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ABSTRACT 

 

Filters and antennas are essential elements in communication and radar systems. In a 

conventional design, antennas and filters are designed independently and then connected 

together through transitions and/or connectors, which introduces loss and increases the size 

of the design. Filter and antenna integration can be implemented using the resonance 

characteristic of the antenna and the coupling between the antenna and resonator of the 

filter, which effectively removes the transitions between the filter and antenna and 

improves the overall system performance. In this thesis, two different types of filter and 

antenna integrations are investigated.  

First, the Substrate Integrated Waveguide (SIW) filter integration with dielectric resonator 

antenna (DRA) in millimeter-wave frequency range is presented. SIW is used to design the 

bandpass filter and serves as the feeding structure for DRA. Design integration with 

improved radiation efficiency is achieved by replacing the last resonator of the filter with 

DRA. The synthesis procedure is presented in detail. Equivalent circuit models are 

developed to facilitate optimizations of the design. In addition, integrated designs of 

parasitic DRA and DRA arrays with SIW filters are developed. All designs have been 

simulated and fine-tuned using full wave solver. Simulation and measurement results are 

presented. 



xi 

 

Second, a microstrip bandpass filter integrated with patch antenna is also studied for 

improvement of the range of the coupling coefficient. The coupling between the antenna 

and the filter is achieved by direct connection of the feed line of the patch antenna and the 

resonator of the filter, which increases the coupling value between the filter and the antenna. 

A comparative study is made to show the improvement. This method provides large range 

of coupling coefficient, which leads to wider achievable bandwidth. 
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CHAPTER 1 

Introduction 

 

1.1 Overview 

The rapid development of wireless communication and radar systems demands high 

performance, compact, and low-cost circuits and devices. Filters and antennas are essential 

elements in communication systems. As a result, constraints such as low profile, compact 

size, high efficiency, and low price are important requirements for the design of filters and 

antennas.  

Microwave and millimeter-wave circuits, including filters and antennas, can be realized in 

planar and non-planar technologies. Non-planar circuits, for example rectangular 

waveguides, are often used for applications requiring high-Quality (Q) factor (low loss) 
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and high power. However, they are usually bulky and costly. In addition, transitions to 

planar circuits can be complicated. Microstrip circuits, a typical type of planar circuits, are 

widely used in microwave applications due to their low-profile, ease of fabrication, ease of 

integration, and low cost. The main disadvantages are that the loss can be high and power 

handling capability is low. Substrate Integrated Waveguide (SIW) technology has recently 

attracted a lot of attention, which implements rectangular waveguide within the substrate 

of planar circuits using metallized vias inside the dielectric substrate [1], [2]. It offers 

advantages, such as improved loss performance comparing to conventional planar circuits, 

compactness, and ease of integration with planar circuits. It can be easily fabricated using 

conventional planar processes such as printed circuit board (PCB) or low-temperature co-

fired ceramic (LTCC) method [3]. When used in a feeding network for antennas, SIW can 

improve the overall efficiency. 

There are different types of antennas for different applications, for example microstrip 

antennas, slot antennas, and horn antennas. Microstrip patch antennas are very widely used. 

They are easy to fabricate and are compact, but with relatively narrow bandwidth and high 

loss, especially when the frequency goes up. For millimeter-wave applications, the 

dielectric resonator antenna (DRA) has been shown to be advantageous due to its low 

conductor loss and wide bandwidth. 

 

1.2 Motivation 

In typical communication systems, the receiving antenna is followed by a bandpass filter 

to reject the out-of-band noise and receive required information. In a conventional design, 
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antennas and filters are designed independently and then connected together through 

connectors. The input and output ports of both filters and antennas need to match with 

connectors, which introduces loss. The loss is even larger if mismatch happens. Matching 

transitions are added to eliminate the parasitic modes caused by discontinuities [4]. The 

whole design becomes complicated, large in size, and lossy.  Also transitions added bring 

extra loss. The loss is generally proportional to frequency, so it becomes larger if operated 

in millimeter-wave frequency range.  

Therefore filter and antenna integrations become attractive to improve the overall system 

performance. The general concept of filter and antenna integration is shown in Fig. 1.1. By 

removing the transitions between the filter and antenna, the loss is reduced and the design 

is more compact. In addition, the design time can be shortened because the interaction 

between components are more efficiently handled, with fewer device components. 

 

Fig. 1. 1. The general concept of filter and antenna integration. 
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An effective way to remove the transitions is to use the resonance characteristic of the 

antenna and couple it with the resonators of filter, which results in an extra order of the 

bandpass filter [5]. In other words, the last resonator and load of a filter are replaced by the 

antenna, but the function of the filter remains. 

There have been studies on the antenna and filer integrations in the literature, mostly 

dealing with microstrip antennas and slot antennas. This subject has not been fully explored. 

In this thesis, two different types of filter and antenna integrations are studied.  

 

1.3 Contributions 

In this thesis, we focus on filter antenna integration design, including SIW filter and DRA 

integration, and microstrip filter and inset-fed microstrip patch antenna integration.  

First, SIW filter and DRA integration in millimeter wave frequency range is presented. The 

DRA is integrated with SIW filter to form a compact design. High radiation efficiency is 

achieved. The design synthesis is presented, and the achievable Quality (Q)-factor range is 

studied. Moreover, integrations of the parasitic DRA and DRA array with SIW filters are 

implemented. The equivalent circuit and design curve of DRA array are discussed as well. 

All designs have been simulated and fine-tuned using full wave electromagnetic (EM) 

simulator. Preliminary measurement results are presented and tolerance analysis has been 

performed. To the best of our knowledge, there have not been reports on filter and DRA 

integrations or filter and antenna array integrations before this work. 
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In addition, the design of a microstrip bandpass filter integrated with patch antenna is also 

studied for improvement of coupling coefficient range. To increase the coupling value 

between the filter resonator and the antenna, the miscrostrip feed line of the patch antenna 

is directly connected to the filter. Simulation results show that, comparing to the reported 

values in the literature, a much larger range of coupling coefficient can be readily achieved 

using the direct connection. As a result, a wider design bandwidth can be realized.  

 

1.4 Thesis Outline 

Chapter 1 of the thesis provides an overview, motivation, and contributions.  

In chapter 2, recent research advances have been reviewed on the filter antenna integrations. 

Different synthesis methods to achieve integration have been studied. Also, different types 

of integration are reviewed. Besides, the SIW technology is studied, which are very 

important for the design. Also, recent work on DRA is also reviewed to have a better 

understanding.  

In chapter 3, we focus on the design of SIW filter and DRA and DRA array integration. 

The design process is explained in detail, and a number of examples are given. Equivalent 

circuit model is used to find out physical dimensions, and parameter extraction method is 

implemented to tune the designs. Integrations of single DRA, the parasitic DRA and DRA 

array with SIW filter, including coaxial-to-SIW transitions, have been designed and 

simulated using EM simulator. Simulation and measurement results are presented.  
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In chapter 4, integration of hairpin filter with inset-fed microstrip patch antenna is studies. 

It will be shown that using the direct coupled method between resonator of filter and patch 

antenna, a larger range of coupling coefficient can be achieved compared to the results in 

the literature.  

In chapter 5, conclusions are drawn based on chapter 3 and chapter 4. Future work is 

discussed, including the improvement of the design performances.  
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CHAPTER 2 

Literature Review 

   

In this chapter, the work on integration of different types of filters and antennas integration 

is reviewed. Recent developments with DRA and SIW technology are also reviewed.  

 

2.1 Filter and Antenna Integration 

With the rapid development of wireless communication systems and satellite systems, 

more compact and low-profile devices are required. In conventional systems, filters and 

antennas are designed separately and then connected together, resulting in extra loss and 

degraded performance. Integration of filter and antenna gets rid of transition mechanism, 

making the whole structure lower loss, and more compact. In the review, different 
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methodologies of integration are reviewed, and various types of filter antenna integrations 

are presented.  

