. This assumption can be proven by S-parameter measurement in

the following section.
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3.3.2  Simulation result with lumped element

First of all, we insert 1pF capacitance of lumped element boundary to the mushroom
structure. As mentioned before, the 1pF lumped element boundary will be ‘seen’ as
0.5 pF in HFSS Eigen-solver mode. The dimension is the same as Figure 2.8 in
Section 2-4. The result is given in Figure 3.2 (a), in which the solid and dotted lines
represent TM and TE mode respectively. In addition we insert 2pF lumped element to
the mushroom structure in HFSS simulation software, as shown in Figure 3.2 (b).
These two results of inserting 0.5pF and.1pF in practice can be proven by S-parameter
measurements. Then by combining Figure 2.8 and Figure 3.2 (a) with Figure 3.3,
we can see that the TM wave is shifted down by about 3GHz after inserting the

lumped elements inthe same mushroom structure.

e — Th wave

Ln

L]

Frequency (GHz)
=

Propagation constant (rad/m)

(a)

23



6 I : ]
ll s ..i. rava, m— TM wave
o ! ."'.l EEEEm Wav
G A S S, I S S 'ror= TE wave
- ' ' "‘ ' 4.'. I
I LR "':N“'" , - 1
[ 3

I'requency (GHz)
FEN

Laa

|
DO X M O
Propagation constant (rad/m1)
(b)
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Figure 3.3 The TM mode of mushroom structure and compact mushroom
structure
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Combining Eqg. (2.4) and Eq. (2.5) the dispersion diagram of the mushroom structure
with lumped element can be drawn, for just the O—>X path, shown in Figure 3.4. The
solid line and solid line with square markers represent TE and TM waves by HFSS
simulation software with 0.5pF lumped elements respectively. The dotted line and
dotted line with triangular markers represent TM and TE waves obtained by the
equivalent circuit model with 0.5pF lumped elements respectively. We can see that the
TM waves are not matched perfectly after the turning point, but the TE waves can be
predicted as the same as HFSS simulation software. Nevertheless, Figure 3.4 shows
that the trends of using lumped elements.can be predicted by the equivalent circuit
model. Although the TM wave Is not matched perfectly, it must be made sure that no
propagation is permitted within the frequency range  of the resultant bandgap
predicted by the circuit model. So the bandgap range should oecur from the highest
frequency of the TM wave to the lowest frequency of the TE mode behind the light
line. We can compare the dispersion-behavior of the TM waves. produced by HFSS
simulation with the ane predicted by the equivalent circuit conveyed by Eq. (2.4) and
Eqg. (2.5). It is seen that both. turning points have the same value in Figure 3.4. It
means we can still predict the/right bandgap by the equivalent circuit model even by

inserting lumped elements.
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3.4 S-parameter diagram with lumped element

In this section, we will use /S-parameter simulations to prove the effects of the
mushroom structure with lumped elements, and thereby demonstrate the validity of
the simulation results obtained by HFSS eigen-solverasdiscussed in Section 3.3.2. As
mentioned, lumped elements could not be detected in the Eigen-solver of the CST
simulation software for generating the dispersion diagram. Hence, we mooted the
other alternative of using the HFSS simulation software and equivalent circuit model
to obtain the dispersion diagram. But we want another objective method to ensure the
correctness of the HFSS simulation software and the equivalent circuit method. This
S-parameter method is just like in Section 2-5, but the mushroom structure is now
inserted by lumped elements each with capacitance of 0.5 pF in the CST simulation
software. On the other hand, master-slave boundary is not needed in these

S-parameter simulations, since all boundaries are open to emulate the real world. And
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each lumped element is now perceived as a unique unit cell instead of a combination

of two series lumped elements, shown in Figure 3.5.

