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ABSTRACT 

 

Microwave antenna and filter circuits are key components in all types of communication 

systems. In order to achieve high compactness and high performance for next generation 

wireless networks, this thesis investigates the use of a material with a high dielectric 

constant (approximately 20) and low loss for integrated design of microwave filters and 

antennas. Two different filtering antenna designs in the 3.5 – 3.7 GHz frequency range are 

presented. A dual-mode waveguide filter is used in both designs, while a microstrip antenna 

is used for one design and a dielectric resonator antenna (DRA) is used for the other. 

Microstrip antenna and DRA are used due to their low-profile, ease of fabrication and light 

weight. The integrated designs are validated using full wave electromagnetic (EM) 

simulations, showing comparable performances. Both designs are compact, low loss, and 

have dual-polarization with good isolation, making them ideal for 5G mobile 

communication applications.  

 

Keywords: Filter antenna integration; dual-polarization; dielectric resonator antennas; 

microstrip antennas.   
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Chapter 1 

Introduction  

1.1 Context 

In the past several years, mobile radio and wireless communication technology has 

advanced rapidly due to an increased number of wireless broadband and multimedia users. 

In order to meet the requirements of high mobile and wireless traffic volume, significant 

research has been conducted on the next generation of wireless network, the fifth 

generation (5G). 5G promises to mediate the increased mobile and wireless communication 

traffic by providing 1000 times increased capacity, 10-100 times higher data-rate and 

support 10-100 times higher number of connected devices as compared to the existing 4G 

wireless networks [1]. The hardware requirements of realizing 5G are expected to be met 

by hardware operating at the new spectrum in the microwave bands, 3.3 GHz – 4.4 GHz, 

and millimeter-wave (mm-wave, 24 GHz – 80 GHz) bands [2]. A combination of 

microwave and mm-wave bands is important for 5G as lower frequencies (microwave 

band) can be used for wide area coverage, and the higher frequencies (mm-wave band) for 

local and personal area communications [3]. Considerable research efforts have been put 

into innovative designs for both microwave and millimeter wave frequency bands to meet 

new requirements and challenges. This thesis focuses on microwave circuits operating at 

microwave bands.   
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1.2 Thesis Motivation and Objectives  

Microwave circuits can generally be realized in two types of technologies, planar and non-

planar. Non-planar circuits include waveguides, for example rectangular waveguides, that 

are often used for high-quality (Q) factor and low loss applications. However air-filled 

waveguides are bulky, especially for low frequency applications, and difficult to integrate 

with other circuits. Planar circuits include, for example, microstrip circuits. These circuits 

are desirable for their low profile, ease of fabrication and low cost. However, the loss is 

typically higher.  For both types of technologies, circuit size reduction can be obtained with 

the use of high dielectric constant substrate or filling material.  

The availability of a high dielectric constant (approximately 20) and low loss material 

provides the opportunity to explore novel design techniques for miniaturizing microwave 

filters and antennas. Not only does a high dielectric constant lead to highly compact 

designs, but at the same time it limits the bandwidth and can be useful for filtering. The 

overall objective of this thesis is to investigate combinations of planar and non-planar 

circuits that achieve compact integration of microwave filters and antennas, and to study 

both the implementation methods and performance limitations of such designs. 

Microwave antenna and filter circuits are key components in all types of wireless 

communication systems. In conventional communication systems, antennas and filters are 

typically designed separately and then combined via connectors/adapters and/or 

interconnecting transmission lines. The use of extra connectors and/or cables results in the 

introduction of additional loss and a degraded filtering antenna system performance. 

Therefore, in order to obtain a low loss filtering antenna system, a co-design approach can 



3 

 

be taken. For example, the antenna can be treated as a load for the filter.  Or the integration 

can be implemented by replacing the last resonator of the filter with an antenna that has the 

same centre frequency as the filter.  

Although research has been done on antenna and filter integration, most of it consists of 

studies on planar implementations, such as microstrip or slot antennas integrated with 

substrate integrated waveguide (SIW) filters. Also, many of these studies report single 

polarized filtering antennas; there are few dual-polarized filtering antenna designs, 

especially for dielectric resonator antennas (DRA). In this thesis, two different filtering 

antenna designs are presented. Microstrip and DRAs are used due to their low-profile, ease 

of fabrication and light weight. Both designs are compact, low loss, and have dual-

polarization with good isolation, making them ideal for 5G mobile communication 

applications. 

  

1.3 Thesis Contributions 

This thesis has developed original, compact, high performance microwave filter-antenna 

designs using high dielectric constant material. The designs overcame high dielectric 

constant limitations which caused difficulties in implementation and limited bandwidth. 

Two different methods were proposed in this thesis to integrate microwave waveguide 

filters and antennas, with dual polarizations. 

A dual-mode waveguide iris filter and microstrip antenna integration in the 3.5 – 3.7 GHz 

frequency range was first presented. Parametric analysis of the microstrip antenna allowed 

the impact of varying antenna dimensions on the integrated design to be studied. The filter-
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antenna integration procedure was presented and discussed. The dual polarized microstrip 

filtering antenna design was simulated using a full wave electromagnetic (EM) simulator.  

The dual-mode waveguide filter was then used for another antenna-filter integration design 

involving a DRA, again operating in the 3.5 – 3.7 GHz range. The impact of varying DRA 

dimensions on design parameters, including the external quality factor of the antenna, was 

studied. The design challenge and limitations caused by the high dielectric constant of the 

DRA were discussed. Similar to the microstrip filtering antenna design, filter-antenna 

integration was implemented using a full wave EM simulator, with the help of a circuit 

model.  

Both structures achieved a dual polarized filtering response with a high isolation and gain. 

Also, both were implemented using materials with a high dielectric constant, resulting in 

highly compact designs with low insertion loss. To the best of our knowledge, such 

antenna-filter integrations have not been reported in the literature.  

 

1.4 Thesis Outline 

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

In chapter 2, recent developments on microstrip and dielectric resonator antennas, and dual-

polarization designs are discussed. Research on various types of filter and antenna 

integration techniques, specifically techniques involving microstrip antennas and DRAs 

are reviewed.  



5 

 

In chapter 3, the theory and design of the dual-mode waveguide filter and dual polarized 

microstrip antenna are presented. A detailed description of the filter antenna integration 

procedure is then shown. EM simulation results of the microstrip filtering antenna structure 

are presented and discussed. 