Design methodology 

There have been studies on the antenna and filer integrations, aiming to get rid of transitions 

and reduce total loss and overall sizes. In [6], the filter is directly inserted into the 

microstrip feed line of a patch antenna to have compact size. However, this design needs 

to have improved radiation efficiency, and a coupled line is required to do the matching 

between filter and antenna. In [7], filter and antenna are designed independently, with an 

impedance transmission line transition added between filter and antenna. This transition 

has a characteristic impedance higher than 50 Ω, making it easier to match for filter. 

However, this design does not take some constrains into consideration, such as unbalanced 

configuration and transmission line technique, and it is hard to follow in other design 

environment as a general design synthesis.  

These designs mentioned above still require transition structure between filter and antenna. 

There are studies devoted to getting rid of the transitions. The basic concept is that the 

antenna has the same resonant frequency as the filter center frequency, and the last 

resonator and load of the filter are replaced by the antenna. The antenna does two jobs 

simultaneously: the last resonator for the filter, and the radiator. Due to the replacement, 

there are two main considerations in the integration: coupling between antenna and 

resonator of filter, and load side external Quality (Q)-factor. The external Q-factor, Qext, of 

the filter needs to be consistent [8]. Besides the Q-factor, the coupling between the last 

resonator of the filter and antenna also needs to be with the same as a standalone filter.  
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A co-design method is proposed to integration filter and antenna [9-11]. This method of 

conventional coupled cavities synthesis for filters is implemented on filter antenna 

integration. The antenna is treated as one cavity resonator with radiation resistor, so the 

coupling between filter and antenna can be derived from asynchronous tuning coupling 

coefficient extraction [12].   

In [13-16], another method is implemented. Equivalent circuit models are built to represent 

filters and antennas, so that the coupling between resonator and antenna can be derived 

from equivalent circuit model and related to physical dimensions. To be more specific, 

bandpass filters can be presented by series inductor and capacitor with impedance inverters 

Kij, as indicated below [17].  

 

 

Fig. 2. 1. Equivalent circuit model of bandpass filter with impedance inverter. 

 

Also, the equivalent circuit model of antenna can be represented by series RLC circuits 

[18]. As a result, the coupling between the last resonator of filter and antenna can be derived 

from the equivalent circuit model based on parameter extraction using full-wave simulation.  

In this thesis, the SIW filter and DRA integration adopts the method of building equivalent 

circuit models. The design synthesis follows the general steps in [19].  
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Different types of filter-antenna integration 

Reported filter-antenna integrations in the literature deal mostly with microstrip antennas 

[20-25], and slot antennas [26-28]. 

Microstrip antennas are widely used in microwave application due to their low-profile, ease 

of fabrication and low cost. In [20], a microstrip antenna and filter integration is presented. 

However the coupling between patch antenna and filter resonator is not well explained. A 

co-design of coplanar waveguide filter and circluar patch antenna is presented in [21]. The 

patch antenna replaces the last resonator and one port of filter, so the whole design is 

integrated and planar. In [22-24], patch antenna and Substrate Integrated Waveguide (SIW) 

filter are integrated. Both stacked and cascaded approach are implemented but the design 

synthesises are not given. A hairpin bandpass filter and microctrip patch antenna using 

filter synthesis approach is given in [25]. The antenna is proximity coupled to the resonator 

of the filter to form the integration. However, the proximity coupling method has 

fabrication limitation when the patch antenna and the resonator are close to each other. In 

this thesis, the direct coupled method is used to directly connect feeding microstrip line of 

the patch antenna to the resonator of a bandpass filter. A much larger achievable coupling 

range can be achieved. 

In [26], [27] SIW filters are integrated with slot antennas to achieve high system efficiency. 

In [28], cavity-backed slot antenna is integrated with stacked SIW filter in order to reduce 

the cross-polarization and improve the gain. But the achievable bandwidth is narrow.  
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In this thesis, we focus on the dielectric resonator antenna (DRA) integration with SIW 

filter, which, to the best of our knowledge, has not been investigated. We further investigate 

the integration with antenna array and with parasitic antenna.  

 

2.2 Dielectric Resonator Antenna (DRA) 

The millimeter wave range has attracted a lot of attention for many different applications, 

which remains to be fully investigated compared to well-used lower frequency range. For 

example, the satellite system popularity brings demand for large bandwidth antennas. 

Traditional planar antennas suffer from narrow bandwidth, power loss and decayed 

radiation efficiency.  

The DRA is very attractive for millimeter wave applications due to its low conductor loss, 

high radiation efficiency in high frequency range [29], [30]. Also, DRA achieves wider 

bandwidth than microstrip antennas, and smaller size than horn antennas.  

The DRA can be implemented in different shapes, such as rectangular [31], cylinder [32], 

or hemisphere [33]. It can be excited through different feeding methods, such as coaxial 

probe feeding [34], [35], microstrip line feeding [36], and coplanar waveguide feeding [37]. 

Many feeding mechanisms suffer from high feeding loss in millimeter wave frequency 

range. A rectangular waveguide feeding method is used in [38] with low loss. However, it 

is expensive and bulky, which makes it difficult to fabricate and for mass production.  A 

rectangular DRA model excited by rectangular waveguide is shown in Fig. 2.2. Port to 

external load is placed on one side of the rectangular waveguide, while the other side is 

short circuited.   
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Fig. 2. 2. Schematic of rectangular DRA fed by rectangular waveguide. 

 

 

2.3 Substrate Integrated Waveguide 

The substrate integrated waveguide (SIW) is very promising for millimeter wave 

applications. The SIW is formed using two rows of metalized via holes inside a dielectric 

substrate with top and bottom metal plates. Due to the planar structure, the SIW can be 

easily integrated with other coplanar or microtrip circuits with simple transition. It can be 

fabricated using standard printed circuit board (PCB) process, which is widely used and 

low cost. SIW provides good alternative for traditional air-filled rectangular waveguide 

and microstrip line. SIW has less radiation loss and better quality factor than conventional 

planar circuits. It is also easier to fabricate and more compact than the traditional 

rectangular waveguides.  
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The concept of SIW structure was first brought up in 1994 [39]. The configuration is shown 

in Fig. 2.3. Integration of microstrip line and SIW is investigated in [40]. The dispersion 

and propagation characteristics of SIW are analysed in [41], [42]. Different methods are 

used to model and analyse the structure, such as method of moments (MoM), eigenvalue 

equations, and surface impedance methods [43-45]. Design rules and overall comparative 

studies are presented in [46] and [47].  

In X-band or higher working frequency, SIW works efficiently due to the compact sizes 

and low loss. However, in the lower frequency, SIW suffers from relatively large width. In 

[48], a metal strip and two more rows of vias are inserted to implement the SIW at lower 

frequency.  

 

 

Fig. 2. 3. Model of SIW, with two rows of via holes. 

 

 

Since the design rules and wave propagation studies of SIW have been presented, many 

practical applications are implemented in microwave and millimeter wave applications, 
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such as filters, antennas, resonators, and amplifiers. SIW filters can be stacked [49] or 

cascaded [50], [51] based on different usages.  

Many devices have been built based on SIW with high performance.  In [52], a super-wide 

filter is investigated using SIW and periodic structure integration. The SIW cut-off 

characteristic improves the performance of the filter. The SIW filters brings the advantages 

of low insertion loss, and high quality factor [53], [54].  When SIW is utilized for 

amplifiers, relatively lower loss is observed compared to traditional microstrip lines [55].  

