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ABSTRACT 

The development of wireless communications increases the challenges on antenna performance 

to improve the capability of the whole system. New fabrication technologies are emerging that 

not only can improve the performance of components but also provide more options for materials 

and geometries. One of the advanced technologies, referred to as deep X-ray lithography (XRL), 

can improve the performance of RF components while providing interesting opportunities for 

fabrication.  

Since this fabrication technology enables the objects of high aspect ratio (tall) structure with high 

accuracy, it offers RF/microwave components some unique advantages, such as higher coupling 

energy and compacted size. The research presented in that thesis investigates the properties of 

deep XRL fabricated tall microstrip transmission line and describes some important features such 

as characteristic impedance, attenuation, and electromagnetic field distribution. Furthermore, 

since most of traditional feeding structure cannot supply enough coupling energy to excite the 

low permittivity DRA element (εr≤10), three novel feeding schemes composed by tall microstrip 

line on exciting dielectric resonator antennas (DRA) with low permittivity are proposed and 

analyzed in this research. Both simulation and experimental measured results exhibit excellent 

performance.  

Additionally, a new simulation approach to realize Dolph-Chebyshev linear series-fed DRA 

arrays by using the advantages of tall microstrip line feeding structure is proposed. By using a 
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novel T shape feeding scheme, the array exhibits wide band operation due to the low permittivity 

(εr=5) DRA elements and good radiation pattern due to the novel feeding structure. The tall 

metal transmission line feed structure and the polymer-based DRA elements could be fabricated 

in a common process by the deep XRL technology. 

This thesis firstly illustrates properties and knowledge for both DRA element and the tall 

transmission line. Then the three novel feeding schemes by using the tall transmission line on 

exciting the low permittivity DRA are proposed and one of the feeding structures, side coupling 

feeding, is analyzed through the simulation and experiments. Finally, the T shape feeding 

structure is applied into low permittivity linear DRA array design work. A novel method on 

designing the Dolph-Chebyshev array is proposed making the design work more efficient.     
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Chapter 1                         
Introduction 

1.1 Background and Motivation 

1.1.1 Background Introduction 

Nowadays, people cannot survive in the fast-paced and modern world without communication 

tools. Meanwhile, modern communication technology has transitioned from hulking analog 

devices to smart digital devices with the development of high technology. Recent advanced 

communication applications such as the satellite communication, military, national security or 

radar have been thrust toward microwave or millimeter-wave frequency bands due to the severe 

overcrowding in the electromagnetic spectrum resource. Correspondingly, it also raises many 

challenges on antenna performance, such as high gain, wide-band application, high power 

efficiency, high power handling, and so on. Improving the performance of the antenna becomes 

one necessary and difficult task.   

For fulfilling these demands, the dielectric resonator antenna (DRA) was proposed in the 1980s 

to cover from lower frequency commercial bands to higher frequency military bands [1]. It is one 

type of microwave resonating structure composed of ceramic material and mounted on the 

ground plane. Fields are not contained in the resonator but radiate outside. Since the DRA has 

many excellent advantages over the other traditional antennas, such as low loss, high gain, and 

ease of circuit integration, it has became popular to be utilized into designing high performance 
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transceivers and improving the performance of the communication system. 

1.1.2 Motivation  

Currently, difficult problems accompany the development of wireless communication technology, 

such as size miniaturization, performance improvement, high level integration, cost reduction, 

and effective fabrication feasibility. Among these different challenges, component size and 

performance are an important trade-off when comparing wireless devices, and also a design 

priority. Many researchers put efforts on miniaturization as well as performance enhancement, 

using approaches such as Electromagnetic Band-Gap (EBG) structures [2], loaded transmission 

lines as slow wave structures [3], Micro-Electro-Mechanical Systems (MEMS) [4] and others.  

Suitable technologies not only must consider practical issues during the fabrication but also 

improve the functional performance. The devices which can be fabricated by the advanced 

fabrication technology is known as deep X-ray lithography (XRL), available at the Synchrotron 

Laboratory for Micro and Nano Devices (SyLMAND) at the Canadian Light Source at the 

University of Saskatchewan, show outstanding RF performance and compact structure, such as 

couplers [5], filters [6], MEMS elements [7], antennas [8], cavity resonators [9] and other 

structures. This advanced technology not only can miniature the target size but also can enhance 

the performance of the system and the single device as well. The motivation of this research is to 

apply the advantages of deep XRL technology to the low permittivity DRA (εr≤10) feeding 

design to enhance the antenna performance and apply the proposed novel feeding structure into 

low permittivity DRA array design.   
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1.2 Deep X-Ray Lithography  

The term LIGA comes from German acronym with English translation of lithography, 

electroforming, and molding. This method is one of the micro-techniques to fabricate miniature 

3-D structures and was invented at IBM combined with X-ray lithography and electroplating to 

produce gold structures with high aspect ratios (ratio of the maximum height to the minimum 

horizontal dimension of a structure) [19]. However, due to cost issues, this method is sometimes 

less ideal for large scale structure production. In order to confront this issue, in the 1980’s the 

modern LIGA process was developed at Nuclear Research Center Karlsruhe (presently, 

Karlsruhe Institute of Technology, KIT) in Germany by introducing a third procedure known as 

plastic molding that allows, in principle, large-scale production [20], [21]. This LIGA 

micro-fabrication method includes three procedures, where LI stands for 

“Roentgen-Lithographie” which means X-ray lithography, G represents “Galvanoformung” that 

is electro-deposition, A means “Abformung” which is molding.  

Recently, application of this technique to RF components which are widely used in a variety of 

wireless communication areas has drawn much attention. It is especially suitable for fabricating 

tall (hundreds of microns) structures with micron scale lateral features and vertical structures 

(typically 89.9o) with smooth side walls (optical quality roughness). These special properties 

make LIGA a potential powerful tool in the development of high performance microwave 

devices. Fig. 1.1(a)~(d) show some samples which were made by University of Saskatchewan 

research group using deep X-ray lithography with electroplating (part of the LIGA process) .  
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(a) Vertical cavity structure [9]       (b) SU8/Alumina composite DRA sample [12] 

 

(c) LIGA CPW bandpass filter [26]          (d) Tunable MEMS capacitor [7] 

Fig. 1.1 Various RF components made by deep XRL 

The initial steps in the deep XRL process include coating the substrate with photoresist material, 

synchrotron radiation, and developing. If metal structures are required, electroplating of metals 

follows, plus possible further development to remove the photoresist if required. Since the 

materials or the structures of devices vary, the basis process steps also vary. In this research, 

deep XRL would be used to fabricate both the polymer composite DRA elements and also the 

metal feeding network. The detailed fabrication process steps for both types of structures used to 

fabricate microwave devices are well explained (Illustrated in appendix) and other works in 
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university of saskatchewan research group, for instance, the metal structures of the 3dB CPW 

coupled line coupler [5], bandpass filter [6], cavity resonator [13], and poly DRA structures [12].  

1.3 Literature Review 

There are limited research works on the application of deep XRL for microwave and RF devices. 

One such application to metal microwave devices is in [25], introducing the stepped-impedance 

low-pass filter which operates at X-band (8~12.4 GHz) and a broadband bandpass filter based on 

LIGA microstrip lines. Both of these two filters are realized with 200μm thick nickel conductors 

on 420μm thick fused quartz (relative permittivity 3.81 at 30 GHz) substrate. Following, more 

applications to metal device have been made, such as the 3-dB LIGA coupled-line coupler in [5], 

the CPW band-pass filter with compact unit cells in [26], MEMS variable capacitors in [7] and 

use of MEMS lumped elements to made complex circuit [74]. All of these microwave and RF 

devices show excellent performance.  

Recently, deep XRL has been extended to fabricate dielectric structures and most of these 

devices have been used for DRA applications [12], [14]. These DRAs are made by using 

composite materials to achieve different low permittivity values than obtainable with pure resists. 

Good performance can be obtained; however, traditional planar feeding schemes have been 

problematic due to difficulties, such as low coupling energy on exciting low permittivity 

materials [15] ~ [18]. 

Various traditional methods of exciting the dielectric resonator (DR) as a radiating element and 

using these to build arrays are summarized in [27]. Recently, there is considerable research on 
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how to excite DRAs to improve the performance for a wide range of commercial wireless 

applications, for instance combining two DRAs together to make a multi-mode antenna covering 

different frequency bands [28], or using a hybrid structure to enhance the impedance bandwidth 

[29]. Using the notched DRA to produce the multimode in [30] and [31] also can improve the 

impedance bandwidth and produce outstanding performance. However, most of these methods 

result in complicated feeding structures, making them difficult to apply to DRA array design. On 

the other hand, for the traditional feeding schemes, it is difficult to achieve critical coupling for 

excitation due to the DRA with low permittivity value. These limitations are obstructions on the 

current research of feeding schemes for DRAs with very low permittivity value (εr≤10).           

1.4 Research Objective 

The main target of this research focuses on applying the advantages of tall transmission line 

fabricated by deep XRL technology to develop the novel feeding scheme on exciting the DRA 

with low permittivity value (εr≤10). The characteristics of tall transmission lines are investigated. 

The rectangular DRA with low permittivity values will be investigated and different feeding 

schemes and field distributions are shown in this research. After mastering both the properties of 

tall transmission line and DRA, how to apply the tall transmission lines to excite the rectangular 

DRA with low permittivity value becomes the primary target of this research. Three novel 

feeding schemes: side coupling feeding, direct feeding and T shape feeding are proposed and 

show promising performance in exciting rectangular DRAs with low permittivity (εr≤10), 

making these novel feeding schemes not only simple to use but also more effective. Further, the 
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T shape feeding structure is applied to design a linear rectangular DRA array with low 

permittivity (εr=5). This linear DRA array presents wide band operation and also a good 

radiation pattern, and the extremely low permittivity makes the direct use of non-ceramics 

materials such as pure polymers or polymer-composites feasible. During this process, the 

advantages of T shape feeding structure are shown, making the simulation more effective than 

the traditional way.  

1.5 Thesis Organization 

The contents of this thesis discuss the DRA, a new feeding scheme for low permittivity 

rectangular DRAs and application to linear array design. 

Chapter 2 discusses the basic fundamentals and the properties of DRA. It mainly focuses on the 

rectangular DRA, including a variety of typical feeding schemes, corresponding modes, field 

distributions, and radiation patterns.  

Chapter 3 describes the characteristics of the deep XRL fabricated tall transmission line. The 

performance of the tall transmission line is presented. 

Chapter 4 proposes three novel feeding structures composed by the tall microstrip line for 

exciting the rectangular DRAs with low permittivity (εr≤10). Analysis of the simulation and 

experimental measurement are presented in this chapter. 

Chapter 5 presents the T shape feeding scheme to build the very low permittivity linear 

rectangular DRA array. Dolph-Chebyshev array is designed. A new simulation method by using 

the advantages of T shape feeding structure is proposed and the simulation results show the 
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effectiveness and feasibility of tall feeding structure in designing the low permittivity linear DRA 

arrays. 

Finally, Chapter 6 gives the conclusions of this research and description of the future work. 
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Chapter 2                    
Dielectric Resonator Antenna (DRA) 

2.1 Introduction--Overview of DRA 

With the development of modern wireless communication and the ever increasing requirements 

for modern wireless devices and applications, novel advanced antennas with improved 

performance are essential. Initially, Dielectric Resonators (DR) were treated primarily as energy 

storage devices and used in microwave circuits, such as the filters and oscillators. These DRs 

with the high quality-factor were made by high permittivity (εr) material with εr higher than 20, 

such as crystal TiO2 or ceramics. Many DRs are placed into a closed metallic cavity to maintain 

the high Q-factor and avoid the radiation [32]. At that time, the concept that the DR could be 

used as the radiation element was not appreciated by most researchers.   

Since the DR resonates at different modes and different frequencies, with the proper feeding 

mechanism the DR can act as a radiation element. In 1983, the cylindrical dielectric resonator 

was proposed as a dielectric resonator antenna by Long et al. [33]. Subsequently, other papers on 

the investigation of different shapes of DRA, such as rectangular DRA [34] and hemispherical 

DRA [35] were published. These contributions laid the foundation for future investigations of 

DRA performance, including novel shapes, new feeding schemes, and different modes, which 

created many new and attractive features for novel antenna design.  

In this Chapter, the various geometries of DRA will be shown and its outstanding advantages 
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will be discussed firstly. These features can explain why the DRA has become so popular in 

advanced antenna design. The Rectangular DRA will be the focused analysis target, for example, 

describing its properties based on the classic wave equations, and computing the resonant 

frequency based on a fixed dimension, various mode distributions, and so on. The 3D finite 

element software Ansoft HFSS will be applied to practical design and for comparing with the 

theoretical calculations. Finally, different feeding schemes and their characteristics will be 

discussed. 

2.2 Geometries and Advantages 

One of the attractive features of the DRA is that it can be made in various shapes and in a variety 

of different materials. Correspondingly, different geometries provide different modes and 

performance, and various geometries have been tried experimentally to get the best radiation 

performance. The systematic, theoretical, and experimental investigations on cylindrical disk 

DRA shapes are illustrated in [33]. Other geometries such as split cylinder, sectored cylinder, 

metalized DRAs, cylindrical rings, conical, elliptical, spherical, hemispherical, triangular, 

rectangular, notched rectangular, chamfered, spherical cap, tetrahedral, perforated, stepped, and 

hybrid DRAs, have been reported. Fig. 2.1 illustrates various shapes possible as examples.  

Although many different shapes of DRA have been made, the radiation pattern for the most of 

the DRAs performs like an electric or magnetic dipole. In addition, this radiation pattern is 

affected by some critical factors, such as feeding schemes, mode distribution, and dielectric 

material. Most research focuses on the cylindrical and rectangular DRAs due to their simplicity  
10 

 



 

 
Fig. 2.1 Various shapes of DRA (Picture comes from NTK Technologies Incorporated [76]) 

in design, fabrication, and analysis. DRAs with different shapes also offer many advantages to 

allow the designers to fulfill many requirements easily.  

 Design Flexibility. For a rectangular DRA as an example, for given resonant frequency, 

two aspect ratios (height/length and width/length) can be chosen independently in terms 

of bandwidth control [36]. This offers high degree of flexibility in designing work.  

 Ease of Fabrication. The simple shapes of DRAs such as circular cylinder, rectangular, 

and hemisphere not only offer the outstanding performance, but also can be easily 

fabricated. Additionally, most of the circular cylinder or rectangular DRAs are applied 

for commercial purposes. 

 Size and Bandwidth Control. The DRA dimension is related to the wavelength λ0 of the 

free space resonant frequency and the dielectric constant εr as: 

                               0 5
 

.
0 rD ελ −∝                              (2.1) 
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In addition, the bandwidth of the DRA is inversely related to the dielectric constant εr. 

