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Abstract 

Millimetre-wave (mmWave) passive devices have been a pivotal research topic for the 

last decades. Low loss, low mass and ease of manufacture for passive components 

operating at mmWave frequency bands and beyond are of high importance for 

aerospace and satellite applications. A vast number of mmWave components using 

various design technologies have been reported. For high-frequency applications, 

designers prefer conventional waveguides due to their low loss and high power-

handling capabilities. However, the poor contact between the joined waveguide parts 

is one of the drawbacks. Gap waveguide technology has been introduced as a 

promising and an alternative solution to the conventional waveguides, at mmWave 

frequency bands and beyond. A gap waveguide consists of two parallel plates, one acts 

as a perfect electrical conducting, while the other has a periodic structure of metal pins 

to act as an artificial magnetic conductor.  

 

The work of this thesis can be divided into three major parts: (i) A comprehensive 

review of the design technologies of mmWave passive devices is accomplished, 

exhibiting the advantages and features of using the metamaterial-based gap waveguide 

technology. (ii) A mmWave bandpass filter is designed and fabricated using two 

different manufacturing technologies (computer numerical control machining and 

high-resolution metalised polymer jetting 3D printing) showing the difference between 

the two fabricated counterparts in terms of performance and mass. The metalised 3D 

printed BPF exhibits lower mass and better performance. Such low mass and low loss 

for BPFs are of high importance for aerospace applications. (iii) A novel periodic pin-

form of gap waveguide structures is proposed to overcome the limitations of the 

traditional forms of pins. Instead of only full-height pins in a conventional gap 

waveguide, a combination of wall and pins constitutes the new pin-form.  

 

Four advantages can be achieved by using the proposed pin-form. First, the wave 

shielding will be much more effective at the operating band compared to the traditional 

full-height pins. Second, the bandwidth of the passband can be enhanced by moving the 
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upper edge of the passband towards higher frequencies due to the use of shorter pins 

instead of full-height pins, with the same width and height of the groove. Third, a good 

matching between a groove gap waveguide structure and a standard waveguide port can 

be achieved without the need for a transition. The fourth advantage is the solid wall can 

be exploited to make a horizontal slot to be used for wave radiation. This is the first 

time that the sidewalls of gap waveguides can be used for slot radiation. Based on the 

proposed structure, two components, a cavity-backed slot antenna and a cavity-backed 

slot filtering antenna, are designed and experimentally tested to yield excellent results 

with the simulations. 
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Chapter 1. Introduction 

1.1. Millimetre-Wave Frequency Band 

The millimetre-wave (mmWave) frequency band of the electromagnetic spectrum 

include frequencies from 30 GHz to 300 GHz. It is sometimes called the extremely 

high frequency (EHF) range, with wavelengths between 10 mm and 1 mm, which is 

the so-called mmWave region as shown in Fig. 1.1. 

 

The growth in the demand for a spectrum to meet the global communication needs has 

never ceased. Recently, mmWave frequency band and beyond have become quite 

interesting for wireless applications compared to the conventional microwave 

frequency band. Two main reasons are behind the orientation towards the mmWave 

frequency band [1]: First, higher frequency leads to higher data transfer rate and hence 

real-time applications. Second, because of the small wavelength, mmWave 

components will have tiny dimensions and consequently a compact overall size. These 

advantages imply the use of the mmWave systems to satisfy several demands, e.g., 

from satellite communications to security systems, and more. However, as the 

frequency increases, the loss increases and the propagation suffers from the high 

attenuation problem. 

 

 

 

Fig. 1.1.  Frequency spectrum showing the mmWave frequency band [2]. 
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1.2. Guiding Structures in the mmWave Frequency 

Band  

One of the most exciting and challenging parameters in RF systems is the hosting 

guiding mechanisms. At the lower frequency range, transmission lines are mostly used 

where waves travel in the form of transverse electromagnetic (TEM) mode, which is 

neither electric nor magnetic field in the direction of propagation. As the frequency 

increases, the attenuation increases, which is proportional to the square of the 

frequency [3]. Hollow waveguides are low loss guiding structures with a high power-

handling capability. Circular waveguides and rectangular waveguides are the most 

popular air-filled waveguides used for high-frequency applications. Particularly, the 

rectangular waveguide is the most common guiding structure for devices operating at 

high frequencies, and the loss is low compared to most other guiding structures 

because of its high Q-factor. The rectangular waveguide has a hollow tube inside where 

the wave travels. At the mmWave band, it is challenging to construct a rectangular 

waveguide with a proper electrical contact between its parts. With the increase in 

frequency, the dimensions become smaller; as a result, conventional machining 

becomes more complex and less accurate.  