Antennas based on SIW feeding mechanism have many advantages. Beside the fact that it 

can be easily fabricated using PCB technology, SIW can reduce loss and increase the 

radiation efficiency consequently. By replacing the expensive rectangular waveguide, the 

SIW reduces the cost and achieves high radiation efficiency and wide band when it is 

integrated with the cavity-back antenna in [56]. SIW structure has also been employed as 

a feeding method for DRA in [57-59].  

In this thesis, the SIW structure is used to build bandpass filter, and the feeding mechanism 

for DRA and DRA array. 
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CHAPTER 3  

Integration of DRA and SIW Filter  

      

In this chapter, the theory and design of SIW filter and DRA integration are presented. 

First, the individual designs of SIW filter and DRA are explained. The integration 

procedure is then presented in detail, including the method for tuning of the integrated 

structures.  

We consider the integration of SIW filter with single DRA, parasitic DRA, and DRA array, 

respectively. Design examples and full wave simulations are provided for verifications. 

Preliminary experimental results are also presented.  
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3.1 Design of SIW Filter  

To design an SIW filter, the dimensions of SIW needs to be calculated first. Instead of 

walls, the SIW has metalized vias with certain distance between each other. As a result, the 

leakage and dispersion characteristics need to be taken into consideration when calculating 

the cut off frequency and width. The behavior of SIW is similar to a rectangular waveguide 

with an equivalent width [41]. The formula to calculate the cut off frequency of SIW is 

given below under the TE10 mode [41]. 

𝑓 =
𝑐

2𝜋√𝜀𝑟
√(

𝜋

𝑎𝑒𝑓𝑓
)2                                                      (3.1) 

where c is the speed of light. 𝑎𝑒𝑓𝑓 is the equivalent width and can be derived from the 

parameters below [41]: 

𝑎𝑒𝑓𝑓 = 𝑎𝑆𝐼𝑊 −
𝑑𝑣𝑖𝑎

2

0.95∗𝑝𝑣𝑖𝑎
                                                  (3.2) 

where 𝑎𝑆𝐼𝑊 is the distance between two rows of vias, 𝑑𝑣𝑖𝑎 is the diameter of each via, and 

𝑝𝑣𝑖𝑎 is the distance between two adjacent vias.  

Also, to avoid radiation loss and leakage from gaps between adjacent cylinder vias, two 

constraints are applied when selecting the dimensions [41, 42]:   

𝑑𝑣𝑖𝑎 < 0.2 ∗ 𝜆𝑔                                                          (3.3) 

𝑑𝑣𝑖𝑎 ≥
𝑝𝑣𝑖𝑎

2
                                                            (3.4) 

where 𝜆𝑔 is the guided wavelength in SIW.  These two constraints ensures radiation loss 

can be negligible. Note that these two constraints are sufficient but not necessary.   
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After the basic parameters of substrate are decided, a bandpass Chebyshev filter can be 

designed based on the substrate. The standard procedure to build Chebyshev bandpass filter 

is followed [17]. First of all, a lowpass prototype filter is needed to realize the transfer 

function.  Element values gi are normalized to have cutoff frequency Ωc equal to 1, and the 

source resistance or conductance g0 equal to 1, as well. Element values for a 4-pole 

Chebyshev prototype filter are given by [12]:  

g0=1, g1=0.9314, g2=1.292, g3=1.5775, g4=0.7628, g5=1.221 

where gn represents shunt capacitance or series inductance, and gn+1 is the load resistance 

or conductance. Then, the fractional bandwidth FBW is given by: 

𝐹𝐵𝑊 =
𝑓2−𝑓1

𝑓0
                                                            (3.5) 

where 𝑓2 and 𝑓1 defines the passband, and 𝑓0 is the center frequency. 

Having obtained the prototype parameters and fractional bandwidth, the bandpass filter 

design parameters can be derived from: 

𝑄𝑒𝑥𝑡 =
𝑔0𝑔1

𝐹𝐵𝑊
=

𝑔4𝑔5

𝐹𝐵𝑊
                                                            (3.6) 

𝑘𝑖𝑗 =
𝐹𝐵𝑊

√𝑔𝑖𝑔𝑗
                                                                (3.7) 

where Qext is the external Q-factor of the filter, which represents coupling between last 

resonator to output/input, and 𝑘𝑖𝑗  is the inter-resonator coupling coefficient between 

adjacent resonators.  

Without losing generality, an example of SIW filter is designed at a center frequency of 

35.5 GHz. The 3D model is shown in Fig. 3.1. This four-pole bandpass filter will be 
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compared with the filter antenna integration later. The fractional bandwidth is 5.6% and 

the design parameters are shown below: 

k12=0.051, k23=0.039, Qext =16.63 

Top view of the SIW filter model is showed in Fig. 3.2, with design parameters. Ln (n=0, 

1, 2) control coupling coefficients, and Wn (n=1, 2) denotes the length of resonators, and 

this length is around half wavelength.  

 

 

Fig. 3. 1. 3D model of SIW four-pole bandpass filter. 
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Fig. 3. 2. Top view of the four pole SIW filter (aSIW=4.5 mm, L0=2.032 mm, L1=1.384 

mm, L2=1.27 mm, W1=2.326 mm, W2=2.64 mm). 

 

 

The structure will be built using RT/Duroid 6002 substrate with a thickness of 20 mil, 

covered with 17-μm-thick bottom and top copper layers. The dielectric constant εr is 2.94 

and loss tangent tanδ= 0.0014. The SIW has a width 𝑎𝑆𝐼𝑊 = 4.8 𝑚𝑚, and the diameter of 

via 𝑑𝑣𝑖𝑎 = 0.38 𝑚𝑚 with the separation 𝑝𝑣𝑖𝑎 = 0.64 𝑚𝑚, as indicated in Fig. 3.3.  

The ideal filter responses (the S-parameters) are shown in Fig. 3.4. 
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Fig. 3. 3. The parameters of SIW. 

 

 

 

Fig. 3. 4. The S parameters of the four-pole filter. 
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Equivalent Circuit Model and Tuning of SIW Filter 

In the thesis, parameter extraction method [62] is used to optimize the design. The detailed 

analysis will be given in section 3.4. A brief introduction is shown in this section to tune 

the filter. The filter is tuned using a coarse model and a fine model. An equivalent circuit 

model built in Keysight ADS is adopted as a coarse model. The fine model is built using 

Ansoft High Frequency Structure Simulator (HFSS). The coarse model is used to assist the 

tuning of the structure in the fine model, which is accurate but time-consuming. 

First of all, the equivalent circuit model for SIW filter needs to be built. As we know, the 

SIW can be seen as rectangular waveguide with an equivalent width. SIW cavities of a 

filter are half-wavelength transmission lines. The coupling between adjacent cavity 

resonators is treated as ideal impedance K inverter [60]. The K inverter is represented using 

ABCD matrix, and half-wave transmission lines are represented in S matrix. Note that all 

characteristic impedances are normalized to Z0=1.  

The relationship between the SIW filter and its equivalent circuit model is shown in Fig. 

3.5. A section of the equivalent circuit model built in ADS is shown in Fig. 3.6, showing 

the first two cavities.  

The equations to calculate K-inverter are given below [17]: 

𝐾01 = √
𝜋∆𝜆

2𝑔0𝑔1
 𝐾4𝐿 = √

𝜋∆𝜆

2𝑔4𝑔5
                                                       (3.8) 

𝐾𝑖𝑗 =
𝜋∆𝜆

2√𝑔𝑖𝑔𝑗
                                                                (3.9) 

where Kij is the impedance inverter. Δλ can be calculated using 
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∆𝜆 =
𝜆𝑔1−𝜆𝑔2

𝜆𝑔0
                                                              (3.10) 

where 𝜆𝑔1 and 𝜆𝑔2denoted the wavelengths at the band-edge frequencies, and 𝜆𝑔0is the 

guided wavelength at the center frequency.  