So the size of DRA made of high permittivity material is smaller than the DRA made of 

low permittivity material under the same resonant frequency; moreover, the bandwidth 

of DRA bandwidth made of high permittivity material is narrower as well. Thus, for the 

same resonant frequency there is natural reduction in size comparing with the traditional 

antenna like the microstrip antenna. 

 Various Feeding Schemes. There are many feeding schemes that can be used to excite 

the DRA basing on different requirements, such as probes, slots, microstrip line, 

dielectric image guide, and so on. These different feeding mechanisms make DRAs easy 

to integrate with existing technologies. 

 Various Resonance Modes. There are various resonance modes excited by using 

different DR shapes that can produce different radiation patterns. Further, Q-factor for 

some special modes is also determined by the aspect ratio of the DRA, providing an 

additional degree of flexibility to the design work. 

 High Efficiency. High radiation efficiency can be achieved because there is no inherent 

metallic conductor loss. This attractive characteristic is very useful for millimeter wave 

antenna applications, where the loss from metallic antennas can be high. 

 Wide Impedance Bandwidth. Since the DRA radiates the energy through the whole 

surface comparing with the traditional microstrip antenna, it has the wider impedance 

bandwidth. Moreover, the impedance bandwidth also can be varied by changing the 

dielectric constant of the material and the aspect ratio, making the DRA a good 
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 High Power Handling and Temperature Stable. DRAs have high power handling ability 

due to the high dielectric strength. Since ceramics are typically excellent materials for 

temperature stability, DRAs can operate over a wide temperature range.   

In this thesis, the main research and application will focus on the rectangular DRA (RDRA), 

including the different radiation modes, various feeding schemes, and theoretical calculations on 

the geometry. 

2.3 Analysis and Simulation of Rectangular DRA  

2.3.1 Analysis for the Rectangular DRA  

The RDRA is the most common DRA for practical applications, because it offers some attractive 

features. It is easy to fabricate and more flexible for design than the other geometries, and it 

avoids mode degeneracy and offers bandwidth control. In order to model the dielectric resonator 

antenna, the approximate dielectric waveguide model (DWM) [37] is employed into this analysis. 

After truncating along the z-direction at ±d/2 along the DWM and applying the boundary 

condition of magnetic walls on the surfaces, the isolated DRA model in free space can be 

obtained. Fig. 2.2 shows both the truncated waveguide model and isolated rectangular DRA 

model.  

This RDRA can support two different modes, TM mode and TE mode; however, it is suggested 

that lowest order TM modes have not been observed experimentally [38]. Since the RDRA has 
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three independent dimensions, the resonant TE modes can be designed as , ,yx zTE TE TE . 

 

Fig. 2.2 Truncated waveguide model & isolated RDRA model 

In Fig. 2.2, under these coordinates, the RDRA with the dimension a, b, d, where a and b> d, the 

lowest order mode will be TE11δ
z  . The following wave equations describe the field distribution 

[32]: 

              ( ) ( )
0

sin cos sin( )z
zx x

k kxH k x k y
j y k z
ωμ

=             (2.2) 

                 ( ) ( )
0

cos sin sin( )
k kzyH k x k y zy x yjωμ

= k z             (2.3) 

                    ( ) ( )
2 2

0

cos cos cos( )
k kx yH k x k yz zx yjωμ

+
= k z           (2.4) 

               ( ) ( )cos sin cos( )E k k x k y kzx y x y= z         (2.5) 

              ( ) ( )sin cos cos( )E k k x k y kzy x x y= − z            (2.6) 

                     0Ez =       (2.7) 

Where Ex, Ey, Ez, are the electrical field along x, y, and z directions respectively inside the DR 
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and the Hx, Hy, Hz are magnetic field along x, y, and z direction respectively inside the DR. The kx, 

ky, and kz denote the wave numbers along the x, y and z directions respectively inside the DR and 

they can be obtained from these corresponding formulas by enforcing the magnetic wall 

boundary condition E · n = 0 at the resonator surface, i.e., at x=±a/2 and y=±b/2 [36]:   

                 0
0

2    fk k kx ya b c
ππ π

= = =              (2.8) 

Where c=3×108 m/s. These wave-numbers also satisfy the conditions that [36]: 

                 2 2 2
0k k k kz
2

x y ε+ + = r                   (2.9) 

                 ( ) 2 2
0tan 1

2
k dzk kz rε

⎛ ⎞ = −⎜ ⎟
⎝ ⎠

− kz          (2.10) 

kz can be obtained by solving the transcendental equation (2.10) through the simple numerical 

method; then the expression which only includes k0 can be obtained by substituting the equation 

(2.8) into (2.9). The resonant frequency can be achieved by solving k0 expression using the result 

of kz in the first step.  

2.3.2 Fields within the Rectangular DRA 

Ideally the DRA element is mounted on an infinite conducting ground plane (see Fig. 2.3). Based 

on the image theory [39], the height of the DRA can be modeled as half that in the DWM, which 

is: H=b/2. If the DRA dimension in Fig. 2.3 fulfills the condition that a > b/2>d, the dominant 

mode will be TE11δ
z  [27] with m=n=1, where the Greek letter δ can be defined as the fraction 

of a half-cycle of the field variation in the z-direction and is given by [27]: 

                       
/

kz
d

δ
π

=                     (2.11) 
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Fig. 2.4 shows the fields distribution of the dominant mode of TE11δ
z  . 

 
Fig. 2.3 DRA mounted on the infinite ground plane 

The components of the magnetic field will dominate along the center inside the DRA, while the 

electric fields in other directions such as y and x components will circulate around the magnetic 

fields. This distribution is similar to that of a short magnetic dipole, which results a radiation 

pattern like in Fig. 2.5. This ideal radiation pattern assumes the condition that DRA is placed on 

the infinite ground plane; while in practical application, the finite ground plane will have the 

effects on the radiation pattern, introducing the ripples in the radiation pattern and the back-lobe 

radiation due to the diffraction from the finite ground plane [32].  

Through modifying the aspect ratio of DRA dimension, some higher order modes can be excited. 

Recently many researchers in [28-31] use this property to enhance the impedance bandwidth, 

producing the advanced multimode antenna to meet with the requirements of the modern 

wireless communication. Fig. 2.6 shows different higher-order modes. As described in [27], for 

both higher order mode TE31δ
z  and TE13δ

z  , their radiation patterns which have the peak in the 

broadside direction (along the z-axis) is similar as the TE11δ
z  mode. While the mode TE21δ

z  will 

have a null at the broadside direction; peak will appear at the end-fire direction (along the x-axis). 
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Since the tangential of the E-field at the y=0 is zero, so the mode TE12δ
z  does not exist in this 

case, because it requires the maximum E-field at the location where y=0.  

 
(a) 3D fields distribution 

 
      (b) Fields distribution in x-y plane 

 

     (c) Fields distribution in y-z plane 

Fig. 2.4 Fields distribution of the dominant mode 11
zTE δ                      
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Fig. 2.5 Dipole like radiation pattern for RDRA on the infinite ground plane 

       
Fig. 2.6 E-fields distribution for different higher-order modes inside the RDRA 

2.3.3 Simulation and Verification 

a. Introduction of the Simulation Tools  

In this section, commercial finite element method (FEM) based Ansoft High Frequency Structure 

Simulator (Ansoft HFSS) 3D electromagnetic simulation software is applied to design and 

analyze the properties of RDRA.  

The simulator of the HFSS which is used to calculate the full 3D electromagnetic field inside the 
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object is based on the FEM. Theoretically, the FEM method divides the object into thousands of 

smaller regions represented using a local function in each sub-region. During the process of 

calculation, the model will be separated into a large number of tetrahedrons which are four-sided 

pyramids. These small tetrahedral units form finite element meshes. HFSS represents the field 

quantities and analyzes it in three areas. Inside of the mesh element, the values of vector field 

quantity, such as the E-fields or H-fields are interpolated from the vertices of the tetrahedron. At 

each vertex point, the field components are tangential to the three edges of the tetrahedron. 

Further, the components of field vectors at the middle point of the each edge are tangential to the 

face and normal to each edge [60]. Fig. 2.7 presents these three areas. More reference on 

applications to electromagnetic problems for FEM can be found in [40], [41].  

By representing field quantities in these three areas, HFSS can transform Maxwell’s equations 

into matrix equations and solve them by using traditional numerical methods. In order to get the 

accurate results, large numbers of small mesh elements must be used in the calculation; however, 

the amounts of available computer resources limit this requirement. Hence, a trade-off between 

the object size and the mesh complexity is necessary. Additionally, in order to get the more 

precise field quantity results, HFSS uses an iterative process in which the mesh is automatically 

refined in critical regions, making sure each element is small enough for the field to be 

adequately interpolated from the nodal values.  

b. Simulation by Ansoft HFSS and Verification 

In this section, the Eigenmodes solver in Ansoft HFSS is applied to analyze the resonant 
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frequency by fixing the RDRA dimension. Ansoft HFSS eigenmode solver can obtain the 

different resonant frequencies as well as the corresponding field distribution under the different 

modes. 

       
     Fig. 2.7 Graphic of the calculation processes in HFSS 

In this case, an RDRA with the dimension L=5mm, H=2mm, W=3mm and permittivity of 10 is 

investigated as an example. Since the coordinate axis in the HFSS simulation is different from 

the previous definitions in theory, the propagation direction of the magnetic field changes to Y 

axis, so the dominant mode should be TE1δ1
y  as shown in Fig. 2.8 and calculation of the 

resonance frequency for the dominant mode is predicted to be 18.033GHz based on the DWM 

model using equations (2.8), (2.9), (2.10). Then the HFSS Eigenmode solver is employed in the 

verification work as described in the following steps.  

 Step 1. Building the model and setup the simulation. Fig. 2.8 is the RDRA model with 

permittivity of 10 in HFSS. The RDRA is placed inside the ideal perfect conducting cavity 
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(not shown in Fig. 2.8), which can be set by selecting a prefect E boundary on each surface 

of the cavity. The Maximum Delta Frequency Per Pass which is the percentage difference 

between calculated eigenmode frequencies from one adaptive pass to the next is set to 0.01. 

This value can control the mesh elements adaptively to increase the accuracy until the 

maximum number of the passes is completed [60].  
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 Step 2. Results and Analysis. During the simulation, there are approximate 10300 tetrahedral 

elements created which are applied to analyze the RDRA structure in HFSS. Fig. 2.9(a) 

shows the mesh distribution over the RDRA surface. The results are shown in Fig. 2.9(b). 

From the modes table, it can be seen that mode 1, 2 and mode 5, 6 are degenerate modes 

resulting by the conducting cavity boundary, which means they have the same resonance 

frequency but different modes; additionally, mode 7, 8 and 10 are also introduced by the 

conducting cavity boundary. Since the DRA changes the environment inside of the cavity, 

the resonance frequency and the field distribution of the conducting cavity box under the 

different modes are close to the characteristics of the standard empty conducting cavity, but 

not fulfill the characteristics strictly especially when the DRA operates at its own mode.      

The resonant frequency of dominant mode TE1δ1
y  is 18.1055GHz which is mode 3 as shown 

in Fig. 2.9(b) comparing to the 18.033GHz in theory, offsetting about 0.38%. The second 

order mode for RDRA is TEδ11
x  whose resonant frequency is 18.8885GHz (the propagation 

direction of the magnetic field changes to X axis direction) which is mode 4 in Fig. 2.9(b). 

Since the resonator edge changes from a to d which is smaller than before, the resonant 

frequency for TEδ11
x  is higher than TE1δ1

y . Mode 9 is TE2δ1
y  and the resonant frequency is  



 

 

Fig. 2.8 Geometry of the RDRA analyzed in HFSS 

 

(a) Meshing on the surface of the RDRA 
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    (b) Resonance Frequencies under the Different Modes                     

Fig. 2.9 Simulation results in HFSS 
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about 20.8607GHz. Mode TE1δ2
y  does not exist since the tangential components of the 



 

E-field at z=0 is zero. Fig. 2.10 illustrates the simulated field distribution of RDRA for 

different modes. 

 2.4 Excitation Techniques of the RDRA 

In practical applications, signal power must be coupled in or out of the DRA through suitable 

methods, which are so-called excitation techniques. It is one of the critical parts in DRA design 

work. For different types of feeding schemes, such as the location of the port with respect to the 

DRA, the types of port and its dimension will decide how much power can be coupled to DRA 

and which modes can be excited. In addition, these feeding schemes have considerable impacts on 

the resonant frequency and Q-factor. Hence, it is necessary to analyze the characteristics of the 

different feeding mechanisms prior to coming up with the novel feeding scheme using the tall 

transmission line.  

According to the Lorentz Reciprocity Theorem and the foundation of coupling theory for the 

resonator circuit in [42], the coupling factor k between the source and the field inside DRA can be 

described as an electric source and a magnetic source respectively as below:  

( )E DRA SE JK ⋅∝ ∫ dV
v v

                           (2.12) 

                        ( )M DRA sH MK ⋅∝ ∫ dV
rv

                        (2.13) 

where V is the whole volume of the DRA, vector DRAE
r

 and DRAH
r

 are the electric and magnetic 

field intensity respectively inside the DRA, while the vector sJ
r

and sM
r

 are the electric and 

magnetic sources respectively. Equation (2.12) represents the electrical current source is located 

at the maximum electric field within the DRA in order to achieve strong coupling. While 
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          (a) E field vector for TE111

y                 (b) E field magnitude for TE111
y  

 
(c) E field vector for TE111

x                  (d) E field magnitude for TE111
x  

 
(e) E field vector for TE211

y                   (f) E field magnitude for TE211
y  
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Fig. 2.10 Simulated field distribution of different modes in HFSS; assuming δ=1, field intensity(V/m) 

represented by color bars 



 

equation (2.13) illustrates the magnetic current source is placed at the maximum magnetic field 

within the DRA to obtain strong coupling. The following sections will illustrate the various 

feeding mechanisms.  

2.4.1 The Coaxial Probe Feed 

Coaxial probe feed is a very common method to excite the DRA and is widely used in practical 

applications. The probe consists of the transmission line (coaxial cable) with a short length of 

exposed inner pin. This pin can be seen as an open circuit vertical electrical source extending 

above the ground [27]. In order to achieve the desired coupling to excite the DRA, the probe can 

be considered as the vertical electrical current and is placed in the region where the DRA has 

high electric field as described in equation (2.12) and the dominant mode TE11δ
z  will be excited 

[33]. Fig. 2.11 shows this feeding structure and Fig. 2.12 presents the fields distribution of the 

dominant mode.    