 

Planar technologies, such as strip lines and microstrip lines, are suitable for low-

frequency applications. As they are printed on a dielectric substrate, they suffer from 

high dielectric losses at high frequencies [4]. Besides, microstrip lines suffer from high 

cavity modes and surface waves at higher frequencies which leads to unwanted 

radiation. These drawbacks significantly affect the suitability of microstrip lines in the 

mmWave band. The co-planar waveguide, which is also preferable for low-frequency 

application, is another type of planar waveguides constructed on a dielectric substrate,  

 

In the last decades, lots of work had been done to propose and analyse different guiding 

structures suitable for mmWave applications, such as substrate integrated waveguide 

(SIW) and the packaged microstrip line. The operating mode of SIW is similar to the 

conventional rectangular waveguide, which makes it a reasonable extension of the 

rectangular waveguide. In SIW, the field travels in the substrate between two rows of 
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via holes replacing the sidewalls of a rectangular waveguide. This type of structures is 

low-profile and can be integrated more easily with other system parts on a single board. 

However, SIW suffers from dielectric loss and dispersive propagation. Therefore, the 

need for a new guiding technology that can fill the gap between the great performance 

of hollow waveguides and the cost-effectiveness of printed boards is present in today’s 

research and industrial environment. 

 

1.3. Gap Waveguide Technology 

Gap waveguide technology is a modified parallel-plate waveguide where the metal 

plate at the bottom is replaced by a textured surface of a periodic structure, typically 

metal pins. The main concept of gap waveguides is based on confining and directing 

the electromagnetic waves inside a parallel-plate waveguide towards a specific 

direction. This can be done by electromagnetic bandgap (EBG) structures where they 

are a special type of periodic structures that prevent the propagation of modes at a 

specific frequency band. EBG surfaces have a very high surface impedance that 

synthesises the magnetic conductor features at normal incidences of waves. This 

feature can be invoked in microwave circuits and antennas for performance 

improvement of the device. Indeed, this concept is inspired by soft and hard surfaces 

where soft surfaces prevent waves from propagating, whereas hard surfaces allow 

propagating waves. In 1988, Kildal introduced the idea of soft and hard surfaces to the 

electro-magnetic community [5], [6]. 

 

1.4. Motivation and Objectives 

With the significant growth of telecommunication applications that utilising high data 

transfer rates, high-frequency bands particularly the mmWave frequency band, have 

become highly demanded. The mmWave frequency band that extend from 30 to 300 

GHz with a corresponding wavelength of 1-10 mm, has many advantages over the 

lower bands, such as larger available bandwidth, less interference, more compact 

component size, etc. A high data transfer rate can be more easily achieved in the 
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mmWave frequency band. Potential high-frequency wireless applications include 

point to multipoint services, satellite communications, automotive radars, radiometers, 

imaging and security systems [7]-[14]. Significant research and efforts have been 

going on the mmWave frequency range (or even higher) to validate different RF 

system aspects. 

 

The most common technologies for radio frequency (RF) devices are hollow 

waveguides (rectangular and cylindrical waveguide) and planar transmission lines 

(stripline, microstrip line, slotline and coplanar waveguide), both of which have 

inevitable problems in high-frequency bands. On the one hand, planar transmission 

lines usually consist of one or two layers of metallisation with a solid dielectric 

substrate. The main features for such transmission lines are compact in size, low in 

cost and can be easily incorporated with other active circuit devices to form microwave 

integrated circuits. However, planar-based components operating at mmWave 

frequency band suffer from the high loss and low-quality factor due to the presence of 

substrate materials. Another problem that could be noticed in microstrip structures is 

the existence of radiation loss [3], [4]. 

 

On the other hand, hollow waveguides play an important role, especially in very high-

frequency systems, for their low loss and high power-handling capability. In terms of 

loss, unlike planar-based structures, waveguides exhibit a noticeable improvement. 

This improvement is attributed to the non-use of a dielectric substrate in the hollow 

waveguide structures. Waveguide structures are usually manufactured in two parts that 

are joined together, but then there are mechanical complexities. Ensuring good 

electrical contact in the joints is difficult and expensive at high-frequency bands. 