 

 

Fig. 3. 5. The generation of equivalent circuit model of SIW filter. 

 

 

Fig. 3. 6. The schematic of equivalent circuit model in ADS, showing the first two 

cavities. 
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Then, the fine model responses from HFSS are compared with the coarse model in ADS. 

Parameters, such as K values, are extracted and compared with the ideal parameters in the 

coarse model. Instead of tuning of the fine model in HFSS directly, the coarse model 

provides the corresponding adjustments in fine model and guides the tuning of the fine 

model.  

When optimizing the parameters, the widths L0, L1, and L2 control the coupling K inverter 

values. If the width needs to be enlarged, the length of the cavity resonator needs to be 

reduced accordingly. This is due to that fact that when iris width becomes larger, the 

resonant frequency of the cavity shifts to lower frequency. Therefore the length needs to 

be reduced to compensate for the frequency shift.  

Fig. 3.7 shows the final tuned filter responses and good agreement is achieved between the 

coarse model in ADS and the fine model in HFSS.  
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Fig. 3. 7. S-parameters of equivalent circuit model in ADS and the SIW filter design in 

HFSS. 

 

 

 

3.2 Design of Dielectric Resonator Antenna 

The DRA is a good candidate for millimeter wave applications. Design involves 

considerations of both the antenna, a rectangular DRA, and the feeding structure. SIW is 

adopted as the feeding mechanism for DRA, which helps to reduce loss, and a slot on top 

of the SIW is used to excite the desired mode in DRA.  

DRA is designed to have the same resonant frequency as the filter center frequency. The 

equations of DRA dimensions are given in [29] as shown below: 
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𝑘𝑥 =
𝜋

𝑎𝐷𝑅𝐴
, 𝑘𝑧 =

𝜋

2ℎ𝐷𝑅𝐴
                                                    (3.11) 

𝑘𝑦 tan(
𝑑𝑘𝑦

2
) = 𝑘0                                                      (3.12) 

where 𝑘0
2 = 𝑘𝑥

2 + 𝑘𝑧
2
 and k0 is the free space wavenumber corresponding to the resonant 

frequency.  The DRA will be made using Rogers RT6010. Given the thickness of 50-mil 

and the dielectric constant 𝜀𝑟 = 10.2 , different groups of DRA dimensions can be 

calculated. The dimensions used in this thesis are given in Fig. 3.8.  

 

Fig. 3. 8. DRA dimensions (𝑎𝐷𝑅𝐴 = 3 𝑚𝑚, 𝑏𝐷𝑅𝐴 = 1.5 𝑚𝑚, 𝑎𝑛𝑑 ℎ𝐷𝑅𝐴 = 50 𝑚𝑖𝑙). 

 

The SIW is used as feeding mechanism for the DRA. The dimensions for the SIW is the 

same as the SIW filter design in the previous section. A slot is used to strongly excite the 

mode, which is etched on the top plate of SIW at the strongest field. The position of slot is 

initially selected at 𝜆𝑔/2  from the short circuit (𝜆𝑔 is the guided wavelength inside SIW), 

where the maximum excitation locates. The design of SIW based DRA is given in Fig. 3.9 

with dimensions.  
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The full wave electromagnetic (EM) simulated S11 and radiation pattern of DRA design are 

shown in Fig. 3.10. 

 

 

 

Fig. 3. 9. The top view and side view of SIW-based DRA (𝐿𝑠𝑙𝑜𝑡 = 3.2 𝑚𝑚, 𝑊𝑠𝑙𝑜𝑡 =

0.3 𝑚𝑚, 𝑋𝑠𝑐 = 3.5 𝑚𝑚, 𝑊4 = 4.9𝑚𝑚). 
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(a)  

 

(b) 

Fig. 3. 10. The EM simulation results of SIW-based DRA structure: (a) |S11| and (b) 

radiation pattern. 

  

34 34.5 35 35.5 36 36.5 37 37.5 38 38.5 39
-25

-20

-15

-10

-5

Frequency (GHz)

S
 P

a
ra

m
e
te

rs
 (

d
B

)

 

 

-200 -150 -100 -50 0 50 100 150 200
-30

-25

-20

-15

-10

-5

0

5

10

Frequency (GHz)

G
a
in

 (
d

B
)

 

 

H-plane

E-plane



28 

 

 

 

3.3 Filter Antenna Integration  

To achieve a filter antenna integration, the last resonator and the load is replaced by the 

DRA. In this section, we follow the design principle presented in [61].  

The DRA needs to keep the characteristic of a radiator, and act like a resonator for the filter 

simultaneously. The configuration of filter antenna integration is shown in Fig. 3.11 and 

Fig. 3.12. The SIW filter and DRA designed in previous sections are used as reference for 

integration. The DRA is directly mounted on the top of SIW, with a slot etched for 

excitation. The integrated design has three SIW cavities and the DRA. The DRA and the 

section of SIW underneath together behave like the last resonator and the load.  

For the integrated design to have similar behavior as the four-pole bandpass filter, the 

coupling between the third resonator and the DRA needs to be the same as k34 in the four-

pole filter. In addition, Qext, the external coupling coefficient of the filter should remain the 

same for the integrated design.  

Synthesis procedure is presented next following the flow chart in Fig. 3.13.  
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Fig. 3. 11. 3-D model of SIW filter and DRA integration. 

 

 

Fig. 3. 12. Top view of filter antenna integration (L0=2.032 mm, L1=1.384 mm, L2=1.27 

mm, L3=1.5mm, W1=2.326 mm, W2=2.64 mm, W3=2.6 mm, Xsc=0.93 mm, W4=2.49 mm, 

Ls=3 mm, Ws=0.3 mm). 
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Equivalent circuit 

model synthesis for 

DRA model

Calculate Qext 

Draw design curves of 

Qext vs. Xsc

Select the dimensions 

to have the same Qext

Parameter extraction 

using equivalent circuit 

model to tune the filter 

antenna integration

  

Fig. 3. 13. Flow chart for filter antenna integration. 
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Extraction of Qext 

The structure of DRA fed by SIW with one end short-circuited can be modeled as the 

equivalent circuit model in Fig. 3.14. The phase of S11, and the real and imaginary parts of 

the input impedance of the structure in Fig. 3.14 are simulated and compared in Fig. 3.15. 

It proves that within the bandwidth the behaviors of the DRA and the equivalent circuit are 

similar.  

 

 

 

Fig. 3. 14. Configuration of DRA and its equivalent circuit model 

 

That is to say, the DRA can be modeled as a series RLC circuit within the bandwidth. At 

the resonance frequency, the phase of S11 of series RLC circuit is 180°, as indicated in Fig. 

15(a). This characteristic is used to determine the length of transmission line W4.  
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(a) 

 

(b) 

Fig. 3. 15. (a) Phase of S11 and (b) the normalized input impedance of the design in HFSS 

and the equivalent RLC circuit. 
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To calculate the Qext of DRA, the input impedance is simulated and compared with a series 

RLC circuit, as shown in Fig. 3.15(b). The external Q factor Qext can be calculated using 

the equations for series RLC: 

𝑄𝑒𝑥𝑡 =
𝜔0𝐿

𝑅
                                                                 (3.13) 

where  

𝐿 =
𝑑(Im(𝑍𝑖𝑛))

2𝑑𝜔
|

𝜔=𝜔0

, 𝑅 = 𝑍𝑖𝑛(𝜔0)                                                (3.14) 

 

Design curve of Qext vs. Xsc and Ls 

To find out the variation of Qext, the dimensions that affect the Q factor need to be found.  