The advantage of this structure is the ease to match to 50Ω system. Since the transmission line 

can connect with the 50Ω system directly, the matching network becomes simple. In addition, the 

location of the probe can be placed adjacent to the DRA to control the amount of coupling, 

optimizing the matching condition. In order to obtain the good radiation pattern, the height of  
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Fig. 2.11 Coaxial probe feeding structure 

 
     (a) E field distribution               (b) H field distribution 

Fig. 2.12 Field distribution of the coaxial probe feeding structure 

the probe is usually lower than the height of the DRA to avoid probe radiation. However, some 

investigation focus on the effects of the feeding probe length, when its height is around a quarter 

guided wavelength, this probe can be seen as both the feeding source and the monopole radiator, 

which is a so-called hybrid mode DRA [43]. [33] claims that there are not suitable equations to 

design the required probe height for a given set of DRA dimensions and permittivity. In practice, 

the probe height can be obtained by using the experimental way to try the probes with different 

height until the desired match is achieved. Moreover, since the probe can be seen as the vertical 

electrical source, especially when it is substituted by a flat metal strip attached to the DRA, 

strong coupling can be obtained by placing the strip at the region where the DRA has high 
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electric field [44]. When the DRA operates at millimeter-wave, both of the resonant frequencies 

of DRA and the probe (or the strip) can be combined together to increase the bandwidth, creating 

the wide band antenna [45]. 

2.4.2 The Co-planar Slot Loop Feeding 

Compared to the probe feeding structure, planar feeding does not need the obtrusive structure, 

easing the fabrication. By moving the co-planar loop from the edge to the center of the DRA or 

by changing shape of the loop, the amount of the coupling can be varied; furthermore, this 

feeding scheme can provide addition control for impedance matching by adding stubs or loops at 

the end of the line [46]. Fig. 2.13 gives the structure of this feeding mechanism and the field 

distribution. In this case, in order to obtain the desired coupling, the slot loop can be moved from 

the edge of the DRA to the center and the dominant mode TE111
z   can be excited [75]. 

 

(a) E field distribution              (b) H field distribution 

Fig. 2.13 Geometry of the co-planar feeding scheme and 11
zTE δ  fields distribution 

In the case of the slot loop structure, there are many different shapes of co-planar structures 

possible as shown in Fig. 2.14, such as open-circuit co-planar waveguide [47], stub-loaded 

waveguide-fed [48], and co-planar rectangular loops feed [46].    
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Fig. 2.14 Various co-planar feeding mechanisms 

2.4.3 The Slot-Aperture Feeding  

The slot-aperture feeding structure is similar to the co-planar feeding. The energy is coupled 

from the microstrip line to the DRA through fields in the slot aperture. The slot aperture is etched 

on the ground plane and coupled to either the open-end microstrip line or coaxial cable, or even a 

waveguide which can be used as one part of the feeding mechanism [49],[50]. When the energy 

is coupled to the DRA, the slot can be considered like an equivalent magnetic current and its 

direction is parallel to the slot length (See Fig. 2.15). 

In order to achieve maximum coupling, the aperture slot should be placed in the region of 

maximum magnetic fields. Since the feeding line is underneath the ground plane which is 

isolated from the DRA, the spurious radiation therefore can be avoided [27]. Fig. 2.16 gives the 

structure and field distribution of this feeding scheme.  

In this case, TE11δ
z  as the dominant mode will be excited. Furthermore, by adjusting the position 
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           (a) Electric field of the slot aperture    (b) Equivalent magnetic source 

Fig. 2.15 Slot-aperture coupling illustration  

of the DRA with respect to the slot aperture or verifying the dimension of the slot aperture, the 

coupling amounts can be changed as well as improving the impedance matching condition (the 

dimension of the microstrip line can be modified to cancel out the reactive components which 

are brought by the slot aperture) [27]. Furthermore, this feeding structure can be applied to wide 

band antenna design since the resonant frequency of the slot aperture can be combined with the 

resonant frequency of the DRA to enlarge the bandwidth [30]. In practical application, the slot 

size is usually electrically smaller than DRA; this property makes this feeding scheme possible at 

high frequency (above the L-Bands) [32].     

2.4.4 The Microstrip Line Feeding 

One of the simplest feeding structures is microstrip line feeding. By using proximity coupling to 

the DRA from the microstrip line, the magnetic field inside the DRA can be excited, producing  
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(a) Slot-aperture feeding structure        (b) Field distribution of the DRA 

Fig. 2.16 Geometry of the slot-aperture feeding scheme and its field distribution 

the short horizontal magnetic dipole like TE11δ
 z  mode as shown in Fig. 2.17. By tuning either the 

distance between the DRA and microstrip line or the position of the DRA with respect to the 

lateral microstrip line until obtaining the desired matching condition, the critical coupling 

between the feeding line and DRA can be achieved. The direction of the magnetic field inside of 

the DRA is parallel to the microstrip line as shown in Fig. 2.18(a) and the DRA behaves like a 

short magnetic dipole as shown in Fig. 2.18(b). Additionally, this structure also applies for the 

other shapes of DRA such as direct feeding on the cylindrical DRA [51].  

 
(a) Side coupling feeding structure           (b) Fields distribution 

Fig. 2.17 Microstrip line feeding structure and the field distribution 

The amount of coupling is affected by the permittivity of DRA. When the permittivity value is 

high (εr >20), strong coupling can be obtained, however, the coupling level is significantly 
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decreased if the DRA has a lower permittivity value (εr <10) [27]. In this situation, series feeding 

for the linear DRA array can be applied to improve the radiation efficiency. The disadvantage of 

this feeding scheme is the surface wave can be excited at the higher frequency, affecting the 

radiation pattern and the DRA efficiency [52]; moreover, the matching work becomes 

problematic especially when the permittivity value of the DRA is very low [36].  

  
(a) Magnetic field distribution            (b) Short magnetic dipole 
Fig. 2.18 Magnetic fields distribution of the microstrip line and DRA 
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Chapter 3                         
Tall Micromachined Transmission Line 

3.1 Introduction of Planar Transmission Line 

Microstrip line is a type of planar transmission line which is widely used in practical circuit 

applications. Since it can be easily fabricated by printed circuit board technology or 

photolithography methods, its characteristics can be well controlled by modifying the dimension 

or the material to obtain the desired characteristics. In addition, it can also easily be integrated 

with circuit elements, so it is one of the most popular types of transmission line applied to 

microwave circuit design. Fig.3.1 (a)~(d) give different types of planar transmission lines.    

 

(a) Microstrip line                      (b) Coupled strip line 

 

(c) Coplanar waveguide                     (d) Slot line 

Fig. 3.1 Planar transmission line. 

The microstrip line structure is composed of three parts: metal conductor trace, substrate and 

metal ground plane. Fig.3.2 (a)~(b) give its configuration.  
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               (a ) Top view                            (b) S de view i

Fig. 3.2 Geometry of the microstrip line 

The metal strip with the proper width and thickness, which can be made by various materials 

such as copper or gold, is printed on the dielectric substrate with the metal grounded on the other 

side. The substrate can be of different materials, with relative permittivity values typically in the 

range of 2 to 20.  

Since the conductor strip is placed at the air-substrate interface having different dielectric 

constants, when the waves propagate through the microstrip line, most of the fields will be 

confined between the conductor strip and the ground plane inside the substrate area; while a few 

of fields are present in the air region above the substrate [39]. If the longitudinal components of 

the E-field or H-Field under the dominant mode of a microstrip line are much smaller than the 

transverse components, the quasi-TEM approximation can be applied. Fig. 3.3 illustrates the 

static quasi-TEM field pattern of microstrip line. For this reason, the effective dielectric constant 

εeff is introduced and since the inhomogeneous environment is around the metal conductor, the 

effective dielectric constant is higher than the air permittivity (εr=1) but less than the substrate 

relative dielectric constant as below:  

                                   1 e rε ε< <                          (3.1) 

33 
 



 

Furthermore, the phase velocity in the dielectric region is 
r

c
ε

which is much different than the 

phase velocity c in the air, so true TEM waves cannot be supported at the dielectric–air interface 

due to the unmatched phase velocity. The equation for effective phase velocity Vp of the 

microstrip line can be obtained using the effective dielectric constant as in (3.2)[39]. 

p
e

cV
ε

=
        (3.2)

 

 
Fig. 3.3 Field distribution for the microstrip line 

Presently, there are many papers and commercial tools can provide various approximated models 

or equations to get the accurate results for parameters such as dimensions, impedance, effective 

dielectric constant, phase velocity, attenuations and so forth [53]~[57] and these equations are 

applied to practical design works very well. The details of the theory on planar transmission line 

as well as the various equations on how to calculate the parameters as discussed will not be 

included in this thesis. The point will focus on the properties of the tall transmission line and its 

performance and characteristics are analyzed by using the commercial 3D finite element 

software Ansoft HFSS in the following sections.  
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3.2 Deep XRL Fabricated Tall Microstrip Lines 

3.2.1 Introduction  

Since the deep XRL fabricated tall microstrip line has thicker conductor trace than the 

conventional microstrip line, it offers many advantages. For conventional microstrip line, its 

characteristics can be obtained as in [53] using the quasi-static method basing on quasi-TEM 

model. Good agreement between the experiments and the theory have been shown [55] when the 

thickness of the conductor with respect to the substrate thickness is smaller than 0.005, while the 

dielectric constant is in the range of 2 to 10 and the ratio of the strip width to the substrate 

thickness is in the range of 0.1 to 5.  

In addition, these formulae for the characteristic impedance and effective dielectric constant are 

valid in the case of quasi-TEM model at low frequency [53]. However, as the frequency goes 

higher and the metal conductor thickness with respect to the substrate thickness increases, the 

static assumption is not valid or even a poor approximation to describe the properties of this new 

model. Since the characteristic impedance and the effective dielectric constant change 

dramatically when the operated frequency is high, the hybrid mode can be excited rather than the 

quasi-TEM mode, making the transmission line dispersive. So it is necessary to apply the full 

wave numerical methods to analyze the performance of tall microstrip line.    

3.2.2 Analysis and Simulation 

The normal microstrip line and deep XRL fabricated tall microstrip line are investigated by using 
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the 3D finite element software Ansoft HFSS in this section. Fig. 3.4 (a)~(b) give both geometries 

of conventional microstrip line and deep XRL fabricated tall microstrip line models in Ansoft 

HFSS software.   

The nickel conductor (conductivity=1.47×107Siemens/m) is assumed to be plated on a 1mm 

thick quartz glass substrate (relative permittivity εr=3.78 at 10GHz). The different height of the 

metal conductor h is under the investigation. 

 
(a) XRL fabricated taller microstrip line         (b) Conventional microstrip line 

Fig. 3.4 Geometry of the microstrip line. 

Both of these structures are simulated under the Driven Modal in Ansoft HFSS. They are covered 

by the air box with default surface as the prefect electrical boundary confining all the energy 

inside the box. Two wave ports are defined by attaching both end surfaces of the metal conductor 

and substrate making sure the energy can pass through from one port to the other. The size of the 

wave port should be controlled. A large port could excite the waveguide mode since the air box 

can be assumed as the rectangular waveguide due to the electrical boundary condition outside. If 

the size is too small, the fields will couple from the conductor trace to the edge of the port walls 

resulting in inaccurate solutions.  
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One rule of the thumb for a microstrip line model is that the port width is 10 times wider than the 

width of conductor trace in case the width of conductor trace is bigger than the substrate 

thickness; while when the width of conductor trace is smaller than the substrate thickness, the 

port width should be set as 5 times wider than the width of the conductor trace [58]. The port 

height should be set about 6~10 times higher than the substrate thickness. Fig. 3.5 demonstrates 

the correct size of the wave port.  

Fig. 3.5 The size of the wave port in the HFSS 

 

 
Fig. 3.6 Geometry of the wave port in HFSS 
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The integration line is to set for calculation purpose. Fig. 3.6 shows the port setting of the tall 

fabricated microstrip transmission line in HFSS. Fig. 3.7 shows one example of the tetrahedral 

elements when the height of the metal conductor is 0.7mm. There are 10255 tetrahedrons 

distributed on the surface of the whole structure. During the simulation, the height and the width 

of the metal conductor are varied to obtain the different characteristic impedances. Meanwhile, 

the parameters such as field distribution and effective dielectric constant are under investigation. 

 

Fig. 3.7 Tetrahedral mesh distribution in HFSS calculation 

The field distribution for tall transmission line with conductor thickness of 0.7mm and the 

conventional microstrip line with conductor thickness of 0.02mm will be compared firstly. Both 

of these models have the same conductor width which is 1.78mm. The simulated magnitude and 

vectors of the electric field at 10 GHz for both conventional microstrip line and tall microstrip 

line are presented in Fig. 3.8 and Fig. 3.9 respectively. Since the tall transmission line has more 

metal conductor exposed in the air, the magnitude of electrical fields along the tall metal 

conductor trace above the substrate is concentrated; however, the magnitude of electric field 
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concentration around the bottom of metal conductor is lower than the thin conductor. This feature 

results in the higher conductor loss associated with the traditional microstrip line; additionally, 

simulated vectors of electric field above the substrate for the tall microstrip line are more 

intensive than the conventional microstrip line indicating the tall microstrip line has higher 

coupling energy due to the thicker conductor trace. Hence the tall microstrip line can be applied 

to the structure which requires the lower loss but the higher coupling energy, such as coupler or 

filter [5]~ [7].  

 

(a) Tall microstrip line 

 
                              (b) Conventional microstrip line 

Fig. 3.8 Magnitude of E-field distribution 

Fig. 3.10 illustrates the characteristic impedance of the microstrip line with varying the 
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conductor width from 0.25mm to 2mm under the different conductor heights of 0.02mm, 0.1mm, 

0.2mm, 0.4mm, 0.7mm. The characteristic impedance decreases with increasing the metal 

conductor width; while for the same metal width, the characteristic impedance decreases with 

increasing the metal conductor height. 

 

      (a) Tall microstrip line   

 

(b) Conventional microstrip line 

 Fig. 3.9 Electric field vector distribution 

The low characteristic impedance can be obtained either by increasing the width of the conductor 
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trace or by increasing the height of the conductor trace. Since more fields distribute above the 

substrate when the height of conductor trace is increased, the tall microstrip line with the lower 

impedance potentially produces high coupling energy, making the objects more laterally 

compactable. 

 

Fig. 3.10 The characteristic impedance of the microstrip line operating at 10 GHz as a function of strip 

width, w, for different height, h. 

Fig. 3.11 presents the effective dielectric constant under the different heights of the microstrip 

line. Since more fields distribute above the substrate with increasing the conductor trace, the 

effective dielectric constant decreases. This fact results in the lower phase constant in Fig. 3.12 

when the conductor height is increased.  