In chapter 4, the theory and design of the DRA are presented. The same waveguide filter 

shown in chapter 3 is used for the design of the filtering antenna structure displayed in 

chapter 4. The filter antenna integration procedure is shown, design challenges are 

discussed, and EM simulation results are presented. 

In chapter 5, conclusions are drawn based on chapter 3 and 4. Future work is also discussed. 
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Chapter 2 

Literature Review  

In this chapter, research on different types of filter and antenna integration techniques, 

microstrip filtering antennas and dielectric resonator filtering antennas is reviewed. Recent 

developments with regards to microstrip and dielectric resonator antennas are also 

discussed.  

 

2.1 Microstrip Antennas 

In many applications involving aircraft, spacecraft, mobile radio and wireless 

communications systems where size and weight are constraints, low profile antennas may 

be required. A microstrip antenna is an ideal candidate for such applications as it is a low-

profile antenna that is flexible enough to conform to both, planar and nonplanar surfaces, 

and is inexpensive to fabricate [4]. Typically, a microstrip antenna consists of two parallel 

conducting layers separated by a dielectric substrate. The lower conductor functions as a 

ground plane while the upper conductor is a thin metallic strip, also known as a patch [5]. 

A typical square patch antenna is shown in Figure 2.1. Various feeding configurations for 

microstrip antennas have been introduced. The most commonly used configurations 

include microstrip line, coaxial probe and aperture coupling [6]-[8]. 

Antenna parameters such as bandwidth and resonant frequency can be modified by adding 

loads between the patch and the ground plane. The bandwidth of a patch antenna can be 

improved by modifying the reverse bias across a varactor diode placed between the patch 
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and the ground plane [9]. Another method used to increase the antenna bandwidth includes 

stacking two radiating patches and/or substrates on top of each other as shown in [10]-[12]. 

Resonant frequency of the antenna can be modified by the placement of a shorting pin in 

between the two conductors of the antenna [13].  

In comparison to other patch configurations, the rectangular microstrip antenna is most 

widely used due to its merits of lower manufacturing cost, simple design, ease of 

installation, low-profile and symmetry of structure. A minor disadvantage of rectangular 

patch antennas includes high levels of cross-polar radiation in the far-field in both, diagonal 

planes and in the H-plane. In the case of a dual-polarized antenna system, high levels of 

cross polar radiation would introduce a high chance of an error in transmission [14]. 

Various designs and analysis of the generic rectangular patch and recent advancement in 

the design/topologies of rectangular patch antennas are discussed in [15]-[23]. 

Dual-polarized antennas are ideal for 5G applications due to their ability of allowing the 

transmission/reception from both horizontal and vertical polarized signals, which in turn 

significantly improves overall wireless communication system performance. In this thesis, 

dual-polarized antennas are used.   
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Figure 2.1: Square Patch Antenna Fed by Microstrip Line 

 

2.2 Dielectric Resonator Antennas 

The development of dielectric resonator antennas (DRAs) was followed by the introduction 

of dielectric resonators, which have been used as high-quality (Q) factor and compact 

elements in microwave circuit applications since the late 1960s [24]. In most cases, 

dielectric resonators are enclosed in metal cavities to maintain a high Q factor and to block 

radiation. Once the metal shield was removed from the dielectric resonator and an 

appropriate mode is excited in the resonator, it was observed that dielectric resonators are 

capable of becoming efficient antennas [25]. The first study of DRAs was conducted by 

Long, McAllister, and Shen in the 1980s [26]. Early studies of DRAs displayed 

characteristics of rectangular, cylindrical, and hemispherical shaped dielectric resonator 
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antennas [27], [28]. Rectangular shaped DRAs are commonly chosen out of the various 

DRA shapes due to its design simplicity and ease of fabrication [29].  

A typical DRA sits on an infinite ground plane, has either a square, rectangular, cylindrical, 

hemicylindrical, or hemispherical shape, operates in a frequency of approximately 1 – 60 

GHz, and has a dielectric constant (𝜀𝑟) within the range of 5 – 30 [30], [31]. A typical 

square DRA is shown in Figure 2.2. DRAs have many advantageous characteristics that 

allow them to be suitable for various applications including wireless communication 

systems, GPS, and satellite systems. Some of these characteristics include having a high 

radiation efficiency, large bandwidth, and a low profile [32]-[34]. Many feeding 

configurations for DRAs have been introduced. The most commonly used configurations 

include microstrip line [35], [36], aperture coupling [37]-[40], coaxial probe [41],  [42] and 

rectangular waveguide excitation [43]. 

Over the last two decades, many significant contributions have been made to improve the 

design of DRAs. These improvements include different methods to increase antenna 

bandwidth since many existing and future wireless systems operate over wide frequency 

bands. Some of these methods involve DRAs in stacked configurations [44]-[46], 

modifications in the shape of DRAs [47]-[50] and combinations of DRAs with microstrip 

patches or monopoles [51]-[54].  
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Figure 2.2: Square DRA Fed by Square Waveguide  

 

2.3 Filter and Antenna Integration Techniques 

Due to the rapid development of wireless communication and radar systems, more compact 

and highly efficient filters and antennas are in demand. High quality factor filters are key 

components for these systems due to their low insertion loss, which results in a significant 

improvement in the signal-to-noise ratio. This improvement directly enhances the 

sensitivity of communication/radar systems. Antennas also play a key role in improving 

the signal-to-noise ratio for receivers and minimize power consumption for transmitters 

[55]. In conventional systems, both, antennas and filters are designed separately and then 
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combined via, for example, coaxial cables. The usage of extra transmission lines results in 

the introduction of more loss and a degraded filtering antenna system performance [56]. 

Another method that can be used to connect a filter and an antenna is by the usage of slot-

to-microstrip transition. This transition however, still introduces a significant loss to the 

filtering antenna system and degrades system performance due to the antenna loading effect 

[57]-[61]. 

A low loss filtering antenna system can be implemented by replacing the last resonator of 

a filter with an antenna that has the same centre frequency as the filter. For a successful 

integration, the last resonator of the filter and the antenna should have the same external 

quality factor (QEXT). Also, the internal coupling coefficient of the last resonator of the 

filter and the antenna to their preceding resonators should be identical. Once the conditions 

mentioned above are satisfied, the resulting filtering antenna will have a filtering response 

along with identical radiating characteristics as a typical standalone antenna [62]-[65]. In 

this thesis, the filtering antenna synthesis method is used to design both, the microstrip and 

dielectric resonator filtering antenna. Details on the implementation of this method are 

discussed in chapters 3 and 4. 