(@)

(b)
Figure 3.5 (a) The cross-section view and (b) the top view of S-parameter
measurement with lumped element
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By the method of Figure 3.5, the S-parameter simulation result can be observed by
CST. Figure 3-6 shows the effects after inserting the lumped elements to the
mushroom structure via a graph of the insertion loss against the frequency. Figure 3.6
is the same as Figure 2.1, but there are two extra curves. The solid-dotted line is for
the mushroom structure, the dashed-line is for the substrate alone (RO4003 and
thickness of 0.8mm) with no any copper, and the solid line and dotted line are for the
mushroom structure with lumped elements of capacitances 0.5pF and 1pF respectively.
We can see that the frequencies at which dips occur in the curves (indicative of the
bandgap center frequencies) with lumped elements of capacitances 0.5pF and 1pF are
shifted down to about 5GHz and 4GHz, whereas the bandgap center frequency of the
original mushroom structure without any lumped element still stays at 8.2GHz. In this
case, the effects of the lumped elements-can be proven by S-parameter simulations.
This result can be compared with Figure 3.2, for which both bandgap center
frequencies simulated by HFSS and CST simulation software are similar at 5GHz and
4GHz by inserting 0.5pF and 1pF capacitors in CST, but 1pF and 2pF in HFSS
simulation software. Figure 3.6 proves the assumption  in. Section 3.3.2, but the
bandwidths of both bandgaps do not-match very-well. /An explanation for this is that
the dispersion diagram is characterized by three parts and infinite number of unit cells,
so the dispersion diagram analysis is more accurate than S-parameter simulation.
Nonetheless, we cannot deny the contributions of S-parameter simulations. So far,
S-parameter simulations and measurements are the quickest ways to observe the

bandgaps effects of compact mushroom structure effects, theoretically and in practice.
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Figure 3.6 S-parameter simulation results of mushroom structure, substrate, and
mushroom-structure with 0.5pF and 1pF.

3.5 Measurement results

In this section, we will show the measurement-result by the S-parameter method.
Figure 3.7(a) and Figure 3.7(b) are the top views of the mushroom structure and the
compact mushroom structure with 1pF. capacitors respectively. First we measure the
original mushroom structure without any lumped elements, and then solder 1pF
capacitors onto the same mushroom structure. Figure 3.8 gives the results of the
S-parameter measurement. We can see that the curve for the substrate has a little
difference from those of the mushroom structure and the mushroom structure with
1pF capacitor. Although the permittivities of the substrates used for all structures are
supposedly the same (being that of RO4003), these dielectric boards were not
produced at the same time. The curve in Figure 3.8 for the substrate alone is used to
demonstrate the dip at 6GHz as a common effect on the RO4003 substrate, as

opposed particularly to being produced by the mushroom structure. In Figure 3.8, the
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solid line is for the bare substrate, the dotted line is for mushroom structure without
any lumped element, and the solid-dotted line is for the compact mushroom structure
with 1pF capacitor. As observed, aside from the common one at 6GHz attributed to
the substrate as explained above, there are dips at 9GHz and 4GHz produced by the
mushroom structure and the compact mushroom structure with 1pF capacitor
respectively. The simulation and measurement results are compared favorably by
Figure 3.6 and Figure 3.8. As explained, the comparison between these two figures

excludes the dip at 6GHz produced by the practical substrate or surroundings.
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Figure 3.7 (@) The top view of mushroom structure and (b) mushroom structure
with 1pF capacitor (c) the side view of mushroom structure with 1pF capacitor.
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Chapter 4 Small Antenna with mushroom structure

4.1 Introduction

As mentioned, we know the mushroom structure can suppress surface waves in the
bandgap, as observed by the dispersion diagram. And we introduced the other two
methods to prove the correctness of the bandgap, such as the equivalent circuit
method and by S-parameter measurements. We also know that the microstrip antenna
will excite surface waves. Surface waves bound to the dielectric-air interface will
interfere with the radiation in free Space. Moreover, the surface wave will reduce the
energy from the excitation, as-shown in Figure 4.1. In this chapter, we will first
introduce and motivate the concept as to why the EBG structure can improve the
efficiency, and then use the patch-antenna to combine with mushroom structure,
thereby comparing-between the cases with and without the mushroom structure.
Furthermore, the small antenna will -be designed to combine with the compact
mushroom structure, from which it-.can be used to prove whether or not surface waves

can really be suppressed by the compact mushroom structure.