Therefore, even though hollow waveguide devices have excellent performance in the 

millimetre and sub-millimetre bands, tiny dimensions require very high accurate 

manufacturing technologies. 

 

Gap waveguides, as modified parallel-plate waveguides, are regarded as a compromise 

solution for mmWave components. Unlike planar and SIW technologies, gap 

waveguides are characterised by their high Q-factor and, thus, low losses at mmWave 

frequency band.  The motivation for this research is triggered by the demand to design 
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mmWave components with low loss, high power-handling and easy manufacturing. In 

recent years, with the rapid development of wireless communication systems, a lot of 

research and studies have been dedicated to improving the overall performance of 

mmWave passive components. The main objectives of this work are: 

 

• To present the main geometries/forms of pins of the periodic structures in the gap 

waveguide technology and to address the pros and cons of each category. 

 

• To realise a compact groove gap waveguide bandpass filter (BPF) operating at the 

mmWave frequency band with a high-selectivity response by introducing 

transmission zeros around the passband. Design of low mass, low loss and high-

selective BPFs operating at mmWave frequencies are of high importance for 

aerospace (unmanned drone, manned aircraft, satellite and interplanetary mission) 

applications. 

 

• To obtain an efficient guiding structure that can be applied to design passive 

components/devices operating at mmWave frequency band with low loss, an 

enhanced bandwidth and ease of manufacture. That leads to the proposal of a novel 

gap waveguide structure with a new pin-form that can overcome the drawbacks of 

the conventional gap waveguide structures. 

 

• To adopt and compare different manufacturing technologies in the fabrication of 

mmWave components in terms of performance and mass. 

 

1.5. Organisation of the Thesis 

The contents of this thesis are organised in the following manner: 

 

Chapter 2 presents the literature review of previous work on the design and fabrication 

of mmWave-based components. Transmission lines challenges at the mmWave are 

listed first. Then, gap waveguide technology is introduced. 
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Chapter 3 presents a brief introduction to filters and their types in terms of attenuation 

characteristics, amplitude responses, bandwidth and design technology. Filters and 

filtering antennas design steps and methodology with a filter design example are 

presented. All components in the next chapters will be designed based on the procedure 

and formulas mentioned in this chapter. 

 

Chapter 4 presents a comprehensive study and design of a groove gap waveguide BPF 

at Ka-band. The filter is fabricated using two technologies: computer numerical control 

(CNC) machining technology and high-resolution metalised polymer jetting (PolyJet) 

3-D printing technology. The metalised PolyJet 3D printed filter exhibits lower loss, 

lighter weight and more cost-effective when compared to the solid metal case. 

 

Chapter 5 introduces a novel pin-form in gap waveguide technology. With the new 

form, the effect of wave shielding will be much stronger at the operating band. Also, 

the bandwidth of the operating passband can be enhanced. A good matching between a 

with the standard waveguide ports can also be achieved without the need for a transition. 

In addition, the sidewalls can also be exploited for wave radiation. 

 

Chapter 6 presents the design of a cavity-backed slot antenna (CBSA) and a 3rd-order 

cavity-backed slot filtering antenna (CBSFA) based on the new gap waveguide 

structure proposed in Chapter 5. The CBSA operates at X-band while the CBSFA 

operates at Ka-band. Both antennas are fabricated using CNC machining technology 

and tested. 

 

Chapter 7 concludes the work. The main contributions of the work are reviewed and 

highlighted. Moreover, the potential extensions of the work and several future research 

topics are presented. 
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Chapter 2. Overview of Millimetre-Wave 

Components and Gap Waveguide 

Technology 

2.1. Introduction 

In this chapter, the state-of-the-art millimetre-wave (mmWave) components design 

based on different technologies are presented. Transmission line challenges at 

mmWave bands are also discussed. The merits and drawbacks of each technology are 

addressed. Then, an overview of gap waveguide technology is introduced. The 

definition, origin and types of gap waveguides are presented. Finally, main 

manufacturing techniques of mmWave components are addressed. 

 

2.2. Transmission Line Challenges at Millimetre-Wave 

Various technologies have been used to design components operating at the mmWave 

band for different applications. Two main technologies will be discussed in the 

following sections, planar technologies and waveguide technologies. 