 

2.3.1 Microstrip Filtering Antennas 

There have been a number of reports on microstrip filtering antennas. In [66], the design 

with a second-order quasi-elliptic antenna gain response is presented. This structure is 

centered at 5 GHz and has a 2% fractional bandwidth. Mansour et al. presents third order 

bandpass filtering antenna with a centre frequency of 2 GHz [67]. Although good 
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simulation and measurement results are achieved for both designs, a detailed filter and 

antenna synthesis method is not given. In [68], a three pole bandpass filtering antenna with 

a centre frequency and fractional bandwidth of 10.27 GHz and 8.7%, respectively, is 

displayed. Li et al. presents second order bandpass filtering antenna with a fractional 

bandwidth of 2.5% and a gain of 6.85 dB [69]. These designs only consist of filtering 

antenna structures with a single polarization. For 5G applications, more efficient filtering 

antennas with dual-polarization are desired. In [70], a design of a dual-polarized quasi-

elliptic bandpass filtering antenna with a centre frequency of 2.6 GHz and an isolation of 

35 dB is shown. This structure, however, has a very narrow bandwidth of 100 MHz. In this 

thesis, a design of a dual polarized bandpass microstrip filtering antenna with a centre 

frequency of 3.6 GHz and a bandwidth of 200 MHz is presented.  

 

2.3.2 Dielectric Resonator Filtering Antennas 

There are limited number of reports on dielectric resonator filtering antennas. In [71], a 

dual-band filtering DRA with quasi-elliptic bandpass response is presented. The structure 

operates at 2.6 GHz with a bandwidth of 52.8%. A differential substrate integrated filtering 

DRA operating at 26 GHz with a 10.3% bandwidth is shown in [72]. Another substrate 

integrated waveguide filtering DRA is shown in [73]. This filtering antenna has a centre 

frequency of 35.5 GHZ and fractional bandwidth of 5.6%. All of these structures are for 

single polarization. Tang et al. presents a dual-polarized four-leaf-clover shaped filtering 

DRA with differential feeding ports. The structure operates at 2.6 GHz, with a bandwidth 

of 9.1% and 6.5dB gain [74]. This thesis aims at compact design that is easy to fabricate 
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and incorporates non-planar structure. As shown in chapter 4, a design of a dual polarized 

bandpass DR filtering antenna with a centre frequency of 3.6 GHz and a bandwidth of 200 

MHz is presented.  
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Chapter 3 Microstrip Filtering Antenna  

In this chapter, the theory and design of the dual-mode waveguide filter and dual polarized 

microstrip antenna are presented. This chapter starts with a detailed explanation of the 

design of the dual-mode waveguide filter and dual polarized microstrip antenna, 

respectively. The filter antenna integration procedure is then presented. A detailed 

description and implementation of the co-design approach via parameter extraction method 

is shown. Results of the microstrip filtering antenna structure are displayed and discussed.  

 

3.1 Dual Mode Waveguide Filter 

A three-pole dual-mode bandpass filter consisting of half-wavelength square cavity 

resonators is designed. Square cavities are selected for this design rather than the 

traditionally used rectangular cavities due to their symmetrical shape. A symmetrical cavity 

shape is required for the waveguide filter to achieve dual mode. Each square resonator 

operates in both, transverse electric TE011 and TE101 modes. The coupling between the 

cavities is achieved via irises, whereas the input/output coupling is realized with use of 

coaxial probes.  

The filter is designed to have a centre frequency of 3.6 GHz with a bandwidth of 200 MHz. 

The following equation is used to calculate the cut-off frequency of the square waveguide 

[75]: 

 

𝑓𝑐𝑚𝑛 =  
𝑐

2𝜋√𝜀𝑟

√(
𝑚𝜋

𝑎
)

2

+ (
𝑛𝜋

𝑏
)

2

 (3.1) 
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where a is the width of the waveguide, and b is the height of the waveguide. m represents 

the number of half-wavelength variations of electromagnetic (EM) fields in the “a” 

direction, n represents the number of half-wavelength variations of EM fields in the “b” 

direction, and c is the speed of light in vacuum. 𝜀𝑟 is the relative electrical permittivity of 

the dielectric material inside the waveguide. The waveguide is filled with a dielectric with 

𝜀𝑟 = 20. 

The fractional bandwidth (FBW) of the filter is calculated via the following equation [76]: 

 
𝐹𝐵𝑊 =  

𝑓2 − 𝑓1

𝑓0
 (3.2) 

 

where f0 is the center frequency, and f2 and f1 define the passband of the bandpass filter. 

The guided wavelength can be calculated using the following equations [76]: 

 
𝜆𝑔 =  

2𝜋

𝛽
  

 

(3.3) 

 

𝛽 =  √(
2𝜋𝑓0√𝜀𝑟

𝑐
)

2

− (
𝜋

𝑎
)

2

 (3.4) 

 

where 𝜆𝑔 is the guided wavelength, and β is the propagation constant.  

The prototype Chebyshev filter with the passband ripple LAR = 0.04321 dB has the 

following element values [76]: 
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 g0 = 1 

g1 = 0.8516 

g2 = 1.1032 

g3 = 0.8516 

g4 = 1 

 

 

Based on the element values above, the remaining filter design parameters can be 

calculated using the following equations [76]: 

 𝑄𝑒1 =
𝑔0𝑔1

𝐹𝐵𝑊
 

 

(3.3) 

 𝑄𝑒3 =
𝑔3𝑔4

𝐹𝐵𝑊
 

 

(3.4) 

   

 

where Qe1 and Qe3 are the external quality factors of the filter at the input and output, 

respectively. 

The input and output coupling of the filter is achieved via coaxial probe. The following 

equations can be used to calculate the characteristic impedance of cable, Z0 [75]: 

 

𝑍0 =  √
𝜇𝑜𝜇𝑟

𝜀0𝜀𝑟
𝑙𝑛2 (

𝑟𝑏

𝑟𝑎
) 

 

(3.5) 
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where ra is the radius of the inner coax conductor, rb is the radius of the outer coax 

conductor and Z0 is the characteristic impedance of cable. The permittivity of free-space is 

represented by 𝜀0, 𝜇𝑜 is the permeability of free-space, 𝜇𝑟 is the relative permeability and 

𝜀𝑟 is the relative permittivity of the dielectric for the coax cable. 𝜀𝑟 = 2.08 and 𝜇𝑟 = 1 are 

assumed for the coax cable.  