The attenuation constant can be obtained from the complex propagation constant γ available 

directly in the HFSS solution [59]. The propagation constant is given by equation (3.3).  

                             jγ α β= +                      (3.3) 

where the real part α is the attenuation constant of the signal propagating through the 
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transmission line. The imaginary part β is the propagation phase constant. Fig. 3.13 presents the 

results of the attenuation constant variations when the height of the microstrip line is increasing. 

For the fixed conductor width, when the conductor height increases, the attenuation constant 

decreases. This is mainly because the higher current density distributes at the bottom of the 

thinner conductor trace compared to the taller case. The lower attenuation constant values are 

associated with the lower losses for the tall microstrip line model.  

Additionally, the propagation phase constant β can be obtained directly in HFSS by calculating 

the imaginary part of propagation constant as shown in Fig. 3.12.                         

Fig. 3.14(a) is the top view of a microstrip line fabricated using deep XRL with electroplating. 

The metal conductor is nickel and the substrate is quartz glass. The measured average height of 

the metal conductor is 287μm and the substrate thickness is 500μm. In this research, the height of 

the conductor trace can be measured by taking the average of three independent measurements 

on the same conductor trace at the middle and the two end points. Fig. 3.14(b) shows the details 

of the corner of the microstrip line, measured under the microscope Zeiss Axiotron 1 (see the Fig. 

3.15). 

From the discussion above, XRL fabricated tall microstrip line is a good candidate which can be 

applied to microwave and millimeter wave circuit design due to its unique characteristics such as 

the higher coupling energy and lower loss. In addition, circuits such as filters and couplers which 

are fabricated by XRL can achieve excellent performance and offer precise dimension and 

compact lateral structure due to the higher coupling energy [5],[6],[9].  
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Fig. 3.11 Effective dielectric constant at 10 GHz of the different height microstrip line as a function of 

strip width, w, for different height, h. 

 

3

 

Fig. 3.12 Phase constant at 10 GHz of different height of the microstrip line as a function of strip width, w, 

for different height, h. 
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Fig. 3.13 Attenuation constant at 10 GHz of different height of the microstrip line as a function of strip 

width, w, for different height, h. 

    

(a) Top view                                (b) Side view 

Fig. 3.14 XRL fabricated tall microstrip line 
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Fig. 3.15 Measurement platform: Zeiss Axiotron 1 Microscope 
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Chapter 4                            
New Feeding Scheme for Low Permittivity 
Rectangular DRA 

4.1 Motivation and Introduction 

In the last two chapters, the properties and characteristics of the DRA as well as the deep XRL 

fabricated tall microstrip line have been investigated. In this chapter, how to utilize the 

advantages of the tall microstrip line to excite the DRA with low permittivity (εr≤10) and 

compose the novel feeding structure is under investigation.  

For the novel feeding scheme, it not only inherits advantages of the tall microstrip line such as 

lower loss but also can more easily excite the DRA as well as integrate with other tall microstrip 

circuits. In this chapter, there are two new feeding structures presented and one evolving 

structure will be proposed and investigated by using the FEM based Ansoft HFSS software. 

4.2 Analysis of New Feeding Structure 

4.2.1 Introduction 

In chapter 2, four popular common feeding schemes have been illustrated and analyzed. Among 

these traditional feeding structures, the simplest one is the microstrip line feeding structure. 

Theoretically, the coupling intensity by using the microstrip feeding is decided by two factors, 

one is the distance to the microstrip line and another one is the dielectric constant of the DRA 
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element. However, since more fields distribute above the substrate if the feeding line becomes 

thicker, more coupling energy can be created.   

Furthermore, coupling intensity is also decided by the dielectric constant of the DRA; the 

stronger coupling energy can be achieved when the DRA with high permittivity (εr>20) is 

applied. However, If the dielectric constant is low (εr≤10), the coupling intensity is too low to 

excite the DRA, making this simplest feeding scheme difficult to apply practically. R.K. Mongia 

in [36] illustrates that it is not possible to obtain critical coupling by using the planar microstrip 

line feeding if the RDRA has a permittivity value lower than 20. However, XRL fabricated tall 

microstrip line can remedy these drawbacks due to its special advantages. The vertical and thick 

metal conductor trace can produce more fields bringing more coupling energy which can 

compensate for the lower permittivity value of the DRA.  

4.2.2 Side Coupling Feeding Scheme 

The first feeding method is side-coupling. Its configuration is similar to the conventional 

microstrip line feeding structure. The RDRA is placed at the region of the maximum electric 

field or magnetic field adjacent to the transmission line to achieve the maximum coupling energy 

and excite the dominant mode. The DRA with permittivity of 20 and 10 are analyzed; during the 

simulation, the microstrip feeding line with different aspect ratios is under investigation to verify 

the performance of the proposed feeding structure. Fig. 4.1 shows the geometry of this feeding 

model in Ansoft HFSS.  
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Fig. 4.1 Geometry of the side-coupling feeding scheme on RDRA 

The open end tall microstrip line is placed on a 1.5 mm thick quartz glass substrate. The RDRA 

with dimensions 7 mm*9 mm*4 mm (W*L*H) is placed aside of the microstrip line.  

For the first case, the RDRA with permittivity of 20 is analyzed. In order to achieve the 

maximum coupling energy, the RDRA is assumed to contact the metal conductor trace, and is 

moved from the open end point along the transmission line until obtaining the critical coupling 

which achieves the best return loss. Since high coupling intensity can be anticipated due to the 

high dielectric constant, this RDRA element could be excited using the traditional planar 

microstrip line. Theoretical computation shows the resonant frequency of the dominant mode for 

the single RDRA with the dimension of 7 mm*9 mm*4 mm (W*L*H) is 6.45GHz compared 

with the simulated resonant frequency 6.93GHz in HFSS. Since this RDRA is loaded by the 

planar microstrip line in HFSS, the resonant frequency under the dominant mode presents a 

difference of 7.44%. Fig. 4.2 presents the simulated H-field vector distribution for both the 

feeding line and RDRA. It can be seen that the magnetic field inside the RDRA coincides with 
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that of the microstrip line to achieve a strong coupling.  

The reflection coefficient is lower than -20dB as shown in Fig. 4.3. The 10dB fractional 

bandwidth can be defined as the bandwidth at the return loss of -10dB divided by its central 

frequency. The simulation results show the 10dB bandwidth is about 6.13%, relatively narrow 

due to the DRA with high dielectric constant. 

TE111
x  as the dominant mode in this case is excited making the field distribution like the short 

horizontal magnetic dipole. Fig. 4.4 (a) and (b) present the dominant mode field distribution of 

the RDRA for both the E-field and H-field. Fig. 4.5 (a) and (b) give the radiation pattern for 

E-plane and H-plane respectively. It can be seen that the gain value is about 6.8dB and the 

cross-polarization is about 36.53dB below the co-polarization. 

In HFSS, there are two gains: gain and realized gain. Both of them have their individual 

meanings. The first parameter of gain is 4π times the ratio of the radiation intensity, U, for an 

antenna in a given direction to the total power accepted, Paccept , by the antenna and is presented 

in equation (4.1). 

                           4

accept

UGain
P
π× ×

=                           (4.1) 

The realized gain is presented in equation (4.2) as below: 

                                                             
4

realized
incident

UGain
P
π× ×

=                            (4.2) 

The difference between these two parameters is the power. The accepted power in equation (4.1) 

does not consider the reflected power from the antenna; while the incident power, Pincident , in 

realized gain is the total power which is received by antenna. Since the realized gain includes the 
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reflected power at the end of antenna, it is closer to the measured gain in the chamber as the 

practice; while the gain value meets the gain definition in [64]. However, once the return loss at 

the input port of antenna is lower than -10dB delivering more than 90% energy to the antenna, 

the difference between these two gain parameters can be ignored. In this case the gain value is 

about 6.7982dB comparing with 6.699dB of the realized gain, which is smaller than 0.1dB 

difference. So in the following simulation, the gain value will be presented to describe the 

radiation quality of the DRA.  

 
Fig. 4.2 Simulated H-field vector distribution for both of the microstrip line and RDRA 

   

Fig. 4.3 Return loss in dB of the side coupling feeding structure of RDRA with permittivity of 20. 
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(a) E-field distribution                (b) H-field distribution 

Fig. 4.4 RDRA field distribution of the dominant mode 

 
(a) H(XZ)-Plane 

 
(b) E(YZ)-Plane 

Fig. 4.5 The radiation pattern of the side-coupling scheme of RDRA with permittivity of 20 

In the second case, the dielectric constant is decreased from 20 to 10, but the RDRA has the same 
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dimensions. The coupling level becomes weaker due to the lower dielectric constant value. In 

order to excite the RDRA effectively, the thickness of the feeding line is increased; besides, the 

position along the tall microstrip line will be varied to obtain the critical coupling. 

The computation of the resonant frequency using equations (2.8), (2.9), (2.10) in Chapter 2 is 

9.02GHz; however, the simulated resonant frequency in HFSS is about 7.77GHz, which is 13.8% 

lower than the theoretical result. The reason is because of the tall feeding line. In this case, in 

order to achieve more coupling from feeding line, the height of the conductor trace increases to 

1.5mm which is close to the half of the RDRA height. Since the contact area between the RDRA 

and the tall feed line is much larger, the conductor trace is not only loading the RDRA but also 

appearing as prefect-E wall. Based on the image theory, the effective dimension of the RDRA 

under simulation case appears larger than in the theoretical computation. This unique 

characteristic can make the size of the RDRA more compact with using tall microstrip line 

feeding. On the other hand, the critical coupling is not generally obtainable for DRAs with low 

permittivity value (ε<10) if the simple planar microstrip line is applied, making the traditional 

feeding scheme less effective in practice for excitation [38]. However, results for the return loss 

presented in Fig. 4.6 show good matching using the tall microstrip line feeding scheme, even for 

the low permittivity DRA. As shown, since the DRA permittivity changes dramatically from 20 

to 10, it is clear that the resonance frequency and the bandwidth increase as the permittivity of 

DRA decreases [32], however, the resonance frequency does not increase dramatically as 

expected, due to the miniaturization effects of the tall feeding line. The return loss in dB is lower 

than -14dB and the 10dB bandwidth is 10.54% which is wider than in the first case.  
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The radiation patters for both the E-plane and H-plane are presented in Fig. 4.7(a)&(b). The gain 

is about 6.1dB and the cross-polarization is 17dB lower than the co-polarization. The radiation 

pattern shows good symmetry due to the symmetrical feeding structure in which the RDRA is 

placed near the center part of the tall microstrip line. Under this feeding scheme, the dominant 

mode  can be excited and shown in Fig. 4.8(a),(b),(c). The field distribution is similar to 

the RDRA dominant mode descriptions in Chapter 2.   

111
xTE

 
Fig. 4.6 Return loss of the side coupling feeding structure of RDRA with permittivity of 10. 

  
(a) H(XZ)-Plane                                (b) E(YZ)-Plane 

Fig. 4.7 The radiation pattern of the side-coupling scheme of RDRA which permittivity is 10 
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(a) E-field distribution of the RDRA 

 

(b) H-field distribution of the RDRA 

 
(c) H-field distribution of the tall microstrip line 

Fig. 4.8 Field distribution of the dominant mode of RDRA with permittivity of 10 111
xTE

54 
 



 

4.2.3 Direct Coupling Feeding Scheme 

For microstrip line feeding, an alternative approach is to place the RDRA at the end of the open 

end point of the microstrip line where the maximum electric field occurs. This is called direct 

feeding scheme [51]. This feeding structure is normally applied to excite the HE111 mode of the 

cylindrical DRA. It is also possible to excite the RDRA, since the thin metal conductor trace, but 

only for high permittivity values (εr>>10) as described in [36] if restricted to simple planar metal 

feeding lines.  

Many researchers attempt to improve the performance of the direct feeding structure for low 

permittivity DRA; however, these techniques sometimes make the structures complicated, for 

example, by combining the high permittivity material with the low permittivity material together 

to produce hybrid DRA in [61] or by modifying the feeding line into the step formation and 

combining a patch antenna on the top surface of the RDRA in [62].  

In the last chapter, the properties of the XRL fabricated tall microstrip line were analyzed. Since 

more fields distribute above the substrate, good performance could be obtained when applied to 

side-coupling feeding structure. However, high field intensity can also be anticipated at the end 

of the open end point due to the thicker conductor trace. So an alternative structure is to place the 

RDRA at the end of the open end position. By utilizing the fields distributing around the open 

circuit end, the RDRA with lower permittivity value can be excited effectively; furthermore, by 

optimizing the dimension of the feeding line, good matching conditions can be achieved.   

Fig. 4.9 shows this feeding structure in HFSS software. An example RDRA with permittivity of 5 
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is placed at the end of the open-end tall microstrip line. The dimensions of the RDRA are 

3.1mm*3.3mm*1.7mm (L*W*H). The metal trace is placed on a quartz glass substrate with 

thickness of 1mm. The dimensions of the metal conductor trace, such as width, length and 

thickness are modified until the desired RF performance as well as the excellent radiation 

performance can be achieved.             

 
Fig. 4.9 Geometry of the direct feeding structure of RDRA with permittivity of 5 

The resonant frequency which is obtained through calculation using equations (2.8), (2.9), (2.10) 

in chapter 2 is about 27.41GHz compared to 23.84GHz in HFSS simulation results. The reasons 

of the frequency deviation are similar to those descriptions in section 4.2.2. Since coupling 

capacity is not only decided by the length of the feeding line, but also can be tuned through 

adjusting its aspect ratio, this feeding structure can be more effective than the side coupling 

feeding scheme. Additionally, by optimizing the dimensions of the feeding line, the matching 

condition can be optimized through cancelling out the reactive components at the feeding point 

impedance.  

As shown in Fig. 4.10(a) and (b), the input impedance at the resonant frequency equals to 
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50-j3.35Ω, a real part of 50Ω and an imaginary part close to zero, resulting in an excellent 

matching condition. The return loss is lower than -25dB at the center frequency and the 10dB 

bandwidth is about 25.59% which is greatly enhanced due to the low permittivity.     

Fig. 4.11(a)&(b) gives the radiation pattern. The gain is 4.9dB and the cross-polarization is 

-40dB lower than the co-polarization. It is worth to note that the radiation pattern in the theta 

direction is symmetrical due to the symmetry with respect to the feeding point. Fig. 4.12 (a)&(b)   

 
(a) Input impedance 

 
(b) Return loss in dB 

Fig. 4.10 Analysis of the direct feeding structure of RDRA with permittivity of 5. 
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give the simulated field distribution. It can be seen that strong capacitive coupling can be created 

at the end of the open-end tall microstrip line and the lowest mode TE111
x  mode can be excited 

making it radiate similar to a short magnetic dipole.   