Radiation

wave A
/

Patch antenna ,' Interference

Figure 4.1 Surface wave exicited by patch antenna



4.2 Radiation efficiency

Radiation efficiency is defined by IEEE as "The ratio of the total power radiated by an
antenna to the net power accepted by the antenna from the connected transmitter.” If
all the input power appeared as the radiated power; that isP, =P, the radiation
efficiency is 1, or 100% [13]. Hence, the radiation efficiency is defined as Eq. (4.1).
We all know losses always exist in any practical antenna. The input power thus gets
distributed in the form of the radiated power, surface wave power, and dissipation in
the conductor and dielectric, as expressed in Eq. (4.2) [13]. We also know that the
conductivity and dielectric losses, "P, and P,, depend on the characteristics of the
material, which are virtually unchangeable. The radiated power is defined by the
antenna, so the only‘factor that-we can use to Improve the radiation efficiency is
through the surface power. As mentioned, the-surface wave can be suppressed by the

EBG structure, or mushroom structure. So-assuming the other factors are maintained

in Eq.(4.2), and P

surface

is decreased by the mushroom structure, then the radiation

efficiency will be increased.

P
e =L 4.1
& (4.1)
it 4.2)

e =
" P+P+P+P

surface

4.3 Patch antenna with mushroom structure

There have been substantial amounts of research put into investigating how the
efficiency of an antenna can be improved by adding an EBG structure, such as [14]
and [15]. In the last chapter, we used three different methods to obtain the location of

the bandgap in the spectrum. In the beginning of Section 4-3, the patch antenna will
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be designed to combine with the original mushroom structure introduced in Figure 2.8.
Figure 4.2 shows the frequency response of the return loss of the patch antenna and
the patch antenna with the mushroom structure. The resonant frequency of the patch
antenna and the patch antenna with the mushroom structure are 9.1GHz and 9.28GHz
respectively. We will also compare the radiation efficiency of both antennas, shown in
Figure 4.3. When the patch antenna is combined with the mushroom structure, the
efficiency is improved. This experiment is the initial work of producing antennas to
prove the effects of adding the mushroom structure. Then in the following section, we

will design the patch antenna with a lower operation frequency to be combined with

the mushroom structure with lumped elements inserted.
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Figure 4.2 return loss of two patch antennas.
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(b)
Figure 4.3 (a) The far-field simulations of patch antenna and (b) patch antenna
with mushroom structure
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4.4 Patch antenna with compact mushroom structure

In this section, we have already taken the patch antenna as the example to improve the
efficiency by using the mushroom structure. Furthermore, a patch antenna will be
designed to prove the effects of the mushroom structure with lumped elements at the
lower frequency. As mentioned in Figure 3.2 (b), the bandgap of the mushroom
structure would be pulled down to a lower frequency range after inserting lumped
elements as observed by the dispersion diagram. When 1pF lumped elements are
inserted, the TM mode will be shifted from 8GHz to 4GHz, and the bandgap range is
from 3.8GHz to 4.2GHz, as shown in Figure 3.2.(b). Then the patch antenna is
designed to combine with the mushroom structure with 1pF lumped element at 3.91
GHz. Figure 4.4 shows the variation of the return loss with frequency of the patch
antenna and the patch antenna-with- lumped elements inserted to. the accompanying
mushroom structure: It is observed that the minima of the return-loss for both cases
occur almost at the same resonant frequency. In addition, we also compare the
radiation efficiency of both cases to see whether or not the bandgap is truly shifted by
the lumped element at 3.91GHz. Figure 4.5 shows both the far-field results of the
original patch antenna and those of the patch antenna with the compact mushroom
structure. For the original patch antenna, its radiation efficiency is —1.209dB, total
efficiency —1.217dB, and its gain is 5.996dB, as shown in Figure 4.5 (a). As for the
patch antenna with the mushroom structure loaded with 1pF lumped elements, the
radiation efficiency is —0.4336dB, total efficiency —0.5832dB, and the gain is 6.822dB,

as shown in Figure 4.5 (b).
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Theta

Type Farfield
Approximation enabled (kR >> 1)

Monitor farfield (f=3.916) [1]
Component Abs

Dutput Gain

Frequency 3.916

Rad. effic. -0.4336/ dB

Tot. effic. -0.5832 dB

Bain A‘ 6.822 dB

(b)
Figure 4.5(a) The far-field resultof patch antenna at lower frequency and (b) patch
antenna with compact mushroom structure.