The coax cable input and output probe lengths are determined by use of the group delay 

method. This method determines the input/output coupling to a cavity resonator based on 

the group delay of the reflection coefficient S11. The group delay of S11 (τ) is calculated 

based on the following equations [77]:  

 
𝑅 =  

1

𝑔0𝑔1
 

 

(3.6) 

 
τ =  

4

2𝜋𝐵𝑊𝑅
 

 

(3.7) 

The EM simulator HFSS (High-Frequency Structural Simulator) is used to design the 

waveguide filter with dual polarization. HFSS calculates the EM fields of various high 

frequency electronic structures by using the finite element method. The 3D waveguide 

filter models with their respective parameter values are shown in Figures 3.1 – 3.3. 
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Figure 3.1: Waveguide Filter for TE101 Mode (a = 13.98 mm, L1 = 11.34 mm, L2 = 11.13 

mm, L3 = 11.34 mm, iris_L = 7.97 mm, iris_D = 0.4064 mm, iris_W = 0.635 mm, probe 

= 4.16 mm, probe length =4.16mm, and feed_L = 20 mm) 
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Figure 3.2: Waveguide Filter for TE011 Mode (a = 13.98 mm, L1 = 11.34 mm, L2 = 11.13 

mm, L3 = 11.34 mm, iris_L = 7.99 mm, iris_D = 0.4064 mm, iris_W = 0.635 mm, probe 

= 4.16 mm, probe length =4.16mm, and feed_L = 20 mm) 

 



20 

 

 
Figure 3.3: Waveguide Filter for TE101 and TE011 Modes (a = 13.98 mm, L1 = 11.31 mm, 

L2 = 11.15 mm, L3 = 11.31 mm, iris1 =8.02 mm, iris2 = 8.02 mm, iris_D = 0.4064 mm, 

iris_W = 0.635 mm, probe = 4.16mm, probe length =4.16mm, and feed_L = 20 mm) 

 

The waveguide filter is optimized following the concept of the space mapping method. 

This method involves two models; one is called the “fine model” and the other is called the 

“coarse model”. The fine model requires an excessive amount of central processing unit 

(CPU) time and produces very accurate results; while the coarse model requires 

significantly less CPU time and produces less accurate results. In this optimization 
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technique, the design parameter of the coarse model are assigned to the fine model for 

validation. After validation, if the design specifications are not met, the coarse model is 

updated via an iterative process involving parameter extraction.   

The fine model of the waveguide filter is built using HFSS. The coarse model, also known 

as the equivalent circuit model, is built using the Keysight Advanced System Design (ADS) 

software. For the equivalent circuit model, the coupling between adjacent cavities is 

achieved via ideal impedance inverter, or K inverter. Within the ADS model space, the K 

inverter is represented by use of the ABCD matrix, and the half-wave cavities are modelled 

using the scattering parameters matrix. Also, all characteristic impedances are normalized 

to 1. 

Equations to calculate the inverter impedance values are shown below [76]:  

 

𝐾01 = √
𝜋∆

2𝑔0𝑔1
 

 

(3.8) 

 
𝐾12 =

𝜋∆𝜆

2√𝑔1𝑔2

 

 

(3.9) 

 
𝐾23 =  

𝜋∆

2√𝑔2𝑔3

 (3.10) 

 

𝐾34 = √
𝜋∆

2𝑔3𝑔4
 (3.11) 
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where Kij represents impedance inverter values and Δ can be calculated using the equation 

below [76].  

 
Δ =

λ𝑔1 − λ𝑔2 

λ𝑔0
 (3.12) 

 

where λg0 is the guided wavelength at the centre frequency, λg1 and λg2 are wavelengths at 

the band edge frequencies of the bandpass filter.  

Based on equations 3.3-3.4 and 3.9-3.12, the calculated QEXT and K-inverter impedance 

values are shown below:  

QEXT = 15.32 

K01 = 0.430 

K12 = 0.163 

K23 = 0.163 

K34 = 0.430 

 

The schematic of the equivalent circuit model is shown in Figure 3.4. The fine models built 

in HFSS are shown in Figure 3.1-3.3. The schematic of the coarse model represents the 

waveguide filter with a single polarization. Therefore, filters with single mode are tuned 

separately first, as shown in Figure 3.1 for TE101 mode and Figure 3.2 for TE011 mode, 

respectively. Filter tuning is performed via comparison of filter response from the coarse 

model with the filter response from the fine model. K-inverter values of the coarse model 

are extracted and compared with the ideal values. This method is used to optimize all cavity 
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and iris lengths. A comparison of fine and coarse model filtering response is shown in 

Figures 3.5 and 3.6. Fine tuning is needed when both modes are combined in the dual 

polarization design in Figure 3.3. The tuned filtering responses for the waveguide filter 

with dual-mode are shown in Figures 3.7-3.8. Based on the results shown in Figures 3.7-

3.8, it can be seen that within the frequencies of 3.5-3.7 GHz, |S11| and |S22| of -20 dB and 

the isolation of -17 dB is achieved.  

 

 

Figure 3.4: Filter Equivalent Circuit Model 
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Figure 3.5: Waveguide Filter Response for TE101 Mode 
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Figure 3.6: Waveguide Filter Response for TE011 Mode  
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Figure 3.7: Optimized Response of Waveguide Filter With Dual Polarizations  
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Figure 3.8: Isolation Between Ports of Waveguide Filter With Dual Polarizations 

3.2 Filter Antenna Integration 

Filter-antenna integration can be achieved by replacing the last resonator of the filter with 

an antenna possessing the same center frequency as the filter. A successful integration 

needs to satisfy the following two conditions [55]: 

1. The last resonator of both the filter and the antenna have the same external quality 

factor (QEXT).  

2. The internal coupling coefficient of both the last resonator of the filter and the 

antenna to their preceding resonators needs to be the same. 

Once these conditions are met, the resulting filtering antenna will have a bandpass filtering 

response along with similar radiating characteristics as a typical standalone antenna.  