 
(a) H(XZ)-Plane 

 

(b) E(YZ)-Plane 

Fig. 4.11 The radiation pattern of direct scheme of RDRA with permittivity of 5 
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(a) Simulated E-field vectors distribution of the RDRA 

 
(b) Simulated H-field vector distribution of the RDRA and the magnitude of E-field distribution of the 

feeding line 

Fig. 4.12 Fields distribution of direct feeding scheme of RDRA with permittivity of 5 
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4.2.4 The T-Shape Feeding Scheme 

For the T shape feeding structure, not only can it excite the DRA with the low permittivity as in 

the previous feeding schemes, but can also be effective and simpler to apply to practical 

applications, for instance the linear series-fed array design.  

Fig. 4.13 illustrates the geometry of this feeding scheme. For analysis, the DRA is located at the 

end of the open-stub line. Since the tall transmission line is applied to excite the low permittivity 

DRA element, this T shape open stub line is terminated by a tall short circuit transmission line 

placed on 1mm thick quartz glass substrate to avoid the end radiation. The T shape open stub line 

is located roughly at the 3/4 guided wavelength position away from the short end, making this 

appear as an open circuit to the T stub, resulting in minimal loading.  

 

Fig. 4.13 Geometry of the T shaped novel feeding scheme  

In addition, the parasitic capacitor between the open stub feeding line and the RDRA due to the 

high E field intensity at the open end point will shift the resonant frequency. Ideally, once the 
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DRA operates at the resonant frequency, through optimizing the dimensions of the T shape open 

stub line, the reactances of the T shape open stub line and the short end 3/4 guided wavelength 

transmission line can be cancelled out leaving only a real impedance at the feed point. This 

process can be achieved through simulation or experimental measurements, by observing the 

best response in S11. In this research, since the dimensions of the DRA are fixed in HFSS, some 

critical parameters such as the dimensions of the open stub line (width, length and thickness) are 

tuned in HFSS until good matching condition as well as radiation performance, is obtained. 

Fig. 4.14 (a)&(b) give the results for both simulated return loss and the input impedance. The S11 

is lower than -37dB operating at the 23.46GHz and the 10dB bandwidth is wider than 35% 

covering from 20GHz to 27.58GHz. The bandwidth is greatly enhanced due to the lower 

permittivity value of the DRA. The input impedance is 64-j1.86Ω with imaginary part close to 

zero at the resonant frequency.  

Furthermore, through tuning the dimensions of the open stub line, not only can the imaginary 

parts be cancelled out, but also the critical coupling can be obtained. The gain value of this T 

shape feeding structure showing in Fig. 4.15 is about 4dB and the cross-polarization is 20dB 

lower than the co-polarization.  

Fig. 4.16(a),(b)&(c) present the field distribution. Fig. 4.16(a) and (b) show both simulated 

vectors distribution of the E-field and the H-field of the RDRA respectively. The ܶܧଵଵଵ
௫  mode as 

the dominant mode which satisfies the description of RDRA dominant mode distribution in 

chapter 2 can be excited at the end of the open stub line. Fig. 4.16(c) gives the simulated 

magnitude of the E-field of the feeding line. It can be seen that the open stub line is located at the 
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(a) Return loss in dB 

 
(b) Input impedance 

Fig. 4.14 Analysis of the T shape feeding structure of RDRA with permittivity of 5. 

maximum E-field position which is 3/4 guided wavelength away from the short end point.  

Meanwhile, the dimensions of the open stub line (width, length and thickness) can be adjusted to 

control the currents distribution to obtain the different coupling level. This advantage can make 

this novel feeding structure a good feeding mechanism applied to linear DRA array design. 

Through controlling the current distribution of the linear array, the side-lobes can be well 

adjusted to obtain the desired radiation patterns.  
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(a) H(XZ)-Plane 

 
(b) E(YZ)-Plane 

Fig. 4.15 Radiation pattern of the T shaped feeding structure of DRA with permittivity is 5 
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(a) Vector of the E-field distribution of the DRA 

 
(b) Vector of the H-field distribution of DRA 

 
(c) Magnitude of the E-field distribution of the tall microstrip line 

Fig. 4.16 Field distribution of the T shaped feeding scheme of DRA with permittivity is 5 
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4.3 Measurements and Analysis  

In this research due to cost and time constraints, dedicated fabrications for both tall transmission 

lines and also the DRA samples were not feasible. However, representative tall metal 

transmission lines and polymer-ceramic composite DRA devices of similar dimensions and 

fabricated using deep XRL were available in the research group from other PhD students (Himal 

Jayatilaka, Mohammadreza Tayfeh Aligodarz). Though not optimal for this research, these 

devices could still be used experimentally to demonstrate the feasibility of the tall feeding 

structure proposed. Two different DRA samples are excited to demonstrate the feasibility of the 

tall feeding scheme by experimentation. Although the dimensions for both tall transmission line 

and DRA samples are different than the simulation models in HFSS presented in previous section 

in this chapter, these new models are re-simulated in HFSS here, and both simulation and 

experimental results confirm the effectiveness of the deep XRL made tall transmission line on 

exciting the low permittivity DRA sample. Since the side-coupling feeding scheme is the 

simplest structure, the experiments and verification works focus on this feeding scheme.  

The side coupling feeding structure is composed of the tall transmission line using available tall 

microstrip lines fabricated using deep XRL. The conductor trace and the substrate are of nickel 

and quartz glass respectively. The average height of the conductor trace is about 0.29 mm which 

is measured by using Zeiss Axiotron 1 Microscope and the substrate thickness is 0.5 mm. The 

bottom of the substrate is grounded by silver glue pasted on an aluminum block and the tall 

microstrip line connected with a 3.5mm SMA connector. Fig. 4.17 gives this feeding structure.  
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Two low permittivity DRA samples are under investigation. The first one used for comparison is 

cut from Rogers 3010 substrate with permittivity of 10.2. The dimension is 5mm*5mm*1.27mm 

(W*L*H); the second one is fabricated by deep XRL technology using a polymer ceramic 

composite material with permittivity of approximately 8 and the dimension of 

4.55mm*4.60mm*1.29mm (W*L*H). Fig. 4.18 presents the pictures deep XRL DRA samples. 

The feeding structure was connected to the Agilent 8722ES network analyzer using a HP 

2.4mm-3.5mm flexible test port cable to measure the input reflection coefficient. During the 

measurement, the DRA sample was placed aside the feeding line, in contact with it and moved 

from the end of open circuit until the desired reflection coefficient is obtained. Fig. 4.19 shows 

the test platform and its configuration.  

In the first case, the DRA was placed around half guided wavelength away from the open-end 

circuit near the expected maximum electric field. Fig. 4.20 gives the comparison between the 

simulated and measured reflection coefficients. The simulation results show the DRA resonates 

at 23.53GHz compared with 23.5GHz obtained through practical measurement and the reflection 

 
Fig. 4.17 Geometry of side-coupling feeding scheme made by tall microstrip line (Microstrip line courtest 

of H. Jayatilaka) 
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Fig. 4.18 1.29mm thick polymer ceramic DRA samples (DRA samples courtesy of M. Tayfeh) 

 

(a) Measurement platform 

 
(b) Side coupling feeding structure connecting with the network analyzer 

Fig. 4.19 Measurement platform 
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coefficients for both results are around -40dB. These results show the good agreement between 

them. The resonance frequencies of the simulated, measured results are 23.53GHz and 23.5GHz 

respectively. However, field distribution in HFSS simulation show the DRA does not resonate at 

the dominant mode TE111
x  as predicted, but the TE111

z  mode. This is mainly due to the lower 

thickness of the available feeding line.  

Theoretically, TE111
 x  as the dominant mode of rectangular DRA can be excited in this case with 

using the side coupling feeding scheme; additionally, half-cycle field variation of the electrical 

field will happen in the z-direction, which means the lateral length of the DRA is about half 

guided wavelength. However, simulation results show the dominant mode cannot be excited due 

to the thinner feeding conductor trace (in this case 0.29mm thickness is thinner than the side 

coupling case in the section 4.2.2 in which the thickness of the feeding line is 1.5mm.) producing 

the inefficient coupling level in this case. As shown in Fig. 4.21 (a)&(b), the vertical magnetic 

 
Fig. 4.20 Comparison between simulation and measurement for the DRA with permittivity 10.2 

source is excited and passing through from the bottom of DRA to the top surface in the center. 
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Half-cycle field variations happen in the x-direction rather than the z-direction. However, since 

the magnetic field is perpendicular to the ground, passing through from the bottom of DRA to the 

top surface, the image component of magnetic current on the oppsite side will offset the 

magnetic source resulting the inefficient radiation mode as shown in Fig. 4.22. 

 

(a) H- fields distribution             (b) E-fields distribution 

Fig. 4.21 Fields distribution of the DRA which is excited by tall microstrip line 

 

Fig. 4.22 Magnetic source equivalent  

In the second case, Fig. 4.23 illustrates the comparison of simulated and measured reflection 

coefficients for the DRA sample with the permittivity of 8 which is fabricated by XRL 

technology.   
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Fig. 4.23 Comparison between the simulated and measurement results for the DRA with permittivity 8 

The measured results illustrate that the DRA resonates at 28.2GHz compared to simulated results 

of 27.58GHz and both of these results have the similar reflection coefficients of -16dB. The 

difference is likely due to the silicon RTV adhesive which is used to attach the DRA on the 

substrate to avoid the affect of air gap between the resonator and ground plane. This tiny 

adhesive layer changes the single DRA into multi-segment DRA model [27] and varies the 

resonance frequency; furthermore, since the feeding line is not high enough, the low permittivity 

DRA causes the low coupling resulting in the higher reflection coefficient value.  

In order to obtain the high coupling energy and validate the effectiveness of the deep XRL tall 

transmission line, simulation verification is applied. In this case, the height of feeding line will 

be increased; meanwhile, the width of feeding line varies to match the E-field distribution inside 

the resonator to improve the matching condition. For keeping consistency with the test cases, the 

dimensions and the permittivity of DRA are the same as DRA with permittivity of 10.2 in the test 

case. Fig. 4.24 presents the configuration of this improved feeding structure in HFSS.  
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Fig. 4.24 Configuration of the improved side-coupling feeding structure 

Reference [36] suggests that it is difficult to achieve the desired reflection coefficient on exciting 

the DRA with low permittivity value. However, as the thickness of the feeding line is increasing, 

more coupling energy can be obtained; furthermore, since the dimension of the feeding line is 

such that the width and the thickness can be varied to improve the matching condition, the 

simulated resonance frequency of 18GHz under the dominant mode TE111
x  can be observed. The 

simulated results show the reflection coefficient at the resonance frequency under the dominant 

mode is around -7dB, which can be improved easily by using the external matching network in 

the future work.  

Fig. 4.25 shows the simulated E-field distribution of the dominant mode TE111
x  which circulate 

around the magnetic fields inside the DRA. Fig. 4.26 (a)&(b) give the excellent simulated 

radiation pattern under the dominant mode. The short magnetic dipole-like pattern appears in 

these plots and the gain is about 4dB. Both the reflection coefficient and the radiation pattern in 

this case can prove that the DRA with low permittivity value can be excited effectively as 

increasing the thickness of the feeding line, which present the ability and effectiveness of the 
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XRL fabricated tall transmission on the application of low permittivity DRA feeding schemes. 

 

Fig. 4.25 E-field distribution inside of DRA element   

 
(a) H-plane(ZY) radiation pattern of            (b) E-plane(XY) radiation pattern of 

          TE111
x  mode. —co-pol, ---cross-pol.           TE111

x  mode. —co-pol, ---cross 

Fig. 4.26 Simulated radiation pattern 

4.4 Summary 

Three feeding schemes with using deep XRL fabricated tall microstrip line demonstrated the 
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feasibility of exciting the DRA with low permittivity. Among the three feeding structures, the 

side coupling feeding is the simplest one. Since the thicker conductor trace can supply more 

coupling energy, by varying the dimensions of the feeding trace or the position with respect to 

the feeding line, the DRA with low permittivity can be excited. However, both the simulation and 

experiment results show this feeding structure is hard to excite the DRA with permittivity value 

which is lower than 10 due to the low coupling fields. However, the end coupling feeding 

structure can supply more coupling energy at the open-end tall feeding trace and the DRA even 

with lower permittivity value can be excited, additionally, since the coupling energy can be 

modified by varying the guided wavelength of the feeding line, the matching condition can be 

improved efficiently. The T shape feeding structure is the transformation of the end coupling 

feeding, since the coupling intensity and the matching condition can be easily changed by 

modifying the dimension of the open stub line as well as the position with respect to the main 

line. It is suitable to apply into linear array design. From these investigations above, it can be 

seen that effectiveness of the tall transmission line feeding structure on exciting the DRA with 

low permittivity. Since the current tall microstrip line samples are limited, the performance of the 

experimental structures is not optimal for the test cases due to the inappropriate thickness of the 

feeding line, especially for the side coupling feeding structure. Two DRA samples with 

permittivity of 10.2 and 8 respectively were excited and the performance validated by simulation. 

Since the thickness of the feeding line in both test cases is thinner than the ideal analysis cases 

before, some other modes rather than the dominant mode are excited out due to the inefficient 

coupling energy. However, the other approach in simulation shows that the dominant mode of the 
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low permittivity DRA (εr=10.2) can be excited with increasing the thickness of the feeding line; 

additionally both results of reflection coefficient and radiation performance show the feasibility 

of the tall feeding line. On the other hand, although it is difficult to achieve the desired 

performance when exciting the low permittivity DRA with using the side coupling feeding 

structure, the alternative approaches such as using the external matching network, modifying the 

DRA with different aspect ratio to match the E-field distribution inside of the resonator [15], [63] 

or by making the DRA be a multilayer model to increase the coupling energy [27] can be applied 

in the future work to improve the feeding performance. 