The surface current is the strongest at the short circuit, and it again reaches the maximum 

at  𝜆𝑔/2 from the short circuit, where the strongest coupling happens. As a result, the 

distance Xsc affects the Qext of DRA by varying the coupling. Moreover, the slot length Ls 

also affects the Qext. The slot length varies the excitation from SIW to DRA, leading to 

shifts of resonant frequency. If the bandwidth of DRA is wider than the filter, a shift in 

resonant frequency of DRA can still cover the required bandwidth, and the coupling 

between cavity and antenna still works. This broad bandwidth provides more flexibility 

when integrating the filter and antenna.  

Therefore, by varying the distance Xsc and Ls, an achievable range of Qext can be derived 

and the design chart of Qext vs. Xsc and Ls is presented in Fig. 3.16. The range of Qext is 

found to be at least 9-100, which corresponds to a bandwidth range 1%-11%.  
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Fig. 3. 16. The design curve of Qext vs. Xsc and Ls. 

 

Dimension selection 

Due to the broader bandwidth of DRA, different combinations of Xsc and Ls can be used to 

get the same Qext. In this case, the value of Xsc and Ls are selected as 1.3 mm and 3.2 mm. 

The cavity length W4 is selected to have the phase of S11 equal to 180° at the center 

frequency, and the value is 4.5 mm.   

 

3.4 Tuning of the Structure 

The parameter extraction in space mapping [62] is applied to tune the structure. The fine 

model, which is based on the full wave solver HFSS, is accurate but time-consuming. 

Therefore a coarse model is implemented to assist the optimization process. The coarse 
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model is fast but not very accurate. The goal is to achieve optimized design of the fine 

model without directly optimizing it. Instead, the coarse model is used to guide the 

optimization of the fine model. First, data from fine model is compared to the coarse model. 

The parameters in the coarse model are tuned so that the responses closely match the output 

from the fine model, which is referred to as parameter extraction. After that, the extracted 

values are compared to the ideal coarse model parameters, and a new prediction is made in 

fine model to get better results, i.e. shifts in certain variables. So the dimensions in HFSS 

are adjusted to get new responses and the first iteration is finished. If the responses meet 

design specifications, the optimization stops. Otherwise the next iteration starts.  

The equivalent circuit model of filter antenna integration built in Keysight ADS serves as 

the coarse model. The SIW-fed DRA section is modeled using a combination of EM 

simulated DRA and two waveguide sections, as shown in Fig. 3.17 and Fig. 3.18. The DRA 

is simulated with two ports de-embedded to the center of the antenna. Note that a small 

section of  transmission line with length ΔXsc  as shown in Fig. 3.18 is added next to the 

short circuit to count for the fact the via wall is not a perfect short-circuit. 

 

 

Fig. 3. 17. The equivalent circuit for DRA. 
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Fig. 3. 18. Equivalent circuit model of SIW-fed DRA in ADS. 

 

The complete equivalent circuit model for the filter antenna integration is shown in Fig. 

3.19(b). The filter model is shown in Fig. 3.19 (a) for comparison. Transmission lines are 

used to equivalently represent SIW cavities as mentioned in section 3.1. K-inverters model 

the inter-cavity coupling and they are normalized to characteristic impedance Z0=1.  The 

last resonator and load of SIW filter are replaced by the DRA equivalent circuit model.  

Simulated |S11| of the filter antenna integration before optimization is shown in Fig. 3.20. 

Using the coarse model in ADS and the fine model in HFSS, the design is fined tuned 

following the parameter extraction process explained. After a few iterations, good return 

loss is achieved over the passband as shown in Fig. 3.21.  
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Fig. 3. 19. The equivalent circuit models for (a) SIW filter and (b) filter antenna 

integration. 

 

 

Fig. 3. 20. Simulated |S11| of the filter antenna integration before optimization. 
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Fig. 3. 21. Simulated |S11| of the filter antenna integration after fine tuning. 

 

Parameter tuning discussion  

A comparison between SIW filter and filter DRA integration is made. The coupling iris 

length between the third resonator and DRA, L3, is increased from 1.384 mm for the filter, 

to 1.5 mm for the integrated design. This length denotes the K-inverter value K34 increases 

for filter and antenna integration.   

As shown in Fig.3.22, bandpass filters can be assumed as lossless LC circuits with coupling 

inverters between them [12]. Note that, in section 3.1, the cavities are assumed to be 

transmission lines. These two models are both equivalent circuit models for bandpass filter, 

but with different applications. In section 3.1 Fig. 3.5, the equivalent transmission line is 

used to represent physical dimensions of cavity lengths. In this section Fig. 3.22, 

inductance and capacitor are used instead.  
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Fig. 3. 22. Equivalent circuit model for bandpass filter and filter antenna integration. 

 

The length from DRA to the short circuit, Xsc, changes the input impedance of the DRA 

and the feeding section, and consequently, it affects the slop of input impedance, which 

leads to change in inductance value L1.  

𝑘34 =
𝐾34

2𝜋𝑓0√𝐿1𝐿
                                                        (3.15) 

With the equation (3.15), the k34 needs to be consistent to keep filter characteristic, while 

L1 varies with different Xsc lengths. Therefore, the K-inverter K34 needs to change 

correspondingly to compensate for the change of L1. It is observed that when Xsc becomes 

smaller, L1 becomes larger, so K34 needs to be increased so that k34 remains.  

 

3.5 Coaxial to SIW Transition  

For the integrated design to be built and tested, a coax-to-SIW transition is designed. It 

consists of two matching vias inside the substrate, and a short circuit made of vias. A circle 
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is etched on the bottom plate of SIW for excitation. A back-to-back structure shown in Fig. 

3.23 is designed. This structure consists of two symmetric coax-to-SIW transitions with a 

distance much larger than λg between them, as indicated in Fig. 3.24. S11 of the back-to-

back structure is optimized using HFSS, so that |S11| is at least less than -25 dB over the 

bandwidth of interest. Once properly designed, the transition will not significantly affect 

the reflection coefficient when it is added to the main design. The two large cylinders that 

are mounted on both sides of the transitions are for fabrication assembly alignment and 

they do not affect simulation results.  

 

Fig. 3. 23. 3-D model of back-to-back coax-to-SIW transitions.  
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Fig. 3. 24. Top view of the back-to-back coax-to-SIW transitions (dsc= 2.3 mm, dx= 2.18 

mm, dy= 3.35 mm). 

 

The effects of transition parameters on |S11| are studied in the following. A parametric 

analysis is performed on this back-to-back structure and the impact of dy, dx, and dsc 

variation on |S11| is shown, respectively. 

 

Coax position dsc  

The effect of the distance from the short circuit to coax on |S11| is shown in Fig. 3.25. To 

reach a bandwidth that is large enough to cover the filter and DRA integration bandwidth, 

the |S11| over the bandwidth should ideally be less than -25 ~ -30dB. A suitable value of 2.3 

mm is selected, which provides balanced S parameter.  
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Fig. 3. 25. The impact of coax position dsc variation on |S11| (dB), dx=2.18 mm, and dy 

=3.35 mm. 

 

Position of matching vias  

Two vias are added to match the impedance and the positions of them are studied with 

results shown in Fig. 3.26 and Fig. 3.27.  
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Fig. 3. 26. The impact of tuning screws x-position dx variation on |S11| (dB). 

 

 

Fig. 3. 27. The impact of tuning screws y-position dy variation on |S11| (dB). 

 

Parameters are selected to provide low |S11| in the frequency range. The transition with 

optimized parameters is simulated and the performance is compared to the filter antenna 
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integration. It is obvious that |S11| of the back-to-back structure is well below -25dB within 

the bandwidth, as shown in Fig. 3.28.  

 

  

Fig. 3. 28. The simulated |S11| of back-to-back transitions compared with |S11| of filter and 

antenna integration. 