In this thesis, two filtering antenna designs are presented:  
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1. Microstrip Filtering Antenna 

2. Dielectric Resonator Filtering Antenna 

In both cases, the antenna has the same bandwidth as the filter. This allows for the antenna 

to act as a resonator integrated to the filter. Detailed filter-antenna design methods and 

analysis for both microstrip and DR filtering antennas are presented in the remainder of 

this chapter and chapter 4, respectively.  

3.3 Design of Microstrip Antenna 

The microstrip antenna is a good candidate for 5G applications due to its flexible and low-

profile structure, which is easy and inexpensive with respect to fabrication in comparison 

to other antennas. A patch with a square shape is selected and a waveguide with square 

cross-section is used to excite the antenna. The horizontal and vertical slots are used to 

excite the two polarizations respectively. The antenna is designed to operate at 3.6 GHz; 

the same frequency as the filter centre frequency. A Duroid substrate with dielectric 

constant (𝜀𝑟) = 2.2 and loss tangent tanδ = 0.0009 is used to design the antenna. The 

following equation is used to calculate the length/width of the patch [4]: 

 

𝑊 =
1 

2𝑓0√𝜇0𝜀0

√
2

𝜀𝑟 + 1
 (3.13) 

where f0 is the centre frequency of the antenna. The 3D model of the microstrip antenna is 

shown in Figure 3.9.  
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(a) Isometric View                             

 

 

 

 
 

 

(b) Front View 

 
 

(c) Right Side View 

 
 

(d) Left Side View 

 

Figure 3.9: Microstrip Antenna Model (a) Isometric View (b) Front Side View (c) Right 

Side View (d) Left Side View 
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Figure 3.10: S11 Response of Microstrip Antenna 

 

3.4 Extraction of QEXT of Antenna and Coupling between 

Antenna and Filter 

An example of the S11 response when TE101 mode is excited is shown in Figure 3.10, which 

can be used to determine the bandwidth of the patch antenna. QEXT  of the antenna is related 

to the bandwidth as shown below [55].  

 
𝑄𝐸𝑋𝑇 =

𝑓0 

𝐵𝑎𝑛𝑑𝑤𝑖𝑑𝑡ℎ
 (3.14) 

The following equation is used to determine the QEXT [52]: 

 1

𝑄𝐸𝑋𝑇
=

1 

𝑄𝐿
−

1

𝑄𝑈
 (3.15) 

where QL is the loaded quality factor and QU represents the unloaded quality factor. If the 

antenna is assumed lossless, QU is infinitely large. Therefore, 
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 1

𝑄𝐸𝑋𝑇
=

1 

𝑄𝐿
 

 

(3.16) 

The loaded quality factor can be determined from the analysis of the reflection coefficients 

of the antenna shown in Figure 3.10. As illustrated in Figure 3.10, 𝑆11
𝑚𝑖𝑛 is the minimum 

reflection coefficient at the resonant frequency (f0), f1 and f2 correspond to the frequencies 

when |S11| = 𝑆11
𝛷 , where 𝑆11

𝛷  can be calculated using the following equation [52]:  

 

𝑆11
𝛷 = √

1 + |𝑆11
𝑚𝑖𝑛|2

2
 (3.17) 

As an example, based on equation above and S11 response of the microstrip antenna, the 

following values are calculated: 

𝑆11
𝑚𝑖𝑛= 0.7 

f0 = 3.6 GHz 

f1 = 3.48 GHz 

f2 = 3.76 GHz 

𝑆11
𝛷  = 0.86 

 

The coupling coefficient, k, between the input port and the resonator can be calculated 

using the following equations [52]: 

 
𝑘 =  

1 − 𝑆11
𝑚𝑖𝑛

1 + 𝑆11
𝑚𝑖𝑛

   (resonator is undercoupled) (3.18) 

 
𝑘 =  

1 + 𝑆11
𝑚𝑖𝑛

1 − 𝑆11
𝑚𝑖𝑛

   (resonator is overcoupled) (3.19) 
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QL can be calculated using the following the equation [52]: 

 
𝑄𝐿 = (1 + 𝑘)

𝑓0

𝑓2 − 𝑓1
 (3.20) 

In the following, equations (3.18) and (3.20) are used to calculate K23 and the external 

quality factor. 

 

3.4 Parametric Study for Microstrip Filter Antenna 

Integration 

Antenna design parameters such as slot length, slot width, and substrate height affect the 

coupling between antenna and the preceding filter resonator (K23) as well as the antenna 

QEXT. The impact of varying substrate heights on QEXT and K23 is shown in Figures 3.11 

and 3.12, respectively. A parametric analysis of both, slot length and slot width is carried 

out in three cases. In the first case, a slot width of 0.588 mm is selected and the impact of 

varying slot lengths on K23 and QEXT is studied. The analysis is shown in Figures 3.13 and 

3.14. In the second case, a slot width of 0.688 is selected and again, the impact of varying 

slot lengths is studied; the results are displayed in Figures 3.15 and 3.16. In the last case, a 

slot width of 0.788 is selected and the results from changing slot lengths are shown in 

Figures 3.17 and 3.18.  
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Figure 3.11: The impact of substrate height variation on QEXT, where slot length = 10.864 

mm and slot width = 0.788 mm 

 

 

Figure 3.12: The impact of substrate height variation on K23, where slot length = 10.864 

mm and slot width = 0.788 mm 
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Figure 3.13: The impact of slot length variation on QEXT, where slot width = 0.588 mm and 

substrate height = 3.1 mm 

 

 

Figure 3.14: The impact of slot length variation on K23, where slot width = 0.588 mm and 

substrate height = 3.1 mm 
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Figure 3.15: The impact of slot length variation on QEXT, where slot width = 0.688 mm and 

substrate height = 3.1 mm 

 

 

Figure 3.16: The impact of slot length variation on K23, where slot width = 0.688 mm and 

substrate height = 3.1 mm  
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Figure 3.17: The impact of slot length variation on QEXT, where slot width = 0.788 mm and 

substrate height = 3.1 mm  

 

 

 

Figure 3.18: The impact of slot length variation on K23, where slot width = 0.788 mm and 

substrate height = 3.1 mm 
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Based on the figures shown above, it is observed that as the substrate height increases, 

QEXT and K23 decreases. Another pattern that is deduced from the parametric analysis is 

that as the slot length increases, the K23 increases. The QEXT, however, does not chance 

much with varying slot lengths.  

For a successful filter-antenna integration, the antenna should have similar QEXT as the 

filter and the coupling between the antenna and the filter should be close to K23 of the filter. 