However, these issues, such as insufficient coupling energy or less flexibility for design work can 

be accomplished by using either the direct coupling feeding structure or T shaped feeding 

structure. Since more field intensity can be anticipated at the open-end circuit, the direct feeding 

scheme can be applied to excite the DRA with lower permittivity value compared to the 

side-coupling feeding scheme. The simulation results have already shown their excellent 

performance in the last section and the permittivity of the DRA can be as low as 5.  
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Chapter 5                          
Novel Feeding Mechanism Application in 
Designing Linear DRA Array 

5.1 Antenna Array Introduction 

In the modern wireless communication, many applications require high gain or a directional 

radiation pattern, which cannot be achieved by a single antenna element. Two methods can solve 

these issues. The first one is to enlarge the dimension of the single antenna element to obtain 

better directive characteristics. Another way is to assemble a number of radiating elements in an 

electrical and geometrical configuration without increasing the dimension of the single antenna 

element. These multi-elements which can produce a directional radiation pattern are referred to 

as an array antenna. Recently antenna arrays are becoming increasingly important in wireless 

communications, not only by providing high gain, but also can achieve a steerable beam by using 

the simple antenna element. Furthermore, the radiation pattern can be changed by exciting the 

single antenna with different current magnitudes or current phases. This important characteristic 

can provide us a freedom to achieve the desired radiation pattern without changing the physical 

dimension. In practical applications, there are many different kinds of geometrical configurations, 

but the most popular and elementary type is linear array in which the antenna elements arrange 

along a straight line.  

In this work, the novel feeding scheme will be applied to design a 6 element Dolph-Chebyshev 
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linear DRA array using a proposed new simulation approach. In this chapter, firstly some basic 

concepts of the linear array will be introduced and then the Dolph-Chebyshev array theory will 

be discussed. Finally, these concepts are applied to a new simulation approach to demonstrate 

design in the previous chapters of a 6-element Dolph-Chebyshev DRA array using the novel 

feeding scheme described.   

5.2 Basic Concepts of the Linear Antenna Array  

5.2.1 Uniform N Elements Linear Array 

The single antenna element can exhibit a specific radiation pattern, however, when several of 

these radiating elements combine in an array, the overall radiation pattern is changed. This can be 

described by an array factor (AF). It can determine the whole radiation pattern of the array by 

combining the radiation pattern of the single antenna element. Furthermore, this factor is a 

function which only depends on the geometry of the array or the excitation such as the phase or 

the magnitude. The simplest array pattern: two elements array will be under the investigation. 

Fig. 5.1(a) shows the geometry of the array. Two infinitesimal dipoles are placed along the 

z-direction. Based on spatial pattern combining, the total E fields radiated by the single element 

are equal to the sum of the individual field components without considering the coupling 

between them and is given by [64]: 

            
1 2[ ] [ ]

2 2
0

1 2 1 2
1 2

ˆ { cos co
4

j kr j kr

total
kI l e eE E E aj

r r

β β

s }η θ
π

⎛ ⎞ ⎛ ⎞− − − +⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠

= + = + θ       (5.1) 

where the  is unit vector, η is intrinsic impedance of the medium, l is the length of the â
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infinitesimal dipole, k is the propagation constant, the current excitation I0 is the same and β is 

the phase difference of the excitation for these two elements. However, if the observation point is 

far enough away as shown in Fig. 5.1(b) that the distance r1 is nearly equal to r2, then the angle 

θ1, θ2 and θ are nearly the same, then the phase differences can be assumed as: d/2–cosθ and 

d/2+cosθ, and the E field can be represented as [64]:  

0 1ˆ cos 2cos[ ( cos )]
4 2

jkrkI leE a j kdtotal rθ η θ θ
π

β
−

⎧ ⎫= +⎨ ⎬
⎩ ⎭

          (5.2) 

where the âθ is the unit vector in θ field direction and the function: 12cos[ ( cos )]
2

kd θ β+ is 

known as the AF and the function 0ˆ cos
4

jkrkI lea j
rθ η θ

π

−
is the field of the array element. It is 

apparent that the AF is the function of the relative excitation phase differences, magnitudes of the 

excitation and the geometry of the array arrangement. Furthermore, the AF can be simplified if 

the array element has identical amplitudes, phase differences and spacing. From equation (5.2), it 

is apparent that the total far field pattern of this two element array is equal to the AF multiplied 

by the field of the single array element. This relationship can be described as[64]:  

     Total Array Pattern= Array Element Pattern * Array Factor     (5.3) 

This is an important property of the array and also known as the principle of pattern 

multiplication [64]. This relationship can also be valid for the linear array with arbitrary number 

of identical elements. Now the array which consists of N identical antennas is discussed and the 

configuration is shown in Fig. 5.2. In this array, isotropic radiators are arranged with the same 

spacing along the z-direction and excited by the same amplitudes. Moreover, each succeeding 

element has a β progressive phase lead current excitation relative to the            
77 

 



 

 
 (a) Two infinitesimal dipoles  

 
 (b) Far field configuration 

Fig. 5.1 Geometry of two element antenna array 

preceding one [64]. This type of the array is called a uniform N elements linear array. Since the 

excitation currents to every element in the array have the same amplitude and with a constant 
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Fig. 5.2 Uniform N elements linear arrays configuration 

phase difference β between adjacent elements, then the AF can be obtained as below [64]:  

( cos ) 2( cos ) ( cos )1 ......

sin( ) ( 1)( 1) 2 2     
1 sin( )

2

j kd j kd jN kdAF e e e

N j NN j ne e
n

θ β θ β

ψ ψ
ψ

ψ

θ β+ + += + + + +

−−= =∑
=

  (5.4) 

Where the  coskdψ θ β= + and 0 ≤ θ, β ≤ 2π, N is the number of elements in the array. 

If the reference point is located in the center of the array, then the AF in (5.4) can be reduced as 

[64]: 
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ψ

ψ=                    (5.5) 

then the normalized AF to unity is[64]: 
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Note that angle θ in space has the range from 0 to 2π, while ψ depends on the angle θ which has 

the wider range than 0 to 2π, leading to a problem of the AF achieving the maximum value more 

than once during the period.  

When  cos 2  ( 0,1, 2, 3......)kd m mψ θ β π= + = ± = , the AF has a maximum value which leads to 

equation (5.6) having the form: sin(0)/0. When ψ=0 the normalized AF in equation (5.6) has a 

maximum value which is known as the main lobe; however, the maximum values occur many 

times since the AF is the function of ψ, these different maximum values are called grating lobes 

[64]. The condition for grating lobes occurring is that the spacing of adjacent elements in the 

array is equal to or bigger than one wavelength at the operated frequency. Furthermore, a null 

can be formed when AF equals 0. Under this situation, the angle θ can be simplify in equation 

(5.7) by setting ( )sin / 2 0Nψ = [64].  

                          1 2cos [ ( )]
2

n
d N

λ πθ β
π

−= − ±                  (5.7) 

where n=1,2,3…... which is the order of the null. n cannot be an integral multiple of N since a 

maximum will result in the grating lobe. Furthermore, the peak value of AF can be obtained by 

setting the ( )sin / 2 0ψ = as below [64]: 

                         1cos [ ( 2 )]
2

m
d

λθ β π
π

−= − ±            (5.8) 

where m=0, 1, 2, 3…… When m equals 0, the θ function can be simplified as [64]:  

                           1cos ( )
2 d
λθ
π

−=                      (5.9) 

which makes ψ equal to 0 and represents the main lobe of the array. Fig. 5.3 shows an example 

of the main lobes and the grating lobes. In this plot, the main lobe which contains the direction of 

maximum radiation occurs in θ=0 direction, while the other maximum radiation which are same 
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as the main lobe in the different direction are referred to as grating lobes. Between the main lobe 

and the grating lobes is referred to as minor lobe, the one which is adjacent to the main lobe and 

the grating lobe is called side lobe which is normally the largest of the minor lobes [64].  

 

Fig. 5.3 Example of main lobe and grating lobe in the array pattern. 

5.2.2 Broadside and End Fire Array 

The direction of the radiated main lobe can be changed by changing the array orientation. If the 

radiated main lobe is perpendicular to the array orientation, it is referred to as the broadside array, 

while if the main lobe has the same direction as the array orientation, it is known as the end fire 

array.  

For the broadside array, in order to achieve excellent performance, the array element and AF 

should fulfill the condition that both of them have the maximum radiation at θ=90o. Fig. 5.4 

presents this scenario. Furthermore, the maximum AF can be obtained when 

 cos 0kdψ θ β= + = . In order to satisfy the array phase function, the phase angle β should be 
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zero, which means every single antenna element in the array must be excited with the same 

phase and then the normalized AF is equal as below [64]: 

                          
sin( cos )1 2
sin( cos )

2

kdN
AF kdN

θ

θ

⎛ ⎞
⎜

= ⎜
⎜ ⎟
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⎟
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Fig. 5.4 3-D radiation pattern of the broadside array 

The following pictures (Fig. 5.5(a)~(d)) show the changes of the AF for a 10 elements linear 

array under different element spacing: 1/4 guided wavelength λg, 1/2 guided wavelength λg, 1 

guided wavelength λg, 1.5 guided wavelength λg.  

From the simulation results, it can be seen that the width of the main lobe decreases with 

increasing the element spaces. The grating lobes are introduced when the element space is 

greater than or equal to 1 λg. To avoid the grating lobes, the largest space between the single 

elements is no more than 1 λg. Moreover, since the AF is the function of the number of elements, 

the main lobe can be sharpened by increasing the number of array elements without changing the 
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space between the elements. Fig. 5.6 shows the results of a broadside array with fixed element 

space (0.5λg) for element numbers of 2, 4, 6, and 10. 

The second one is the end fire array whose the maximum radiation direction is the same as the 

array orientation either in 0o or 180o (see the Fig. 5.6).  

As with the broadside array, the maximum AF occurs when the phase function

cos 0kdψ θ β= + = . When θ=0o, the first maximum of the AF occurs and the phase angle β is 

equal to +kd, while the second maximum of the AF also occurs when θ=180o and the phase 

angle β is –kd. The normalized AF of the end fire array is given as [64]: 

                    
sin[ (cos 1)]1 2
sin[ (cos 1)]
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kdN
AF kdN
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⎛ ⎞
⎜ ⎟
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⎜ ⎟
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m

m

             (5.11) 

Fig. 5.7 (a)~(d) illustrates how the radiation pattern of the 10 element end fire array changes 

under the different element spaces: 1/4λg, 1/2λg, 3/4λg, 1λg. Unlike the broadside array, the 

maximum is direct at the θ=0o when the element space is 1/4λg under the condition that the phase 

angle is +kd. While the maximum will direct at the θ=180o when the phase angle is –kd. 

Moreover, the end fire array will radiate at both 0o and 180o when the element space is 1/2λg. The 

grating lobes are introduced when the element spaces are greater or equal to 1/2λg. If the element 

space is a multiple of the wavelength, such as d=nλg (n=1, 2, 3….), the end fire array will have 

the maximum radiation not only at the end fire direction but also at the broadside direction [65].  

 

83 
 



 

  0.2

  0.4

  0.6

  0.8

  1

30

210

60

240

90

270

120

300

150

330

180 0

  0.2

  0.4

  0.6

  0.8

  1

30

210

60

240

90

270

120

300

150

330

180 0

 

               (a): d=1/4λg                           (b):d=1/2λg 
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               (c): d=1λg                            (d): d=1.5λg 

Fig. 5.5 AF for broadside array with 10 elements under the different element spaces 
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          (a) Element number=2                  (b) Element number=4 
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(b) Element number= 6                 (d) Element number=10 

Fig. 5.6 AF for broadside array with the fixed element space for the element number of 2, 4, 6, 10 
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Fig. 5.6 3-D radiation pattern of the end fire array 

5.3 Dolph-Chebyshev Array 

In practical applications, most communication systems need special radiation characteristics. For 

example, most applications need the far field radiation pattern to have nulls in a certain direction; 

while other systems require the pattern to have a narrow beam and low side lobes. In order to 

satisfy system requirements, a new approach must use systematic combination methods to come 

up with the new geometry of the array or the special excitation distribution. It has been found 

that the side lobes can be reduced by using the special excitation distribution which is based on 

some approximate analytical model. Such a design method is known as synthesis [65]. There are 

several synthesis methods which are applied to different situations, producing the different 

radiation pattern, such as continuous sources, Fourier transform method, Woodward-Lawson 

method, Dolph-Chebyshev method, Taylor line source and so forth [64]. In this work, the 

86 
 



 

  0.2

  0.4

  0.6

  0.8

  1

30

210

60

240

90

270

120

300

150

330

180 0

  0.2

  0.4

  0.6

  0.8

  1

30

210

60

240

90

 270

120

300

150

330

180 0

(a): d=1/4λg                         (b):d=1/2λg 
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 (c): d=3/4λg                        (d): d=1λg 

Fig. 5.7 AF for end fire array with 10 elements under the different element spaces 

Dolph-Chebyshev method is studied and applied to design the linear DRA array.  

Dolph-Chebyshev method was firstly introduced by C. L. Dolph in [66], and can produce the 

sharp main beam and low side lobes widely used in point-to-point communication and direction 

finding systems. The first step of this method will apply the Chebyshev polynomials representing 
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the radiation pattern approximately. The Chebyshev polynomials are defined as:   
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By letting δ=cos-1x and expanding the cos(mδ) in powers of cosδ [65], some lower order 

polynomials can be written as: 

T0(x) = 1 

T1(x) = x 

T2(x) = 2x2 - 1 

T3(x) = 4x3 - 3x 

                               T4(x) = 8x4 - 8x2 + 1                (5.13) 

The higher order polynomials can be obtained by using the recursive formula as below[65]: 

                            Tn+1(x) = 2xTn(x) - Tn-1(x)                   (5.14) 

From equation (5.12), some important properties of the Chebyshev polynomials can be found. 

The even orders of Chebyshev polynomials are even functions and the odd orders of Chebyshev 

polynomials are odd functions. The magnitude of polynomials fluctuates between -1 and 1 within 

the range of -1 ≤ x ≤ 1. Moreover, whatever the order of the polynomial is, Tn (1) is always equal 

to 1 and all zeros of these polynomials lie within the range -1 ≤ x ≤ 1.  

Fig. 5.8 plots the Chebyshev polynomials with n from 1 to 4. Through utilizing these properties 

of the Chebyshev polynomials, some special radiation pattern of the array, such as side lobes 

designed at some specific level, can be represented by connecting the Chebyshev polynomials 

and the array factor. The second step is analyzing the antenna pattern to match with the analytical 
88 

 



 

model, and making a new physical antenna model have the anticipated performance. An array of 

antennas along the z-direction and excited with the same current phase but different current 

amplitudes, but symmetric about the origin point, is referred to as a uniform spacing nonuniform 

amplitude linear array [65]. If the number of antenna elements is even, then the AF can be 

written as [66]: 

 

Fig. 5.8 Chebyshev polynomials Tn(x) with n=0~4 

 

              (2 1)( ) cos[ cos ]2 21

M nAF aneven M n
θ−

= ∑= =
        (5.15) 

If the number of the antenna elements is odd, AF can be written as [66]: 

1
( ) cos[( 1) cos2 1 1

]
M

AF a n kdnodd M n
θ

+
= −∑= + =

        (5.16) 

In both of the equations 5.15 and 5.16, each cosine term in the array factor can be expanded by 
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using the expansion in term of powers of cos(u). Remember in these design procedures, the order 

n of the Chebyshev polynomial should be one less than the total number of elements in the array.  