 

After adding the coax-to-SIW transition, the final configuration of filter antenna integration 

is shown in Fig.3.29 and Fig.3.30. |S11| and gain as a function of frequency of DRA and 

filter integration with coax-to-SIW transition are shown in Fig. 3.31.  Radiation is shown 

in Fig. 3.32.  
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Fig. 3. 29. 3-D model of SIW filter and DRA integration with coax-to-SIW transition. 

 

 

Fig. 3. 30. Top view of SIW filter DRA integration with coax-to-SIW transition. 
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Fig. 3. 31. |S11| and gain of DRA and filter integration.  

 

Fig. 3. 32.  Radiation pattern of DRA and filter integration.  
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3.6 Integration of Filter with DRA Array  

In this section, DRA array is integrated with SIW filter. The equivalent circuit model is 

discussed to simplify the optimization of the design. Fig.3.33 shows a 6-element DRA 

array.  

 

Fig. 3. 33. The schematic of 6-element DRA array 

 

First, we start with a two-element DRA array, to investigate the characteristics of a DRA 

array. The two-element DRA array is shown in Fig. 3.34. The distance between two 

elements is defined as D, which is an important design parameter. D affects the phase 

difference between two elements. As a result, it affects the radiation pattern of the design. 

This value is initially set to be λg. The length from the last element to the short circuit, Xsc, 

affects the input impedance of the antenna array, and it can be analyzed the same way as 

single DRA.   
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Fig. 3. 34.  Design of two-element DRA array. 

 

To get the achievable Qext of the DRA array, phase of S11 and the normalized input 

impedance of the structure in Fig. 3.34 are shown in Fig. 3.35 and Fig. 3.36. A series RLC 

equivalent circuit model is compared to the input impedance of DRA array, and it shows 

that, within the frequency range of interest (34.5 -36.5 GHz), the behavior of DRA array 

resembles that of a series RLC circuit model, as shown in Fig. 3.36. 
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Fig. 3. 35.  Phase of S11 of DRA array. 

 

  

Fig. 3. 36.  Normalized input impedance of DRA array in HFSS and its equivalent circuit 

model in ADS. 
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Similarly, equation (3.10) and (3.11) can be adopted to calculate the Qext, and a design 

curve of Qext vs. Xsc can be derived, which is shown in Fig.3.37. The distance W4 is adjusted 

to have the phase of S11 as 180° at the center frequency. The achievable range of Qext is 

much narrower compared to the Qext of single DRA.  

 

 

Fig. 3. 37. The design curve of Qext vs. Xsc. 
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Fig. 3. 38. 3-D model of SIW filter and two-element DRA array integration. 

 

Fig. 3. 39. Top view and side view of SIW filter and two-element DRA array integration 

(L0= 2.032 mm, L1=1.384 mm, L2= 1.244 mm, L3= 1.473 mm, W1=2.326 mm, W2= 2.641 

mm, W3= 2.629 mm, W4= 8.75 mm, D= 5.7 mm, Xsc=1.31 mm) 
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Then, the DRA array replaces the last resonator and the port of SIW filter, to form the 

integration. The model is shown in Fig. 3.38, and dimensions are shown in Fig. 3.39.  

Also, the parameter extraction is performed on filter and DRA array integration to optimize 

the parameters. The DRA array with two ports de-embedded to center is imported to ADS, 

with two transmission lines in front of and behind it. The coarse model and fine model can 

be optimized to match with each other, as the |S11| shown in Fig. 3.40. The radiation pattern 

is presented in Fig. 3.41 (a), and the gain is shown in Fig. 3.41 (b), with the achievable 

radiation gain of 6.99dB.  

Based on similar steps, a 6-element DRA array integrated with SIW filter model is given 

in Fig. 3.42 and 3.43. The simulated |S11| and radiation pattern are given in Fig. 3.44. 

 

 

Fig. 3. 40. The match of fine model from HFSS and coarse model in ADS. 
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(a) 

 

(b) 

Fig. 3. 41. (a) Radiation pattern and (b) |S11| and gain of filter with DRA array 

integration. 
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Fig. 3. 42. 3-D model of SIW filter and 6-element DRA array integration. 

 

 

Fig. 3. 43. Top view of the model (L0= 2.032 mm, L1=1.384 mm, L2= 1.27 mm, L3= 

1.636 mm, W1=2.326 mm, W2= 2.641 mm, W3= 2.57 mm, W4= 33.36 mm, D= 5.65 mm, 

Xsc=2.31 mm). 
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(a) 

 

(b) 



56 

 

 

 

Fig. 3. 44.  (a) Radiation pattern and (b) gain of the model and |S11| of SIW filter and 6-

element DRA array integration model. 

 

 

3.7 Integration of Filter with Parasitic DRA 

In the antenna array design, a lot of methods are involved to increase the radiation gain and 

bandwidth of antenna, which are the most important properties for an antenna. For 

microstrip antennas, it has been proven that, by adding parasitic elements to the driven 

antenna, the radiation gain can be greatly increased, the radiation can be steered and the 

bandwidth can be increased [63, 64]. Different form antenna array, the parasitic antennas 

only have one excitation to the driven antenna, and the parasitic elements are simply 

mounted around the driven antenna at certain distance. Similar to the micostrip antenna, 

the radiation gain of DRA can also be increased by adding parasitic elements [65].  

Fig. 3.45 shows the parasitic DRA structure. Two parasitic elements are added 

symmetrically to both sides of the driven DRA, and the distance D between them is initially 

set to be half of the wavelength.  

The filter integration with parasitic DRA model is give in Fig. 3.46. The simulated |S11| and 

radiation pattern are shown in Fig. 3.47.  
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Fig. 3. 45. The parasitic DRA. 

 

 

Fig. 3. 46. SIW filter and parasitic DRA integration. 
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(a) 

 

(b) 

Fig. 3. 47.  (a) |S11| of SIW filter and parasitic DRA integration, and (b) the radiation 

pattern of filter and parasitic DRA integration. 
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3.8 Measurement Results 

In this sections, the measurement results of SIW-based DRA, SIW filter with single DRA 

integration, and SIW filter with parasitic DRA integration are presented. The simulation 

results and measurement results are compared. The fabricated designs follow the same 

design synthesis presented in this thesis, but with a center frequency at 37.5 GHz. The 

material used is RT/Duroid 6002, with dielectric constant εr=2.94. This value is measured 

at 10GHz frequency and under the environment of 23°C. However, the center frequencies 

of out designs are 35 GHz and 37.5 GHz, which are much higher than measurement 

frequency. As a result, the value of dielectric constant εr varies and leads to shifts in 

measurement results. Due to fabrication tolerances and varied εr, there is mismatch between 

measurement and simulation results. So a tolerance analysis is performed and presented in 

this section.  

 

Fig. 3. 48. Photograph of SIW-based DRA structure. 
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Fig. 3. 49. |S11| of simulation and measurement for SIW-based DRA model. 

 

A picture of the SIW-fed DRA is shown in Fig. 3.48 and the measurement results are shown 

in Fig. 3.49 to compare with simulation results. Misalignment is observed between 

simulation and measurement results. This is mainly caused by inaccuracy of the material 

dielectric constant and fabrication tolerances. The width of SIW, aSIW, has larger impact 

on center frequency among all design parameters. Therefore, in the following tolerance 

analysis, the dielectric constant εr and SIW width, aSIW, are studied.  

First, the dielectric constant is varied and simulations using different dielectric constant for 

the substrate are analysed to match the frequency response from measurement. Fig. 3.50 

shows that when εr =2.87, there is a good agreement between measurement and simulation.  
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Fig. 3. 50. |S11| of measurement and simulation with εr =2.87. 

 

Fig. 3. 51.  |S11| of measurement and simulation results. 

 

The SIW width aSIW is also studied to account for tolerances. As indicated in short dashed 

line in Fig. 3.51, when the width is changed, the peak shifts to lower frequency. As a result, 

the dielectric constant needs to be smaller, the center frequency would shift to higher value. 
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The long dashed line in Fig. 3.51 indicates that with newly tuned aSIW and εr =2.85, the 

center frequencies of measured and simulated results are closer to each other.  