Table 4-1 shows the brief result to compare both antennas. with and without
mushroom structure.-We can get some conclusion-from comparison. Although the idea
of using lumped element to pull down the bandgap can be derived or observed by
HFSS simulation result, equivalent circuit prediction, and S-parameter simulation in
CST simulation software. We never use this structure, with lumped element, for
applications such as antenna before. Section 4-3 provided the experiment to use the
mushroom structure with lumped element to combine with patch antenna. We know
the patch antenna is one of the simplest structures in the antenna engineering. So we
take patch antenna for example, hoping to find any improvements after combining
with lumped element inserted mushroom structure. Fortunately, these results show the
good trends in any performance, such as radiation efficiency, total efficiency, and the
antenna gain. According to table 4-1, we really have good results in patch antenna by

using compact mushroom structure with lumped element. Then we assume that
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compact mushroom structure can combine with any microstrip antenna to improve its
performance at the particular frequency. In the following section, the small and
complex antenna will be designed to combine with compact mushroom structure. If it
works, we will have high performance antenna, instead of restriction by larger EBG

structure.

Table 1 Comparison of patch antenna with both mushroom struxture and compact
mushroom structure

Rad. efficiency Tot. efficiency | Gain dB)

patch antenna (9.1GHz) 90.5% 82% 6.946
patch with mushroom (9.2GHz) 91.27% 87.45% 7.766
patch antenna (3.9GHz) 75.7% 75.56% 5.996
patch with mushroom and 90.5% 87.43% 6.822

lumped element (3.9GHz)

4.5 Small antennawith mushroom and umped element

As mentioned, the main idea /s proposing the compact mushroom structure to
combine with the small antenna. In this section, we will use the concept of
metamaterial technology to design the compact antenna. Figure 4.7 shows the
properties of metamaterial antenna, it can also called CRLH antenna. The dispersion
curve on the g > 0side is the right-handed mode, while the dispersion curve on the
P <0side is the left-handed mode. The electrical size of conventional antenna is
restricted by its physical dimension, but if we can use the region of g <0, left-handed
mode, the size of CRLH antenna can be reduced [16]. The method of realizing CRLH

antenna is using series capacitance, and shunt inductance, like periodic structure or
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mushroom structure. So the antenna design is based on mushroom structure.

—Pc| @ +Bcutoff
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Figure'4.6 Dispersion diagram of right left handed region

Although, we can use more unit cell to get the lower operating frequency by Figure
4.6. Using left-handed modes with indexes more than —1can result in impedance
matching issues and low-radiation-efficiency problems [16]. So how to design the
exactly number of unit cell are the important skills in CRLH antenna. In this section,
the two unit cell CRLH antenna is designed, shown in Figure4.7. This antenna is
based on two mushroom structures. However, this mushroom structure has a
low-series capacitance between two mushroom structures, calculated by Eq. (1.3). In
order to increase the capacitance between two patches, the interdigital capacitor has
been added instead of using lumped element [16].However, the concept of antenna
design is based on mushroom structure, both two patched are not square, because of
considering its matching network. For wireless technology, the antenna is designed at
the 5.35GHz, which comfort to standard of 802.11 ac. The dimension of patches a and

b are 4.2x5.35mm, the length of interdigital capacitor L is 3.2mm, the gap between
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interdigital capacitor p is 0.65mm, the gap between interdigital capacitor and patch g
is 0.2 mm, the diameter of via place at the central of patches d is 0.4 mm, the feed
line is 50Q2, the substrate is RO4003, the dielectric constant of 3.55 and thickness h
of 0.8mm, and the dimension of substrate sxw is 40x30mm. The idea of using
interdigital capacitor instead of lumped element is that we want to focus on inserting
lumped element to produce the compact mushroom structure exciting the lower
bandgap, not for application, and to avoid the confusion of lumped element effects.
The electric size of CRLH antenna is 0.284,x0.0954, . Figure 4.8 shows the
combination of CRLH antenna and mushroom structure in CST simulation software.
Dimension of mushroom structure is the same as Figure 2.8, and use 0.5pF capacitor
to shift the bandgap at applicable place to match the resonant frequency of CRLH
antenna at 5.35GHz;:shown in Figure 3.2 (b)