The value of the side lobe peak to the value of the main beam peak in the pattern is known as the 

side lobe level (SLL). It can be presented as [65]: 

value of the highest side lobe value20log 20log
value of the main beam

SLL R= = −           (5.17) 

where R is referred to as the ripple which is the ratio of the value of the highest side lobe value to 

the main beam value. In the design of Dolph-Chebyshev array, R can be driven from the 

Chebyshev polynomials and presented as [65]: 

1 0 0

0

1( ) cosh[( 1)cosh ]
-1coshwhere: cosh[ ]
-1

pR T x P x

Rx
P

−
−= = −

=
                    (5.18) 

The final step is substituting 0cos( ) /u x x=  into the equations of AF (5.15) and (5.16), and 

normalizing the side lobes in AF to a peak of unity. The array coefficients can be obtained by 

equating the normalized AF to the Chebyshev polynomials Tn-1(x), then the AF can be driven out. 

To summarize this design procedure, the first step is choosing the appropriate AF basing on the 

number of the array elements. Secondly, expanding the AF by replacing each cos(mu) term 

basing on the expansion of cos(u). In addition, x0 can be computed from the (5.18) by defining 

the required main lobe to the side lobe ratio R. Furthermore, the terms cos(u) in selected AF are 

substituted by x/x0 . Finally, the coefficients of the AF can be obtained by comparing the 

transformation AF with the corresponding Chebyshev polynomials.   
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5.4 New feeding Scheme on Nonuniform Linear 
Dolph-Chebyshev DRA Array Design 

5.4.1 The Analysis of Dolph-Chebyshev Array Design 

The synthesis method of Dolph-Chebyshev array design can obtain a group of symmetrical 

current distributions. With these different current excitations, the side lobes of the linear array 

can be reduced considerably, while the main beam is enhanced. However, since only the 

coefficient values can be computed from the Dolph-Chebyshev method, it is necessary to transfer 

these coefficients into some common design parameters, such as impedances or reflect 

coefficients, to realize the practical design.  

It is known that for a linear series feeding array, each antenna in the array can be seen as a 

resonator lying along a straight line with the same spacing. In chapter 2, a novel T shape DRA 

feeding scheme was introduced and now it will be applied to design the Dolph-Chebyshev array. 

Similar to the series feeding of the microstrip array, all antennas will be placed along the short or 

open end terminated feeding line, only leaving one input port to lead the signals flowing into 

every array element. Such an array configuration is known as a resonant array or travelling wave 

array [67]. The equivalent circuit of the resonant array is shown in Fig. 5.9. The conductance gn 

(n=1,2…n) represents the radiating elements, spaced periodically along the feed line. Since the 

short or the open termination is quarter or a half guided-wavelength beyond the last element in 

the array, the termination always appears as an open circuit at the last element. 

The analysis approach is similar to the slotted waveguide array in [68]. Since the current 
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amplitudes distribution can be computed from the Dolph-Chebyshev synthesis method, the 

values of the conductance g can be represented by the function of the desired amplitude 

distribution and are given as [69]:  

2

2
1

Aigi N
Aii

=
∑
=

                           (5.19) 

 

 

Fig. 5.9 Equivalent circuit of the linear resonant array 

where Ai is the current amplitude coefficient for the ith array element whose value can be 

determined by using the Dolph-Chebyshev synthesis method. N is the total number of the 

element in the array. Since the space between each array element is either half or one guided 

wavelength, the cumulative reflection coefficient at every element can be obtained by[69]: 
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gij
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gij

− ∑
=Γ =

+ ∑
=

                          (5.20) 

Through these two equations, the relationship between the current amplitude distribution of the 
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Dolph-Chebyshev array and the conductance distribution, reflection coefficient as well as S 

parameters can be built up. A 6 DRA elements linear Dolph-Chebyshev array is described as an 

example to acquire the corresponding current amplitude distribution, conductance distribution, 

reflection coefficient as well as the corresponding S-parameters.   

Based on the design procedures in the last section, the specification of the target array is a 6 

elements linear Dolph-Chebyshev array. The SLL in dB format is -20dB and the spacing between 

the array elements is one wavelength apart. The symmetrical array coefficients distribution 

which is normalized to the lowest side lobe coefficient can be obtained from the design 

procedures described in the last section and are shown in Table 5.1: 

Table 5.1 20 dB 6 element Dolph-Chebyshev coefficient distribution  

a1 a2 a3 a3 a2 a1 

1 1.437 1.850 1.850 1.437 1 

Then utilizing equations (5.19) and (5.20), the complete design table can be shown in Table 5.2. 

From this table, it can be seen that the sum of the symmetrical conductance distribution values is 

equal to 1, indicating the ideal input admittance. In addition, as the number of array elements 

increases, the reflection coefficient decreases toward the ideal value of 0 (S11→ - ∞), indicating a 

good matching condition. 
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Table 5.2 Design chart for the 20 dB Dolph-Chebyshev linear array 

DRA Element ai gi Γi S11 in dB 

1 1 0.077 0.857 -1.342 
2 1.437 0.159 0.618 -4.183 
3 1.850 0.264 0.333 -9.542 
4 1.850 0.264 0.134 -17.462 
5 1.437 0.159 0.040 -27.940 
6 1 0.077 0.000 -∞ 

5.4.2 Advantages to Design Dolph Chebyshev Linear DRA 

Arrays by Using Tall Feed Structure 

The design approach for the microstrip line series feeding DRA linear array is similar to the 

linear array of capacitive coupled microstrip patches in [67]. A. Petosa in [69] illustrates the 

traditional way to design the linear DRA array. In his paper, he sets the S11 parameter which can 

be obtained from the reflection coefficient as the design guide and achieves the target 

experimentally. First of all, the open-end unloaded microstrip line was connected to the network 

analyzer and the input coefficient measured; then one DRA element was placed aside the 

microstrip line at a time, through tuning the distance between the DRA and the line until 

obtaining the corresponding cumulative reflection coefficient. This procedure was repeated for 

several times until all the antenna elements were added along the microstrip line. However, if the 

number of the array element is huge, no matter using the experimental way or the simulation 

tools, this traditional way will become inefficient and time consuming, because the capacitive 

coupling which refers to the distance between the DRA and the microstrip line becomes very 

hard to control. However, since the coupling can be controlled by adjusting the dimensions of the 
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open stub line, the T shape novel feeding scheme can overcome these issues. Furthermore, the 

special configuration of T shape feeding scheme offers a novel simulation method to linear array 

design.  

From the equation (5.20), since the impedance is the inverse of the conductance, the reflection 

coefficient can be represented by the impedance format. This new simulation approach transfers 

the conductance distribution into the impedance distribution and sets it as the design guide. 

Unlike the tradition way, this new method does not need to add the DRA element aside the 

microstrip line one by one until the acceptable performance can be achieved, because the 

coupling can be varied by adjusting the dimension of the open stub feeding line rather than 

tuning the spacing between the DRA and the feeding line one by one; additionally, the T shape 

feeding structure has more design degree (the width, length and height of open stub line) than the 

traditional side coupling feeding structure (only the spacing between the DRA and the feeding 

line), so it is more effective and efficiency. Since the real impedance can be achieved when the 

array elements resonate at the desired frequency, also the array elements are one wavelength 

apart and the impedance of every DRA element in the array can be obtained independently, there 

are only half of the impedances required due to the symmetrical distribution if the array number 

is even (if the array number is odd, the required impedance values are one more than the even 

number array). When the number of the array element is increasing, this method becomes more 

efficient, since only half of the array element is simulated. After obtaining the corresponding 

impedances, the single array element will be combined together by the designed guided 

wavelength apart and the desired performance can be easily achieved by few times simulation. 
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Comparing with the traditional design way, this new simulation method saves much resource and 

avoids the heavy work if the number of the array elements is huge, making it more effective and 

timesaving. 

In the chapter 4, since we know the imaginary part of the input impedance will be cancelled out 

in the resonating condition, obtaining the real impedance, during the simulation it is easy to 

verify if the DRA element operates at the desired frequency through checking the input 

impedance in HFSS.  

Firstly, the conductance distribution is transferred into a corresponding impedance distribution in 

Table 5.3 based on the conductance distribution for previous Dolph-Chebyshev array example. 

The equivalent circuit of this model is shown in Fig. 5.10.  

Table 5.3 Impedance distribution of the 20 dB Dolph-Chebyshev array 

R1 R2 R3 R4 R5 R6 
648.5Ω 314Ω 189.5Ω 189.5Ω 314Ω 648.5Ω 

 

 

Fig. 5.10 The equivalent circuit of the new approach for Dolph-Chebyshev array design 
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Then the single DRA model which is excited by using the T shape novel feeding scheme in 



 

HFSS software and its equivalent circuit are shown in Fig. 5.11 (a)&(b). The DRA is assumed to 

be a material with permittivity of 5 and the material of the tall feeding line is assumed to be 

nickel on the 1mm thickness quartz glass substrate. The DRA is placed one guided wavelength 

away from the open end point. Through adjusting the width of the open stub line, the 

corresponding impedance can be achieved.  

 
 (a) The single element model of the array in HFSS 

 
(b) The equivalent circuit 

Fig. 5.11 Single feeding model and its equivalent circuit 

During this process, in order to keep the uniform array structure, the height of the open stub line 

as well as the main microstrip line is fixed at 0.2mm. The array is operating at 24.75 GHz. Fig. 
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5.12 (a)~(f) give the simulation results of the impedance for the first three elements in the array. 

From these simulation results, it can be seen that the imaginary parts of these three DRA 

elements are nearly equal to 0, indicating that the DRA elements resonate at 24.75 GHz.  

The comparisons for the simulation results and the ideal theory values of the impedance 

distribution are shown in Table 5.4. From the comparison, only R1 has the big difference with the 

theory value. This is because of the inappropriate coupling at the open end. If the line is too thin, 

not only can it not excite the DRA but is also difficult to fabricate, so it is helped to maintain a 

reasonable range. Furthermore, there is a compromise between the R1, R2 and R3 values. Since 

the different impedance values require different coupling levels, the dimensions of the open stub 

line, such as the width or the length, vary to achieve different impedance values. In addition to 

the width of the open stub line, its length is also a critical parameter which can affect the 

coupling.  

From the impedance distribution in Table 5.3, it can be seen that this distribution is symmetrical; 

additionally, the first and the last elements in this table have the highest impedance value, while 

the elements in the center part such as R3 and R4 require the minimum impedance value. This 

tendency requires the dimensions of the open stub feeding line for each DRA element to be a 

tradeoff. In order to achieve the high impedance, the width should be as thin as enough and the 

distance between the main line and the DRA should be far enough, indicating that the coupling 

energy is very weak at the end of the open stub line. However, if the open stub line is too long, in 

order to keep the structure uniform with the rest of other DRA elements and obtain the 

appropriate coupling, it is hard to achieve appropriate impedance for the DRA with low   
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                    (a)                                      (b) 

 
(c)                                       (d) 
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                     (e)                                     (f) 

Fig. 5.12 Simulation results of the single element in the array. 

(a), (c), (e): Input impedance of the R1, R2, R3 respectively.  

(b), (d), (f): Smith Chart for normalized R1, R2, R3 respectively. 

 

Table 5.4 Comparison of simulation results with theoretical values 

DRA Element Zin (Theory) Real Part of 
Zin (HFSS) 

Imaginary part 
Zin( HFSS) Phase(HFSS)

R1 648.05Ω 411.1Ω -7.07Ω -2.19 
R2 314Ω 316.48Ω -20.56Ω -1.52 
R3 189.5Ω 183.43Ω -4.7Ω -2.35 

impedance value. Because the open stub line cannot produce the high level coupling at the open 

end point due to the inappropriate electrical length. Because of this reason, considering 

decreasing the low side lobe level during this design work, the impedances of the second and 

third elements may be made suboptimal on the premise of increasing the impedance of the first 

element as high as possible. 

After obtaining the corresponding impedance model in HFSS, the array can be built up. The next 
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work is fine tuning the distance of the each adjacent DRA until both good RF performance and 

radiation performance can be achieved.  

In this case, more fields distribute outside the resonator due to the low permittivity of the DRA 

element. When connecting all the elements together, these fields result in higher mutual coupling; 

besides the linear array behaves like a leaky wave structure, especially when the number of the 

elements is increasing. So the total length of the array should be smaller than the computation in 

theory. Fig. 5.13 shows the geometry of the array in HFSS software after the fine tuning.  

 

Fig. 5.13 Geometry of the Dolph-Chebyshev array. 

In the configuration of the array, it can be seen that the dimensions of the open stub line 

distribute symmetrically. The widths of the open stub line for the middle two elements (element 

3 and 4) are wider than the rest of the array elements due to the high impedance. This is because 

both of the center elements need more coupling, additionally the current amplitude of the 

Dolph-Chebyshev array is tapered more toward to the edges of the array, enhancing the main 

beam while decreasing the side lobes. Fig. 5.14 (a)~(c) gives the radiation performance as well 
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as the comparison with theoretical calculation. The simulated gain value of this array is around 

9dB and the side lobe level is about 15dB which is 5dB higher than the design specification of 

20dB. This is because of the inappropriate impedance distribution for the DRA elements R2 and 

R5 as well as the field distribution outside of the DRA element due to the low permittivity. The 

radiation pattern is approximately symmetrical while the main beam is tilted. This is because the 

current phases between the array elements are not perfectly uniform; besides, as the number of 

the elements is increasing, the impacts of the mutual couplings due to the low permittivity value 

of the DRA elements become more serious, resulting in erratic guided wavelength happening in 

the middle part of the main feeding microstrip line. Furthermore, since the phases between the 

array elements are not uniform, after connecting them together, the current amplitude can also be 

affected. This phenomenon can be observed in the simulated E-fields magnitudes distribution in 

Fig. 5.15. In this plot, it is can be observed that the non-uniform phase distribution affects the 

magnitude of the feeding line E-field from the third element and shifts the DRA elements away 

from the optimal position. These different field magnitudes influence the symmetry of the whole 

current amplitude distribution. The 3-D radiation pattern shown in Fig. 5.16 can show the 

radiation pattern which is impacted by the unsymmetrical current magnitude distribution. 
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(a) Radiation pattern of the H-plane 

  

(b) Radiation pattern of the E-plane  

 
(c) Comparison of the normalized results between the simulation and the theoretical calculation 
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Fig. 5.14 Radiation pattern of the Dolph-Chebyshev array. 