 

2.2.1. Planar Technologies 

One of the most commonly used transmission lines is the planar-based type which can 

be constructed using a low-cost printed circuit board (PCB) in the form of striplines, 

microstrip lines, slotlines, coplanar waveguides (CPW) and several other types. These 

transmission lines usually consist of one or two layers of metallisation with a solid 

dielectric substrate. The main features for such transmission lines are compact in size, 

low in cost and can be easily incorporated with other active circuit devices to form 
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microwave integrated circuits. Two types of planar technologies will be discussed in 

this subsection. 

 

A- Microstrip Line 

Microstrip transmission line technology has become the most widely used for radio 

frequency and microwave front ends. This widespread use is attributed to its planar 

design, ease of manufacturing using different methods, easy integration with solid-

state products, good heat sinking and good mechanical processing. Recently, various 

mmWave components are designed based on microstrip line technology, such as a 

coupler [1],   an antenna [2], [3] and a filter [4]-[7]. However, all the above microstrip-

based components suffer from high loss and low-quality factor due to the presence of 

substrate materials.  

 

B- Coplanar Waveguide 

Coplanar Waveguides are alternative to stripline and microstrip technologies. Simply, 

a CPW comprises of one conducting strip in the middle of two ground conductors, one 

to either side of the middle conducting strip. Because of using conductor layers on 

only one surface of the substrate and also eliminating via-holes, the fabrication process 

of CPW is easier than other planar technologies. Also, compared to microstrip line, 

coplanar waveguide structures have many preferences such as less sensitivity to the 

substrate thickness and low dispersion effect in the design of microwave and mmWave 

circuits. This leads to the dispense of post-fabrication tuning of filters. On the other 

hand, CPW-based components still have a lack in terms of quality factor (Q-factors) 

and insertion loss when compared to waveguide-based components. In addition, planar 

structures suffer from the existence of radiation loss. CPW has been adopted to design 

many mmWave devices for power divider/combiner applications [8], filters [9], [10] 

and antennas [11]. 
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2.2.2. Waveguide Technologies 

Waveguides are one of the earliest types of transmission lines that used to transmit 

microwave signals. For high-power systems, mmWave applications, radar 

applications, satellite systems, etc., waveguides are considered the best choice. A large 

variety of components such as couplers, detectors, isolators, attenuators and slotted 

lines are commercially available for various standard waveguide bands. Three types 

of waveguide filters are discussed next: rectangular waveguide, circular waveguide 

and substrate integrated waveguide (SIW). 

 

A- Rectangular Waveguide 

Rectangular waveguides are the earliest form of waveguides. They are used in many 

applications, especially high selectivity devices for their high Q-factors. It is well 

known that transmission lines based on planar forms are most widely used in 

monolithic microwave integrated circuits due to the simplicity of fabrication and 

integration easiness. However, rectangular waveguides still play an important role, 

especially in very high-frequency systems. Unlike stripline, microstrip and CPW 

structures, hollow waveguides exhibit a noticeable improvement in terms of loss due 

to the absence radiation loss.  

 

A conventional rectangular waveguide window has a broad dimension a and a short 

dimension b (in the most standard cases a = 2b) as shown in Fig. 2.1. The dimensions 

a and b of the window in a rectangular waveguide determine the cut-off frequencies 

of the waveguide modes. Choosing b to be half of a is based on the concept that the 

lower the value of b the higher cut-off frequency of higher modes, but at the same time 

reducing b increases waveguide loss. The TE10 mode has the lowest cut-off frequency 

and is the dominant mode. All other modes have higher cut-off frequencies. 

Waveguides are usually designed so that at the frequency of operation only the 

dominant mode is propagating, while all higher-order modes are cut-off. 
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Fig. 2.1.  A conventional rectangular waveguide. 

 

The cut-off frequencies of rectangular waveguide modes can be calculated as 
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where ε and μ are the permittivity and permeability of the medium, the indices 𝑚 and 𝑛 

indicate the mode number. 

 

A hybrid folded rectangular waveguide is proposed to design bandpass filters 

providing multiple TZs below the passband. A fifth-order filter composed of two 

trisections providing four TZs is designed and tested in [12]. A very good performance 

has been recorded in this work, but this is in X- or Ku-band (12.6 GHz) not in mmWave 

bands. An iris waveguide filter for mmWave applications is presented [13]. The 

proposed filter has a centre frequency of 35.75 GHz. The measured insertion loss is 

lower than 0.8 dB. When the spectrum shifts to extremely high frequencies, the 

drawbacks of this technology start to appear such as the physical connection between 

the plates. 