Based on the QEXT and K23 of the filter in section 3.1 of this chapter (QEXT =15.32 and k23 

= 0.163), the dimensions shown in Table 3.1 are selected for the microstrip antenna.  

For comparison, ADS is used to model the last resonator of the filter; the schematic of the 

equivalent circuit model is shown in Figure 3.19. The patch antenna and last filter resonator 

|S11| responses are compared in Figure 3.20, showing good agreement. The QEXT and K23 

of the patch antenna is 15.05 and 0.181, respectively. 

The radiation patterns for both, E-plane and H-plane are displayed in Figures 3.21 and 3.22, 

respectively. Due to the symmetric nature of this antenna, the |S11| responses and radiation 

patterns are similar for both polarizations. For this reason, the results of the antenna for the 

case when TE101 mode is excited in the waveguide are only shown. Later in this chapter, 

the complete dual-polarized microstrip filtering antenna model and results for both 

polarizations are displayed.  
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Table 3-1: Microstrip Antenna Dimensions 

Parameter Value 

a 13.98 mm  

L2 11.34 mm  

Substrate Height 3.1 mm 

Substrate Width 43.94 mm 

Patch Width 23.98 mm 

Slot Length 10.264 mm 

Slot Width 0.788 mm 

 

 

Figure 3.19: Last Filter Resonator Equivalent Circuit Model 
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Figure 3.20: |S11| Response of the Patch Antenna and Last Filter Resonator 
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Figure 3.21: Microstrip Antenna Radiation Pattern E-Plane 
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Figure 3.22: Microstrip Antenna Radiation Pattern H-Plane 

 

3.5 Microstrip Filtering Antenna Simulation Results 

The last step of the microstrip filtering antenna design process involves the replacement of 

the last filter resonator with the patch antenna. The dual polarized microstrip filtering 

antenna model is shown in Figure 3.23. Waveguide length L2 is adjusted in this step. All 

of the dimensions of this structure are displayed in Table 3.2. Figures 3.24 – 3.31 display 

results and various characteristics of this structure.  
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Figure 3.23: Microstrip Filtering Antenna Model 
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Table 3-2: Microstrip Filtering Antenna Dimensions 

Parameter Value 

a 13.98 mm 

L1 11.31 mm 

L2 11.1 mm 

Iris 1 8.02 mm 

Iris 2 8.02 mm 

iris_W 0.635 mm 

Iris_D 0.4064 mm 

Slot Length 10.264 mm 

Slot Width 0.788 mm 

Substrate Height 3.1 mm 

Substrate Width 43.94 mm 

Patch Width 23.98 mm 

probe 4.15 mm 
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Figure 3.24: Microstrip Filtering Antenna S11 and S22 Responses 

 

 

 

  
Figure 3.25: Microstrip Filtering Antenna S21 & S12 Response 
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Filtering Antenna Characteristics When Port 1 is Excited: 

 

  
Figure 3.26: Microstrip Filtering Antenna Radiation Pattern E-Plane When Port 1 is 

Excited 
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Figure 3.27: Microstrip Filtering Antenna Radiation Pattern H-Plane When Port 1 is 

Excited 

 

 

 

Figure 3.28: Microstrip Filtering Antenna Realized Gain When Port 1 is Excited 

-25

-20

-15

-10

-5

0

5

10

3.2 3.3 3.4 3.5 3.6 3.7 3.8 3.9 4

R
ea

li
ze

d
 G

ai
n
 (

d
B

)

Frequency (GHz)

Realized Gain 



47 

 

 

 

 

 

Filtering Antenna Characteristics When Port 2 is Excited: 

 
 

 
Figure 3.29: Microstrip Filtering Antenna Radiation Pattern E-Plane When Port 2 is 

Excited 
 

 
 



48 

 

 
Figure 3.30: Microstrip Filtering Antenna Radiation Pattern H-Plane When Port 2 is 

Excited 

 

  
Figure 3.31: Microstrip Filtering Antenna Realized Gain When Port 2 is Excited 
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Based on the results shown on Figures 3.24 and 3.25, the |S11| of the filtering antenna is 

better than -17.5 dB from 3.5 GHz to 3.7 GHz and port isolation is greater than 21 dB over 

the same frequency range. Three resonances are shown in the S11 response of the structure; 

this occurs due to the microstrip antenna bandwidth being similar to the filter bandwidth. 

In this case, the antenna acts as a resonator with a radiation resistance. The results displayed 

in Figures 3.26 – 3.31 indicate that the gain of the structure for both polarizations is 7.5 

dB, and the realized gain is 7.4 dB, from 3.5 GHz to 3.7 GHz.  

 

3.6 Summary  

This chapter discusses the theory and design of the dual-mode waveguide filter and dual 

polarized microstrip antenna. First, a detailed explanation of the dual-mode waveguide 

filter and dual polarized microstrip antenna, respectively, is presented. The filter antenna 

integration procedure is then described. Lastly, the results of the microstrip filtering 

antenna are given.  
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Chapter 4 

Dielectric Resonator Filtering Antenna  

In this chapter, the theory and design of the dual polarized dielectric resonator (DR) 

filtering antenna is pursued. The same three-pole bandpass waveguide filter with dual-

mode presented in chapter 3 is used. This chapter starts with a quantitative explanation of 

the design of dielectric resonator antenna (DRA). A parametric analysis of various 

dimensions of the DRA is carried out. Results of the DR filtering antenna structure are 

presented and discussed. In the end of this chapter, a comparison between the microstrip 

and DR filtering antennas is shown.  

 

4.1 Design of Dielectric Resonator Antenna (DRA) 

The DRA is also an excellent candidate for 5G applications due to its low profile, ease of 

fabrication and light weight. A square shape is selected and a waveguide with square cross-

section is used to excite the antenna. The antenna is designed to operate at 3.6 GHz; the 

same frequency as the filter centre frequency. The DRA dielectric constant (𝜀𝑟) = 20. 