 

Fig. 5.15 E-field distribution of the feeding structure 

 

 

Fig. 5.16 3D radiation pattern of the Dolph-Chebyshev array 

In addition, the theoretical radiation pattern in Fig. 5.14 (c) has two grating lobes; this is because 

the spacing between the array elements is one wavelength. For the broadside array, if the spacing 

between the array elements is higher or equal to the one wavelength, the grating lobes will be 

introduced. While for the simulation result, the grating lobes do not exist even if the array was 

designed under the one wavelength spacing. This is also because of the mutual coupling between 

the array elements which shortens the guided wavelength and disturbs the current phase and 

amplitude distribution.                

Fig. 5.17 gives the return loss (S11 in dB) of the array. Since the lower permittivity DRAs are 
104 

 



 

applied into this design work, the 10dB bandwidth is about 13% which is much higher than the 

other linear DRA array works such as in [69]. The lowest point within the 10dB bandwidth is 

-15dB.  

 

Fig. 5.17 Return loss of tall T shape Dolph-Chebyshev array 

5.5 Conclusions  

In this chapter, the novel T shape microstrip feeding structure was applied to the 

Dolph-Chebyshev array design work. This new feeding scheme has some special characteristics 

compared with the traditional microstrip feeding structure. For example, it can excite the DRA 

with the lower permittivity value effectively, and the coupling level can be adjusted by tuning the 

dimension of the open stub line. A new simulation approach sets the impedances distribution as 

the design guide, since the impedance for every array element can be obtained independently. 

Also, the impedance distribution is symmetrical, so only half of the impedance values for even 
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element number arrays are needed. Furthermore, the impedance can be easily achieved by 

optimizing the coupling through adjusting the dimensions of the open stub line. Compared with 

traditional approaches, this novel simulation method avoids the repetitive tuning work making 

the design work more efficient and timesaving.  

In this design work, a 6 elements 20dB Dolph-Chebyshev linear array was designed by using this 

new simulation way. The results show a good radiation performance and it approximately fits 

with the theoretical result. Since the DRA has lower permittivity value, the 10dB bandwidth is 

about 13%, much wider than typical arrays which are built by high permittivity DRAs [69]. 

However, the low permittivity DRA results in high level mutual coupling since more of the fields 

distribute outside the DRA element. This results in higher SLL values and the radiation pattern is 

not perfectly symmetrical. This issue can possibly be solved by using the transposed 

configuration array in the future work.    
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Chapter 6                      
Summary and Conclusions 

6.1 Summary and conclusions 

The motivation of this research is to try to exploit the advantages of the deep XRL fabricated tall 

microstrip line and combine its special characteristics with the properties of the DRA to drive the 

development of novel feeding structures to excite low permittivity DRA elements and arrays 

effectively.  

In the course of this thesis, firstly some previous research and the structure fabricated by deep 

XRL were reviewed.  

The properties of the DRA were investigated following by firstly introducing fundamental 

features of the DRA and its advantages. Since this research work focused on the RDRA, first of 

all, the isolated DRA model which was driven from the truncated waveguide mode and analyzed 

by using the traditional electromagnetic analysis was introduced. The expressions of the 

fundamental mode were represented; besides, the numerical method on how to calculate 

resonance frequency under the different modes was illustrated. Secondly, different modes and 

their field distributions as well as the radiation pattern were presented. One example on how to 

compute the resonance frequency of the RDRA with permittivity of 10 was shown. 

The next stage was to exploit the different feeding schemes of the RDRA. Four basic feeding 

structures: coaxial probe feeding, co-planar slot loop feeding, slot aperture feeding and 

107 
 



 

microstrip line feeding were analyzed. These analyses were the foundation to build up the 

connection between the fabricated tall microstrip line and the DRA element. 

The deep XRL fabricated tall microstrip line was analyzed. This novel microstrip line was 

illustrated by comparing to the traditional microstrip line model. The parameters such as the 

characteristic impedance, propagation constant as well as the phase velocity were analyzed; in 

addition, the unique electromagnetic characteristic of the tall microstrip line was also illustrated. 

Through comparing with the conventional microstrip line, the advantages of the tall microstrip 

line were obvious and three novel feeding structures were proposed naturally by utilizing its 

special characteristics.  

Since the tall microstrip line has the thicker conductor trace, a first feeding structure, side 

coupling feeding, utilizing the coupling energy from the outer edge of the conductor line to 

excite the DRA was proposed. A second feeding structure utilizing the fields which are produced 

at the end of the open tall microstrip line to excite the DRA directly was proposed. The third 

novel feeding structure which is composed by the T shape open stub line was proposed based on 

the direct feeding structure. This new feeding scheme not only can excite the DRA effectively 

with permittivity value as low as 5 but also can change the coupling energy by adjusting the 

dimension of the open stub line easily, making this feeding scheme apply to design the DRA 

array easily due to its unique configuration. Since the coupling level is higher than the 

conventional conductor traces due to the thick feeding structure, all these three feeding structures 

can be used for exciting the DRA with the low permittivity effectively.  

Two experiments for side coupling feeding scheme on exciting low permittivity DRAs (εr=10 
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and εr=8) with using tall transmission line were undertaken. Additionally, since the dimensions of 

the test models were different than the proposed models in the previous simulation, both test 

models were re-simulated and compared with measurement data. One of the examples uses the 

DRA with permittivity of 8, which can be fabricated directly by deep XRL process. The 

simulation and the measurement results show good agreement and further simulation validates 

the feasibility and effectiveness of the tall transmission line feeding structure proposed.  

The last chapter illustrated the theory of the antenna array firstly and introduced a design 

procedure for a new type of Dolph-Chebyshev array. The 6 elements Dolph-Chebyshev DRA 

array with 20dB SLL value operating at 24.75GHz was designed by using the T shape novel 

feeding scheme. Because of the distinguishing features of this tall T shape feeding structure, a 

new simulation approach was proposed. Comparing with the traditional design method, this new 

approach related the desired current distribution to an impedance distribution, which could be 

more directly obtained independently easily by adjusting the dimensions of the open stub line for 

each array element, enhancing the design efficiency greatly. The example simulation achieves the 

expected results. The radiation pattern is comparable to the theoretical computation, 

demonstrating the feasibility of realizing low permittivity DRA arrays with bandwidth much 

wider than traditional high permittivity DRA arrays.   

In conclusion, from analysis and experiments of the novel feeding structures, the advantages and 

effectiveness of the tall microstrip line which is fabricated by DXRL technology on exciting the 

low permittivity DRA are outstanding. Since more coupling energy and low loss can be obtained, 

it can be widely applied into low permittivity DRA array design, making the array have not only  
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wideband operation but also high gain and high efficiency.  

6.2 Further Work  

Although this research work accomplishes the desired objectives, there are lots of directions for 

improvement, discussed as following: 

1. There are many suitable microwave materials that can be used in the deep XRL fabrication to 

exert the benefits for RF design, especially in the microwave area due to the smaller size. The 

permittivity value of the substrate can be reduced or increased by selecting the appropriate 

material. However, this action will result in many issues not only bringing the difficulties during 

the fabrication process but also impacting the RF performance. For example, the higher 

permittivity value of the substrate will result in the lower characteristic impedance and confine 

the field inside the substrate area, lowering the coupling level to the DRA element. However, if 

the permittivity value of the substrate is very low, although it can be applied to the wide band 

structure, the impact which results from the surface wave could become more serious, and 

especially when this material is applied to array design, the radiation pattern will be disturbed. 

The EBG approach could be applied to reducing this effect in such a situation and can enhance 

antenna efficiency [70].   

In addition, the conductor material also can be replaced by the other materials, such as copper. 

However, it requires further development to improve the electroplating yield. 

2. The advantages of these tall microstrip line novel feeding schemes can be seen from the 

simulation results. However, only one application cannot exhibit the benefits of the taller 
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microstrip line and its unique features. For example, through adjusting the distance between the 

DRA and the feeding line, the side coupling feeding structure can also be applied into the array 

design which is similar as the array design in [69]. Since the tall feeding line can supply more 

couplings than the normal microstrip line, the wide band antenna array is expected.  

Furthermore, the direct feeding scheme can be used into the corporate feeding linear array design 

due to its special structure. By adjusting the width or the height of the tall microstrip line, the 

current amplitude can be assigned intentionally, producing the different radiation pattern [71]; 

besides, the radiation efficiency and the bandwidth can be enhanced due to the low loss 

comparing with the corporate array which was made by the normal microstrip line [27]. These 

examples might exemplify the advantages of the deep XRL on RF device design and will be 

exploited further. 

3. In this research work, 20dB 6 elements Dolph-Chebyshev DRA array was designed and the 

simulation results have shown good radiation pattern and the RF performance, indicating the T 

shape feeding structure was very effective on exciting the DRA with the low permittivity value. 

However, the radiation pattern has a little distortion which resulted from suboptimal phasing of 

the excitation due to the high level mutual coupling between the array elements [27]. This issue 

can be improved through two approaches. The first one is using the DRA elements with higher 

permittivity value [69]. Since the fields will be better confined inside of the resonator, the mutual 

coupling can be reduced, producing the better radiation pattern. Besides, since the high 

permittivity material DRA is applied, the height of the tall microstrip line can be decreased; 

easing the fabrication work, but bandwidth would be narrower than presented here. The 
111 

 



 

alternative way is using the array with transposed configuration [72] to increase the distance 

between each element in the array. The design work in [73] has already shown the bandwidth can 

be improved as well as reducing mutual coupling between each DRA element in the array.           
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Appendix A 

The general fabrication processes for both types of structures is introduced as following.  

The first step for fabricating metal structures is coating a thin metal film on the substrate as 

shown in Fig. A.1(a). The substrate can be of different materials, such as quartz, silicon, and 

alumina. This thin film is known as the seed layer and serves as a plating base for later 

electroplating. In addition, this thin layer can reduce or even avoid the stress which is introduced 

by the thermal expansion after coating the resist on the seed layer in the next step or by the 

polymerization step. This stress may result in cracking the resist after development.  

The second step is applying the photoresist on the “seed layer”. For deep XRL technology, there 

are two types of photoresist for different purposes: positive photoresist and negative photoresist. 

The differences between them are after exposure under the X-ray radiation, the negative 

photoresist becomes hard and difficult to dissolve in a suitable developer, while the property of 

the positive resist is the reverse of the negative photoresist; the exposed areas get soluble in the 

developer. SU-8TM and Polymethylmethacrylate (PMMA) are two examples of common negative 

and positive photoresists respectively.  

In the resist step, the traditional way is using the spin coating method to spread resist layer on the 

substrate uniformly. Unfortunately, this process is not suitable for the thick resist layer because 

the intrinsic stress will increase with increasing the thickness of the resist layer. This stress may 

result in a non-uniform penetration of the developer into the resist layer and cracking the resist 

layer [10]. In this research, the solid polymethylmethacrylate (PMMA) is used as the resist layer. 
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It is either polymerized directly onto the substrate or the polymerized PMMA plate is glued onto 

the substrate. One of the approaches is using the thin monomer layer which contains adhesion 

conductive components to spread onto the substrate and then the polymerized PMMA resist layer 

is glued on this thin adhesion layer by using the pressure, bonding the resist layer with the 

substrate (Fig. A.1(b)) .    

After the resist preparation, the resist plate which is covered by the mask with the object pattern 

will be put under the collimated high-energy X-ray radiation exposure. Since the PMMA is 

sensitivity to the X-ray source, the photons with high energy will break the molecule chains of 

photoresist in the exposed region. After exposure, the patterns on the mask will transfer to the 

PMMA resist. This process is shown in Fig. A.1(c).  

The following step is development. The exposed PMMA resist layer can be dissolved by some 

special organic developer easily since its long molecular chain is broken during this process. 

Once the irradiated parts are removed as shown in Fig. A.1(d) after the development process, the 

new 3-dimensional resist plate will be formed and used as the electroplating mold. The metal 

such as copper, nickel or gold is deposited in the void space forming the structure of the target 

object. Finally the remaining photoresist will be removed by the X-ray flood irradiation which is 

one more step of photoresist development. The revealed “seed layer” will be removed by using 

hydrofluoric (HF) acid and reactive ion etching (RIE), finally forming the target object. The last 

two steps are presented in Fig. A.1(e)&(f).  
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(a)                                    (b) 

 

(c)                                     (d) 

 

(e)                                     (f) 

Fig. A.1 Deep XRL Process for fabrication of metal structures: 

           (a) Coating the “seed layer” on the substrate 

(b) Application of the photoresist on the “seed layer” 

(c) X-Ray exposure 

(d) Photoresist development (positive photoresist)  

(e) Metal deposition by Electroplating  

(f) Removal of photoresist and seed layer 

For ceramic fabrication, one of the common fabrication methods is referred as micro powder 

injection molding [11]. Different than the metal structure fabrication, this way needs the 
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sacrificial plastic to mold the target object, facilitating the fabrication processes. It includes three 

main steps [12]. The first step is deep X-ray lithography which is similar as procedures in Fig. 

A.1(a)~(c) of metal structure. However, the differences between them are the PMMA will be 

used as the sacrificial layer and it will be removed after molding the object structure; furthermore, 

the inversed structure to the PMMA frame can be produced after development as shown in Fig. 

A.2(a) by using the opposite tone resist. Additionally, a thin carbon layer will be sputtered on the 

substrate rather than a thin metallic layer in the first step. Since the low adhesion of this carbon 

layer, the final structure can be released by gently bending the silicon substrate. 

In the second step, a composite of SU-8 and alumina micro powder is injected into the PMMA 

frame in Fig. A.2(b). After the soft baking process, the structure is flood exposed under the X-ray 

in Fig. A.2(c). The PMMA mold can be removed by using the GG developer in Fig. A.2(d), 

since the long molecular chains of PMMA are broken down, making it soluble to developer. 

Finally, the final structure will be released from the carbon layer and shown in Fig. A.2(e). [12] 

shows some dielectric structures using this fabrication method.     

Since the synchrotron X-ray source will be utilized as the lithographic light source, there are 

many advantages that can be offered. For example, very high patterning resolution can be 

obtained due to the short wavelength of the X-ray photons. Structures in polymer photoresists 

with lateral dimension from several micrometers to centimeters, and moreover, the well 

collimated X-ray beams can achieve high quality structure transferring from the mask. Vertical 

structures with aspect ratios of up to 100 and optical quality sidewall surface roughness 

(typically 20 to 30nm) can be achieved [13]. 
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(a)                                    (b) 

 

(c)                                    (d) 

 
(e) 

Fig. A.2 Deep XRL process for fabrication ceramic structure 

(a) Developed PMMA structure 

(b) Fill PMMA frame with SU8&alumina  

(c) Flood exposure  

(d) Removed PMMA frame 

(e) Releasing the final structure by bending the silicon substrate 
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