 

B- Circular Waveguide 

In addition to the rectangular waveguide, the circular waveguide is another type of 

conventional waveguides. From the name, it is obvious that the cross-section of this 

type of waveguides is simply a circle. Circular waveguides are used thoroughly to 

design microwave and mmWave components [14]-[17]. A wideband circularly 

polarised dielectric rod waveguide antenna for mmWave applications is presented in 



Chapter 2. Overview of Millimetre-Wave Components and Gap Waveguide Technology Page | 20 

 

[14]. Dual-mode filters based on circular waveguide technology are proposed in [15]. 

A wideband and mode converter from a rectangular waveguide to a circular waveguide 

is designed [16]. Also, a compact circularly polarised horn antenna is presented. By 

cutting a slot along the 45° direction at the end of the circular waveguide, the proposed 

antenna achieves a wideband circularly polarised radiation [17]. 

 

C- Substrate Integrated Waveguide 

Substrate integrated waveguide (SIW) technology provides an effective solution for 

the low-cost and high-performance integrating and packaging of microwave and 

mmWave systems [18]. A filter with a centre frequency of 35 GHz is presented. 

Compared to the dominant mode of SIW cavity filters, the high-mode can provide 

good performance in the higher frequency with the same size. This property enables 

designers to implement higher frequency components with a normal PCB process [19]. 

The measured centre frequency shifts down to 35.8GHz and the insertion loss is about 

3 dB. This shifting and high loss are probably due to the dielectric constant shift and 

high dielectric loss at a high frequency. A Ka-band 5-pole micromachined filter with a 

fractional bandwidth of 6.5% at a centre frequency of 30.9 GHz on a silicon substrate 

is presented in [20]. It is based on the SIW design and MEMS fabrication process. The 

filter is fed by CPW transmission-lines through current probes. Inductively coupled 

plasma deep etching is used to form the via-holes of SIW cavities. The measured IL is 

0.5 dB. The unloaded Q-factor of SIW resonators is calculated to be 341. This 

monolithic silicon micromachined filter results in small size, low cost, high 

performance and easy integration with planar circuits. 

 

SIW platform is adopted to realise BPFs having asymmetric frequency response 

operating at Ka-band. For high rejection between neighbouring transmitting and 

receiving channels in diplexers, these kinds of filters are highly recommended. Also, 

the self-packaging feature is available in these types of filters because of using 

conductor-backed coplanar waveguide [18]. A filter with a centre frequency of 35 GHz 

and a fractional bandwidth of 3.7% was realised on a single layer Rogers RT/ Duroid 

6002 substrate with 0.508 mm thickness that has stable dielectric and mechanical 

properties. Only 0.8% or less frequency shift is noticed due to fabrication error such 
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as via-hole radius and substrate permittivity. The obtained in-band insertion loss of the 

filters is better than 1.25 dB, while the measured return loss is better than 14 dB. The 

proposed filters have shown a very good single-side stopband attenuation, low 

insertion loss and compact-sized geometry for microwave and mmWave planar 

diplexer applications. Besides, self-packaged SIW filters can be directly used in the 

development of advanced packaging systems. 

 

Two low-loss BPFs based on air-filled SIW are suggested in [21] and produced using 

a low-cost multilayer PCB. To achieve a very lightweight, high efficiency, low cost 

and self-packaged mmWave integrated system, the top and bottom layers should use 

an incredibly low-cost standard substrate such as FR-4 on which base-band or digital 

circuits can be constructed. Comparing with its dielectric-filled counterparts, the 

proposed air-filled SIW filter exhibits lower loss, higher Q-factor and increased 

average power-handling capability. The fabricated filter is anticipated to be utilised in 

the microwave and mmWave applications. 

 

2.3. The Concept of Gap Waveguide 

2.3.1. The Origin of Gap Waveguide 

The gap waveguide is based on the concept of hard and soft surfaces [22], [23]. Soft 

and hard surfaces are metamaterials that do not exist in nature. Metamaterials are 

artificial surfaces that possess unique and desirable electromagnetic properties that are 

not present in nature. For instance, a magnetic conductor is one of the most desirable 

property but it does not exist in nature. Therefore, massive work has been done in the 

last years to the creation of metamaterial surfaces that could artificially generate 

magnetic conductivity, so-called artificial magnetic conductors, or ideally a perfect 

magnetic conductor (PMC). 