Figure 3.2
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Figure4.7 The top view of metamaterial antenna.
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Figure 4.8 Top view of CRLH antenna with mushroom structure and lumped
element

Figure 4.9 shows the return loss of small antenna and small antenna with compact
mushroom structure. The dotted line and solid line are original antenna and antenna
with compact mushroom structure respectively. We-can see there are three resonant
frequencies at 5.35, 6.92 and 8.81 GHz in original antenna, but the bandgap of
compact mushroom structure is only at 5GHz to 5.5GHz between first and second
order mode, shown in Figure 3.2 (b). In this case, the only resonant frequency should
be analyzed is 5.35 GHz. Figure 4.9 shows that the frequency with compact
mushroom structure is shifted to 5.23GHz, but it still close to 5.35GHz and in the

bandgap range.
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Figure 4.9 Return loss of original antenna and antenna with mushroom structure
and lumped elements

Then we will discuss the radiation efficiency after the return loss diagram is compared
between antenna and antenna with compact mushroom structure. Figure 4.10 is the
far-field pattern of original antenna, and we use the straightly method, linear scaling, to
observe both efficiency. The radiation efficiency and total efficiency of CRLH antenna
is 0.2916 and 0.2907 respectively. It seems this is not a good antenna, and the antenna
gainis 1.176. From Figure 4.10, we know while we pursue to decrease the antenna size,
but it also causing the reduction of the antenna’s performance. So we use the compact
mushroom structure to solve this problem. Figure4.11 shows the performance of
antenna after combining with compact mushroom structure. The radiation efficiency is
improved from 0.2918 to 0.8064, the total efficiency is increased from 0.2907 to 0.5995,
and the gain is raised to 3.648. The performance is improved after inserting compact

mushroom structure.
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Type Farfield
Approximation enabled (KR >3
Honitor farfield (f=5.
Component
Output
Frequency
Rad. effic.
Tot. effic.
Gain

Type Farfield

Approximation enabled (kR >> 1)

Figure4.11

HMonitor farfield (f=5.23) [1]
Component Abs

Output Gain

Frequency 5.23

Rad. effic. B.84B7

Tot. effic. 6.7383

Gain 3.924

Far-field of antenna with mushroom structure and lumped element
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Table 2 Performace of CRLH antenna and CRLH antenna with compact mushrooom
structure

Rad. efficiency | Tot. efficiency Gain

Small antenna  (5.35GHz) 29.18% 29.07% 1.176

Small antenna with compact 84.07% 73.03% 5.937

mushroom structure (5.28 GHz)

In Table 2 Performace of CRLH antenna and CRLH antenna with compact mushrooom
structure, we can easily see the improvement after the small antenna combining with
compact mushroom structure. But, how can we know that this improvement is realized
by compact mushroom structure.“Does the original mushroom structure also can
enhance antenna’s performance? To.verify this doubt, we propose another experiment.
We use the same CRLH antenna,-shown in Figure4.7 to combine with mushroom
structure without lumped element, shown in Figure 4.12. Figure 2.8 shows the bandgap
of original mushroom structure is from 8.2GHz to 9.5GHz. This bandgap does match to
resonant frequency of CRLH antenna at the 5.35 GHz. The returnloss diagram result is
shown in Figure 4.13. The solid line is small antenna, and the dotted line is small
antenna with original mushroom  structure.-There are still frequency shift after
combining original mushroom structure, which resonant frequency is 5.21GHz. It’s
similar to small antenna with compact mushroom structure. So we can assume that
frequency shift is caused by mushroom structure, not lumped element. Figure 4.14
shows the performance of small antenna with mushroom structure. It also demonstrates
by linear scaling. Radiation efficiency is 0.2735, total efficiency is 0.2729, and the gain
is 1.031. The farfiled result is even worse than CRLH antenna without any EBG
structure shown in Figure 4.14. This simulation result proves that the compact

mushroom structure can exactly improve antenna’s performance rather than other
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mushroom structure, which electric size is large and not at the right bandgap.