To determine the dimensions of the DRA, the following equations are used [78]: 

 𝑘𝑥 =
π 

𝐷𝑅𝐴_𝑎
 (4.1) 

 𝑘𝑦 =
π 

𝐷𝑅𝐴_𝑏
 (4.2) 

 
𝑘𝑧tan (

𝑘𝑧𝐷𝑅𝐴_𝑑

2
) = √(𝜀𝑟 − 1)𝑘𝑜

2 − 𝑘𝑧
2
 

(4.3) 
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 𝑘𝑥
2 + 𝑘𝑦

2 + 𝑘𝑧
2 =  𝜀𝑟𝑘𝑜

2
 (4.4) 

where DRA_a is the length, DRA_d is the width and DRA_b is the height of the DRA. Also, 

𝑘𝑜 represents the free-space wavenumber corresponding to the resonant frequency. The 3D 

model of the DRA is shown in Figure 4.1.  
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(a) Isometric View                             

 

 

 

 
(b) Front View 

 
(c) Right Side View 

 
(d) Left Side View 

 

Figure 4.1: DRA Model (a) Isometric View (b) Front Side (c) Right Side View (d) Left Side 

View 
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4.2 Parametric Study for DRA and Filter Integration  

DRA design parameters such as slot length, slot width, and DRA height affect the coupling 

between antenna and the filter resonator (K23) as well as the antenna QEXT. As shown in 

chapter 3, equations (3.14) – (3.20) are used to calculate K23 and QEXT. The effect of varying 

DRA heights on K23 and QEXT is shown in Figures 4.2 and 4.3, respectively. Similar to the 

analysis shown in chapter 3, a parametric analysis of both slot length and slot width is done 

in three cases. In the first case, a slot width of 1.5 mm is selected and the impact of varying 

slot lengths on antenna K23 and QEXT is studied. The analysis is shown in Figures 4.4 and 

4.5. In the second case, a slot width of 1 mm is selected and again, the impact of varying 

slot lengths is studied; the results are displayed in Figures 4.6 and 4.7. In the last case, a 

slot width of 0.5 mm is selected and results from changing slot lengths are shown in Figures 

4.8 and 4.9. 
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Figure 4.2: The impact of DRA Height variation on QEXT, where slot length = 7.25 mm and 

slot width = 1.3 mm 

 

 

  
Figure 4.3: The impact of DRA Height variation on K23, where slot length = 7.25 mm and 

slot width = 1.3 mm 
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Figure 4.4: The impact of slot length variation on QEXT, where slot width = 1.5 mm and 

DRA height = 11 mm 
 

 

 

Figure 4.5: The impact of slot length variation on K23, where slot width = 1.5 mm and DRA 

height = 11 mm 
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Figure 4.6: The impact of slot length variation on QEXT, where slot width = 1 mm and DRA 

height = 11 mm 

 

 

Figure 4.7: The impact of slot length variation on K23, where slot width = 1 mm and DRA 

height = 11 mm 
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Figure 4.8: The impact of slot length variation on QEXT, where slot width = 0.5 mm and 

DRA height = 11 mm 

 

 

Figure 4.9: The impact of slot length variation on K23, where slot width = 0.5 mm and DRA 

height = 11 mm 

 

Based on the analysis shown above, it is observed that as the DRA height increases, QEXT 
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comparing to microstrip antenna, and it is more difficult for the DRA to be applied to 

designs with larger bandwidth. This pattern is illustrated in Figures 4.2 and 4.3. Figures 

4.4-4.9 indicate that as the slot length increases, the K23 also increases. The QEXT, however, 

does not change much with varying slot lengths. Another pattern that is observed is that 

both, QEXT and K23 is higher as slot width increases. Given these observations, the 

dimensions shown in Table 4.1 are selected for the DRA.  

Following the filter antenna integration process in chapter 3, the equivalent circuit model 

of the last filter resonator (as shown in Figure 3.13) is used to tune the DRA. This method 

is used to optimize the DRA length, width and height, as well as the slot length and width. 

The tuned DRA and last filter resonator S11 response is displayed in Figure 4.10. Based on 

the results displayed in Figure 4.10, it can be seen that the bandwidth of the DRA is similar 

to the bandwidth of the last filter resonator. Therefore, during the filter antenna integration 

process, the DRA will act as a resonator. 

Using equations (3.17)-(3.20) presented in Chapter 3 and the S11 response of the DRA, the 

following values are calculated: 

𝑆11
𝑚𝑖𝑛= 0.742 

f0 = 3.6 GHz 

f1 = 3.485 GHz 

f2 = 3.754 GHz 

𝑆11
𝛷  = 0.88 

Given the values, the QEXT =15.36 and K23 = 0.148, which is similar to the required filter 

QEXT = 15.32 and K23 = 0.163. 
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The radiation patterns for both E-plane and H-plane are displayed in Figures 4.11 and 4.12, 

respectively. The gain of the DRA is 6.8 dB. Due to the symmetric nature of this antenna, 

the S11 response and radiation patterns are similar for both polarizations. For this reason, 

the results of the antenna for when TE101 mode is excited in the waveguide are only shown. 

Later in this chapter, the complete dual-polarized DR filtering antenna model and results 

are displayed.  

 

Table 4-1: DRA Dimensions 

Parameter Value 

a 13.98 mm 

L2 11.66 mm 

Ground plane 44 mm 

DRA_a 12.15 mm 

DRA_b 11 mm 

DRA_d 12.15 mm 

Slot Length 7.25 mm 

Slot Width 1.3 mm 
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Figure 4.10: |S11| Response of the DRA and Last Filter Resonator 
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Figure 4.11: DRA Radiation Pattern E-Plane 



62 

 

 

 

  

Figure 4.12: DRA Radiation Pattern H-Plane 

 

4.3 Dielectric Resonator Filtering Antenna Simulation 

Results 

Similar to the design process shown in chapter 3, the last step of the DR filtering antenna 

design process involves the replacement of the last filter resonator with the DRA. Again, 

the cavity length L2 is fine tuned in this step. The DR slot length and width is also fine-

tuned. The dual-polarized dielectric resonator filtering antenna model is shown in Figure 

4.13. All of the dimensions of this structure are listed in Table 4.2. Figures 4.14 – 4.23 

display results and various characteristics of this structure.  
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Based on the results shown in Figures 4.14 and 4.15, the |S11| of the filtering antenna is 

better than -14.11 dB and port isolation is greater than 20 dB from 3.5 GHz to 3.7 GHz. 