 

 

Fig. 3. 52. Photograph of SIW filter with DRA integration. 

 

With the new dimensions, the SIW filter with single DRA is also studied. A picture of the 

fabricated SIW filter with DRA integration is shown in Fig. 3.52. First, the simulation and 

measured results are shown in Fig. 3.53. It shows that the frequency shifts up about 1 GHz. 

Bandwidth of simulated model is 1.72 GHz, while the measured bandwidth is 1.66 GHz. 

Next, the tolerance analysis is performed on the model. With newly tuned aSIW and εr =2.85, 

the center frequencies get closer to each other, as shown in Fig. 3.54.  

Fig. 3.55 shows a photograph of the integrated design of the SIW filter with parasitic DRA. 

The measurement results are compared with simulation in Fig. 3.56, showing a similar shift 

in the center frequency. Also, a tolerance analysis is operated on this model. With εr =2.85 
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and some minor changes to dimensions to account for tolerances, the S11 parameters have 

better alignment. It proves that the shifts in center frequency are mainly caused by 

fabrication tolerance and inaccuracy of dielectric constant εr. 

 

 

 

Fig. 3. 53. Simulation and measurement results for filter with single DRA integration. 
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Fig. 3. 54. Tolerance analysis for filter with single DRA integration and measurement 

results. 

 

 

 

Fig. 3. 55. Photograph of SIW filter with parasitic DRA integration. 
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Fig. 3. 56. Simulation and measurement results for filter with parasitic DRA integration. 

 

Fig. 3. 57. Tolerance analysis for filter with parasitic DRA integration and measurement 

results.   
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3.9 Summary  

This chapter gives details on the synthesis procedure of SIW filter and DRA integration. 

First, a SIW filter is designed at the center frequency, with return loss less than -20dB. 

Then, a DRA based on SIW is designed to have the same resonant frequency. An 

integration is implemented by directly connecting DRA to the third cavity of the filter. 

Replacing the last resonator and the load, the DRA works as a resonator cavity for the filter, 

and the radiator at the same time.  Similar procedures are applied to integration with DRA 

array and parasitic DRA. Design examples are given. Simulations and measurements are 

presented. 
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CHAPTER 4 

Integration of Microstrip Bandpass Filter 

with Inset-Fed Patch Antenna 

 

      

In this chapter, the integration of microstrip patch antenna with filter is studied for the 

improvement of coupling values. A direct connection method is used as the coupling 

method between an inset-fed patch antenna and the filter. Comparison is made with the 

proximity coupling method reported in the literature [66]. The proximity coupling is 

realized by the gap between a rectangular patch antenna and the last resonator filter of a 

hairpin filter. It is difficult to realize strong coupling, since the gap becomes very small. 
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The proximity coupling method is therefore not compatible with wideband designs [67-

70].  

It will be shown that a much larger range of coupling coefficient can be readily achieved 

for the coupling method with the direct connection. As a result, a wider achievable 

bandwidth can be realized. A design example is given and the simulation results are 

presented in this chapter.  

 

4.1 Design of the Filter 

For demonstration and comparison, a conventional hairpin bandpass filter is used. The 

parallel-couples, half-wavelength resonator is folded into “U” shape to save space, and 

filters built by this “U” shape resonator are called hairpin filters. The fractional bandwidth 

is 4.1% and the center frequency is 2.2 GHz. A three-pole Chebyshev lowpass prototype 

is chosen with equal ripple Lar=0.1 dB. The prototype parameters are normalized to 

lowpass cut off frequency Ωc=1 and listed below:  

𝑔0 = 𝑔4 = 1, 𝑔1 = 𝑔3 = 1.0316, 𝑔2 = 1.1474 

The bandpass design parameters can be derived from the prototype parameters as: 

𝑄𝑒𝑥𝑡 =
𝑔0𝑔1

𝐹𝐵𝑊
=

𝑔4𝑔5

𝐹𝐵𝑊
                                                             (4.1) 

𝑘𝑖𝑗 =
𝐹𝐵𝑊

√𝑔𝑖𝑔𝑗
,                                                                   (4.2) 

Qext is the external Q-factor, and kij is the inter-resonator coupling between adjacent 

resonators. So the design parameters are: 𝑄𝑒𝑥𝑡 = 25.16, 𝑘12 = 𝑘23 = 0.0377. 
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The width of the hairpin resonator arm is 1 mm, and the distance between two hairpin arms 

is 8.1 mm. If this distance is too small, the coupling between two arms will affect the 

couplings. A 2.04 mm-thick substrate with 𝜀𝑟 = 4.1  and 𝑡𝑎𝑛𝛿 = 0.0035  is used. The 

design of hairpin bandpass filter is shown in Fig. 4.1.  

 

Fig. 4. 1. Three-pole hairpin bandpass filter (W=8.1 mm, d1=1.63 mm, d2=5.11 mm, 

L=16.34 mm, and a=0.2mm). 

 

First, Ansoft High Frequency Structure Simulator (HFSS) is used to extract design 

parameters. External Q-factor is the coupling between the first resonator to the load. A 

model is built to extract Qext. Another side of hairpin resonator is weakly coupled to the 

port. And the External Q-factor is easily obtained from HFSS solutions using equation (4.3) 

[12]:  

𝑄𝑒𝑥𝑡 =
𝑓0

(∆𝑓)3𝑑𝐵
                                                          (4.3) 

  where (∆𝑓)3𝑑𝐵 is the 3dB bandwidth. The design curve of Qext vs. distance d1 is given in 

Fig. 4.2. 
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Fig. 4. 2. Design curve of Qext as a function of distance d1, and the simulation model.  

 

 Then, two hairpin resonators are built in HFSS and Eigenmode solver in HFSS is used 

with mode number set as 2. After the simulation, two resonant frequencies are obtained 

and used to calculate the inter-resonator coupling coefficient kij through [12]:  

𝑘𝑖𝑗 =
𝑓2

2−𝑓1
2

𝑓2
2+𝑓1

2                                                                   (4.3) 

A design curve of kij as a function of distance d2 can be derived from the simulations, as 

plotted in Fig. 4.3.  
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Fig. 4. 3. Design curve of coupling coefficient kij as a function of distance d2, and the 

simulation model. 

 

 

4.2 Design of the Inset-Fed Microstrip Patch Antenna  

Microstrip patch antenna is widely used in RF/microwave applications due to its low-

profile, light weight, ease of fabrication, and low cost. It consists of a copper patch, a 

substrate filled with dielectric material, and feeding mechanism. The copper patch can 

be different shapes. Square, rectangular, circular, think strip and elliptical are mostly 

used. Also, a number of feeding methods can be used to excite microstrip patch 

antenna, such as coaxial probe [71], [72], microstrip line [73], proximity coupling [74], 

etc. Fig. 4.4 shows a rectangular patch antenna with inset-fed model. Inset-fed is one 

of the microstrip line feeding mechanisms. At the side of patch antenna, the input 
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impedance reaches the maximum value, and gradually reduces to zero at center. So 

the inset depth y0 can change the input impedance of antenna.  