Figure 412 CRLH antenna with-original mushroom structure
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Figure 4.13  Return loss of CRLH antenna and CRLH antenna with original
mushroom structure
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Figure 4.14  Far-fie al mushroom structure
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Chapter 5 Measurement results

In chapter 4, the simulation result had been shown that the antenna performance can be
improved by compact mushroom structure. So in this chapter, we had fabricated these

antennas to observe that the contributions of combining compact mushroom structure
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Figure 5.1(a) Top
mushroom structure
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Figure 5.2 return loss of patch antenna and patch antenna with compact mushroom
structure
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(b)
Figure 5.3(a) CRLH antenna and (b) CRLH antenna with compact mushroom
structure
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Figure 5.4 Return loss of CRLH-antenna and CRLH antenna with compact mushroom
structure

Figure 5.1 shows the top view of patch antenna and patch antenna with compact
mushroom structure. The measurement results-of return loss are shown in Figure 5.2, in
which the solid and dotted lines represent the patch antenna and the patch antenna with
compact mushroom structure respectively. Both-operating frequency are almost the
same at 3.9GHz, and it’s similar to Figure 4.4. Then the far-field results will be shown
in table. 3. Figure 5.3 shows the view of both CRLH antenna and CRLH antenna with
compact mushroom structure. The measurement results of return loss are shown in
Figure 5.4. Although the operating frequency is shifted to lower frequency which is
compared to Figure 4.9, it still have the same trends between simulation results and
experiment results. The matching network is affected by compact mushroom structure.
In addition, we also measure the efficiency and directivity of both cases, and gain can
be converted by efficiency and directivity, as shown in table 3. The efficiency of small

antenna by measurement is -5.468dB, and gain is 0.377dB. It seems that the efficiency
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is almost as same as total efficiency in tablel, but gain is worse. As for the CRLH
antenna with the mushroom structure loaded with 0.5pF capacitor, the efficiency is
-2.84dB, and the gain is 3.465. It is observed that the efficiency and the gain are

improved by accompanying mushroom structure with lumped elements.

Table 3 The measurement results of CRLH antenna and CRLH antenna
with mushroom structure

efficiency Gain (dB)
patch antenna (3.9GHz) 72% 5.329
patch antenna with compact 89.15 % 6.080
mushroom ctucture (3.9GHz)
Small antenna’(5.31GHz) 28.39 % 0.377
Small antenna with.compact 52.00% 3.465
mushroom (5.1GHz)

Chapter 6 Conclusion

In chapter 2 and 3, we have seen the effects of mushroom structure by Dispersion
diagram simulated by HFSS, and equivalent circuit prediction. And we propose the
idea of using lumped element to shift down the bandgap expecting to produce the
compact mushroom structure instead of complex design. It can still be analyzed by

both methods as mentioned. Considering that we want to observe the bandgap in
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practical world, S-parameter measurement can be used to obtain the bandgap effect in
insertion loss diagram, including mushroom structure and compact mushroom
structure.

In chapter 4, the compact mushroom structure is used for application. We combine
both mushroom structure and compact mushroom structure with patch antenna and
small antenna. As mentioned before, we know the radiation efficiency has connection
with surface wave. We prove that we can use the bandgap effect to improve the
performance of antenna by suppressing surface wave affected by mushroom structure
and compact mushroom structure. However,.the mushroom structure is much larger
than small antenna. If the bandgap effect is needed by enough unit cell of mushroom
structure to improve performance, ground plane size will be large. Although the
antenna is small, the antenna with -mushroom structure is large: That can’t be call
small antenna. So the compact mushroom structure of using lumped element can be
used to combine with small antenna to enhance performance but still maintain small

size.
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