Note that three resonances are shown in the S11 response of the structure; this occurs due to 

the DRA bandwidth being similar to the filter bandwidth. The results given in Figures 4.16 

– 4.22 indicate that the gain of the structure, for both polarizations, is 6.7 dB and the cross-

polarization is -14 dB.  
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Figure 4.13: Dielectric Resonator Filtering Antenna Model 
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Table 4-2: DR Filtering Antenna Dimensions 

Parameter Value 

a 13.98 mm 

L1 11.31 mm 

L2 11.41 mm 

Iris 1 8.02 mm 

Iris 2 8.02 mm 

Iris_W 0.635 mm 

Iris_D 0.4064 mm 

DRA_a 12.15 mm 

DRA_b 11 mm 

DRA_d 12.153 mm 

Slot Length 7.46 mm 

Slot Width 1.39 mm 
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Figure 4.14: DR Filtering Antenna S11 and S22  

 

 

  
Figure 4.15: DR Filtering Antenna S12 and S21 Response 
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Filtering Antenna Characteristics When Port 1 is Excited: 

 

  
Figure 4.16: DR Filtering Antenna Radiation Pattern E-Plane When Port 1 is Excited 
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Figure 4.17: DR Filtering Antenna Radiation Pattern H-Plane When Port 1 is Excited 

 

 

   
Figure 4.18: DR Filtering Antenna Realized Gain When Port 1 is Excited 
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Filtering Antenna Characteristics When Port 2 is Excited: 

 

  

Figure 4.19: DR Filtering Antenna Radiation Pattern E-Plane When Port 2 is Excited 

 



70 

 

  

 
Figure 4.20: DR Filtering Antenna Radiation Pattern H-Plane When Port 2 is Excited 
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Figure 4.21: DR Filtering Antenna Realized Gain When Port 2 is Excited 
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Results and various other characteristics of the filtering antennas (when port 1 is excited) 

are compared in Figures 4.22-4.26. The results are summarized in Table 4.3. Note that 

these figures are similar to the ones reported in chapter 3, and previous sections in chapter 

4. The difference is that the material losses are included in the figures in this section. 

The results indicate that the microstrip filtering antenna has a slightly larger gain than the 

DR filtering antenna. Both designs have a bandwidth of 200 MHz and a high radiation 

efficiency of 99%. The DRA has a size of 12.15 mm x 12.15 mm x 11 mm, showing a 

much smaller footprint than the microstrip antenna with a patch size of 24 mm x 24 mm. 

However the DRA has larger profile/thickness, and is difficult to be applied for a design 

with much wider bandwidth.  
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Figure 4.22: S11 Response of Microstrip and DR Filtering Antennas When Port 1 is 

Excited 
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(a)  

 

(b)  

Figure 4.23: (a) Microstrip and (b) DR Filtering Antenna Radiation Patterns E-Plane 

When Port 1 is Excited 



75 

 

 

(a) 

 

(b) 

Figure 4.24: (a) Microstrip and (b) Filtering Antenna Radiation Patterns H-Plane When 

Port 1 is Excited 
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Figure 4.25: Filtering Antenna Realized Gain When Port 1 is Excited 

 

  

Figure 4.26: Filtering Antenna Radiation Efficiency When Port 1 is Excited 
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Table 4-3: Comparison between Microstrip and DR Filtering Antennas 

Parameter Microstrip Filtering 

Antenna 

Dielectric Resonator 

Filtering Antenna 

Bandwidth 200 MHz 200 MHz 

Gain  7.45 dB 6.50 dB 

Realized Gain 7.42 dB 6.41 dB 

Radiation Efficiency  99% 99% 
 

4.5 Summary  

This chapter discusses the theory and design of the dual polarized DRA. A parametric study 

of the DRA is presented. Once the ideal dimensions of the DRA are selected, the filter 

antenna procedure begins. A description of the filter antenna integration procedure is 

presented. Once the integration process is completed, the results of the DR filtering antenna 

are shown. Lastly, a comparison between both, the microstrip and DR filtering antennas is 

given. Conclusions drawn from the comparison are also presented.  
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Chapter 5  

Conclusions and Future Work 

Aiming at designs with high compactness and high performance for next generation 

wireless networks, this thesis focuses on the use of a material with high dielectric constant 

of approximately 20 and low loss for integrated design of microwave filters and antennas. 

A material with a high dielectric constant is desirable since it leads to compact designs. At 

the same time, it causes difficulty and limitations in, for example, the bandwidth of the 

design. 

In typical conventional communication systems, both, antennas and filters are designed 

separately and then combined via connectors or transmission lines. The usage of 

interconnecting lines results in the introduction of loss and a degraded filtering antenna 

system performance. Therefore, to obtain a low-loss filtering antenna, an integrated design 

approach is used. In this thesis, the method is used for two dual-polarized filtering antenna 

designs.  

In the first dual-polarized filtering antenna design, a waveguide filter and dual microstrip 

antenna integration in the 3.5 – 3.7 GHz frequency range is presented. Parametric analysis 

of the microstrip antenna is conducted and the impact of varying antenna dimensions on 

the external quality factor and coupling coefficient are studied. The filter antenna 

integration procedure is described. In this design, it is determined that the microstrip 

antenna has the same bandwidth as the filter. Due to this, the antenna acts as a resonator 

with a radiation resistance that is integrated to the filter. The dual polarized microstrip 
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filtering antenna design is design and optimized using a full wave electromagnetic (EM) 

simulator.  

In the second dual-polarized filtering antenna design, a waveguide filter and DRA 

integration in the same frequency range is presented. Parametric analysis of the DRA is 

carried out and the impact of varying antenna dimensions is studied. Similar to the 

microstrip filtering antenna design, the antenna acts as a resonator with a radiation 

resistance. Full wave EM simulations are results are used to validate the design. 

A comparison study between the DR and microstrip filtering antenna was performed. 

Based on that study it can be concluded that the microstrip antenna has a slightly larger 

gain. The DR filtering antenna shows smaller footprint, but is difficult to be used for a 

design with wide bandwidth. Both designs have a high radiation efficiency of 99%. 

Future work that can be pursued includes the fabrication and measurement of both 

microstrip and DR filtering antenna designs. Practical aspects, such as fabrication 

tolerances, will be investigated. In addition, integration of the dual-mode waveguide filter 

with a dual polarized DRA or microstrip antenna of a wider bandwidth can be explored. 

There are different methods that can be implemented to improve antenna bandwidth, 

including microstrip or DRAs in stacked configurations, placing a varactor diode between 

the antenna and ground plane while modifying the reverse bias of the varactor to improve 

microstrip antenna bandwidth, and combining DRAs with microstrip patches or 

monopoles.  
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