The design rule of a rectangular patch antenna concerns the center frequency, and 

dielectric constant εr of the substrate material. The width and length of patch antenna 

can be calculated using [75]:  

𝑊𝑝 =
𝑐

2𝑓0√(
𝜀𝑟+1

2
)

                                                    (4.3)  

𝐿𝑝 =
𝑐

2𝑓0√𝜀𝑒𝑓𝑓
− 2∆𝐿                                               (4.4) 

where 

𝜀𝑒𝑓𝑓 =
𝜀𝑟+1

2
+

𝜀𝑟−1

2√1+12
ℎ

𝑊𝑝

                                            (4.5) 

∆𝐿 = 0.412ℎ
(𝜀𝑒𝑓𝑓+0.3)(

𝑊𝑝

ℎ
+0.264)

(𝜀𝑒𝑓𝑓−0.258)(
𝑊𝑝

ℎ
+0.8)

                                     (4.6) 

The feeding mircostirp line has the same dimension as the two gaps beside it, and 

together they form the inset width D. the inset depth y0 varies the input impedance as: 

𝑍𝑖𝑛(𝑦 = 𝑦0) = 𝑍𝑖𝑛(𝑦 = 0) cos2(
𝜋

𝐿𝑝
𝑦0)                                 (4.7) 

where 𝑍𝑖𝑛(𝑦 = 0) is the input impedance at edge of the patch antenna. With the 

parameters, a rectangular patch antenna can be built using HFSS. The model is shown 

in Fig. 4.4 and Fig. 4.5. The substrate is the same as the hairpin filter substrate, and a 

lumped port is set as the excitation port.   
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Fig. 4. 4. 3-D model of inset-fed rectangular patch antenna. 

 

 

Fig. 4. 5. Top view of antenna model (Lp=47 mm, Wp= 36 mm, D= 5 mm, and y0=4.5 

mm) 
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The simulated |S11| is shown in Fig. 4.6. And the radiation pattern of E-plane and H-

plane is given in Fig. 4.7.  

 

Fig. 4. 6. EM simulated |S11| of inset-fed rectangular patch antenna. 

 

 

Fig. 4. 7. Radiation pattern of inset-fed rectangular patch antenna. 
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4.3 The Integration of the Inset-Fed Antenna and Filter  

Inset-fed microstrip antennas are commonly used due to many advantages [76]. For 

improvement of coupling, the antenna feed line is directly connected to the last hairpin 

resonator, as shown in Fig. 4.8. The inset width D varies the center frequency [77]. To 

make sure that the rectangular patch antenna resonates at the given center frequency, D 

should be kept constant. The coupling coefficient between the resonator and the antenna is 

mainly controlled by changing the distances x0 and y0. 

 

Fig. 4. 8. The direct connection coupling method between the filter resonator and the 

antenna.  
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Fig. 4. 9. The circuit flow on the resonator when coupled to the antenna. 

 

Fig. 4.9 shows the current flow on the resonator. The “U” shaped resonator has the 

minimum current at the open circuit end, while the opposite side has the maximum current. 

Hence, the coupling coefficient between the resonator and antenna can be controlled via 

the connection position on the resonator, x0. To be more specific, the closer the tap point is 

to the open circuit end, the smaller the coupling coefficient is. Similarly, the coupling 

coefficient can be controlled by changing the inset depth, y0. 

Note that to correctly calculate the coupling coefficient k, the inset-fed patch antenna and 

the hairpin resonator are first tuned separately to resonate at the same frequency. Eigen 

mode solver in HFSS is employed to find the resonant frequencies. Both the resonator and 
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the antenna are slightly adjusted to account for loading effects. Next, the configuration in 

Fig. 4.8 is simulated to get the coupling coefficient.  

For comparison, the proximity coupling [66], shown in Fig. 4.10, is also simulated. Here 

we use y0 to denote the distance between the resonator and the patch antenna, which 

controls the coupling coefficient.  

 

Fig. 4. 10. The proximity coupling method between the filter resonator and the antenna 

[66].  

 

Fig. 4.11 compares the coupling coefficients realized using proximity and direct connection 

coupling methods as the distance y0 varies. Note that y0 in the two configurations has 

different meanings, but controls the coupling coefficient in both cases. It can be clearly 

seen that, compared with the curve for proximity coupling, which is similar to Fig. 7(c) in 

[66], a much wider range of coupling coefficient is achieved using the direct coupling 

method. For proximity coupling, if a wider bandwidth design is required, the gap y0 in Fig. 
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4.10 needs to be very small, which becomes difficult to fabricate. However the direct 

coupled method, as shown in Fig. 4.11, can easily realize much larger coupling value.  

The configuration of filter antenna integration is shown in Fig. 4.12.   

 

 

 

 

Fig. 4. 11. Comparison of the coupling coefficients realized using proximity and direct 

connection coupling methods. 
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Fig. 4. 12. An example of filter antenna integration (x0=6.2 mm, Lp=47 mm, Wp= 36 mm, 

D= 5 mm, and y0=4.5 mm). 

 

4.4 Design Example and Simulation Results  

Dimensions are given in Fig. 4.12 for the design example. x0 and y0 are adjusted so that the 

coupling coefficient has the same value as k23 of the 3-pole filter in Fig. 4.1. The length of 

the last resonator is tuned to compensate for the loading effect. Fig. 4.13 shows the |S11| of 

the hairpin filter and the |S11| of the filter antenna integration, which is similar to the 3-pole 

bandpass filter function. The radiation pattern is shown in Fig. 4.14.  
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Fig. 4. 13. Reflection coefficients of the bandpass filter and the filter antenna integration. 

 

Fig. 4. 14. Simulated radiation pattern of the patch antenna and filter antenna integration. 
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4.5 Summary 

Microstrip filter antenna integration is investigated in this chapter to improve the range of 

coupling value. It is shown that comparing to the reported values using proximity coupling 

[66], a much larger range of coupling coefficient can be readily achieved using the direct 

connection coupling method between the inset-fed patch antenna and the filter resonator. 

As a result, a wider design bandwidth can be realized.  
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CHAPTER 5 

Conclusion and Future Work 

 

 

The development of communication and radar systems raises the demand for circuits and 

systems with high performance. Filters and antennas are essential circuit elements. By 

removing transitions and connectors between filters and antennas in conventional systems, 

the integrated design of filters and antennas offers attractive features, such as compact size, 

low loss, and high efficiency. In this thesis, two types of filter and antenna integrations are 

investigated, namely the Substrate Integrated Waveguide (SIW) filter and dielectric 

resonator antenna (DRA) integration, and the microstrip filter and inset-fed microstrip 

patch antenna integration.      

First of all, an SIW filter is designed to integrate with DRA. Using the DRA to replace the 

last resonator and the load of SIW filter, a compact integration functioning as a bandpass 
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filter and a radiator simultaneously is generated. The equivalent circuit models are adopted 

to analyze the coupling between filter and antenna. A design synthesis is presented, which 

can be applied to different filter and antenna integration designs in millimeter-wave and 

microwave frequency ranges. Design curves are presented, which can provide specific 

design values for required bandwidth. The designs are fabricated and measured. Shifts in 

frequency responses observed in the measurement results are analyzed to obtain a more 

accurate estimation of the substrate dielectric constant.   

In addition, integrations of parasitic DRA and DRA array with SIW filter are also 

implemented. The results show that the design method can not only be used to single 

antenna element, but also be applied to antenna arrays.  

Moreover, an inset-fed microstrip patch antenna is integrated with hairpin bandpass filter. 

The integration uses direct connection between the resonator and the microstrip antenna, 

and provides a large range of coupling coefficient. This method can be applied to wideband 

designs in microwave applications.   

The following future work can be investigated:  

 Another round of fabrication will be done with the more accurate estimate of the 

material property to further validate the designs developed in this thesis. In addition, 

an 8-element DRA array integrated with SIW filter will be built and tested.  

 Due to the high operating frequency and filtering characteristics, the resonators of 

SIW filter are very sensitive to fabrication tolerances. Tuning structures consisting 

of tuning screws and/or slots on the SIW will be investigated and applied to the 

cavities to facilitate tuning of the circuits. As a result, improved performance can 

be achieved.  
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 The synthesis and tuning methods used in the thesis can be applied to filters and 

antennas realized in other technologies and for other applications.  
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