Artificially, a soft surface can be realised by corrugating a surface transversely, as 

shown in Fig. 2.2(a). When the depth of the corrugations is a quarter wavelength at the 
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operating frequency, the short circuit is transformed to an open circuit at the aperture 

of the corrugation and the surface impedance will be infinite, having a rejection of 

propagation for all the waves along the direction of propagation. Typically, soft 

surfaces are employed to prevent undesirable radiation along a certain surface in a 

specific direction, for example, to minimise the side lobes of the microstrip and 

aperture antennas in the E-plane [24], [25] and with horn antennas [26]. 

 

The hard surfaces, which allow waves to travel along the direction of propagation, can 

be obtained by filling longitudinal corrugations with dielectric content, as shown in 

Fig. 2.2(b). Kishk and Kildal [27] realised perfect electric conductors (PECs) and 

PMCs in terms of hard and soft surfaces. When the strips are created longitudinally in 

the same direction of wave propagation, they represent a hard surface that allows the 

wave to propagate. However, when the strips are created transversally in the normal 

direction of wave propagation, they represent a soft surface that prohibits the wave to 

propagate as shown in Fig. 2.2(c). 

 

 

The concept of gap waveguide technology is based on confining and directing 

electromagnetic waves inside two not physically contacted parallel-plates. On the one 

hand, if both of these plates are metal or PEC, electromagnetic waves will be allowed 

to propagate regardless of the distance between the two plates. On the other hand, if 

one of these plates is an EBG structure or a PMC and the distance between the plates 

is less than λ/4, no electromagnetic waves are allowed to travel as shown in Fig. 2.3(a). 

Having this concept, Fig. 2.3(b) shows that one of the parallel-plates is spaced by less 

than λ/4 of the other plate and constitutes a PEC sheet in the centre surrounded by 

PMCs on both sides, which will allow the electromagnetic waves to propagate 

following the PEC sheet while the propagation is prohibited on both sides. 

 

 



Chapter 2. Overview of Millimetre-Wave Components and Gap Waveguide Technology Page | 23 

 

 

(a) (b)          (c) 

 

Fig. 2.2. (a) Soft surface realised with transverse corrugations. (b) Hard surface realised 

with longitudinal dielectric-filled corrugations. (c) Soft-hard surface ideally 

realised with PEC/PMC strips [27]. 

 

 

(a)           (b) 

 

Fig. 2.3. The concept of gap waveguide technology. (a) PEC-PMC parallel-plates. (b) 

PEC-PEC with the existence of PMC on one plate. The green arrow means 

propagation is allowed while the red crosses mean propagation is forbidden. 

The distance between the parallel-plates is less than λ/4 [28]. 

2.3.2. Electromagnetic Bandgaps  

In the last two decades, researchers have put great efforts to innovate and develop new 

electromagnetic materials with specific electromagnetic characteristics, which cannot 

be observed in nature, to be utilised for high-performance applications. These 

materials are called "metamaterial". Metamaterials can be broadly defined as 

“artificially structured materials that are designed to interact with and control 

electromagnetic waves” [29]. Various designations are given to metamaterials in the 

literature [30], depending on the exhibited electromagnetic properties, such as soft and 

hard surfaces, high-impedance surfaces, artificial magnetic conductors, etc.  

Electromagnetic Bandgap surfaces are high impedance surfaces [31], which prevent 

waves from propagating in all directions within a frequency range due to their isotropic 
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characteristics. The most common EBG realisation in gap waveguides is a textured 

surface made of periodic metal pins, which is known as a “bed of nails” [32] and 

mushrooms-type EBG textures proposed in [31]. The stopband characteristics of these 

parallel-plate structures are presented in [33]. The metal bed of nails can be easily 

realised with milling techniques. It is made of only metal or realised with one of the 

additive manufacturing techniques followed by a metal plating process if required, 

being suitable for high-frequency applications. The bed of nails or pins work as a high 

impedance surface within a stopband defined by a lower and an upper cut-off 

frequency. The mushroom-type EBG surface is realised with PCB technology and 

metal patches on the top of the substrate connected to the ground via holes. For this 

reason, this structure can be made compactly, thus being suitable also for low-

frequency applications. 

 

2.3.3. Gap Waveguide Types 

According to the channel geometry utilised for wave propagation in gap waveguide 

technology, four different realisations are represented as shown in Fig. 2.4. These four 

types are named ridge, groove, inverted-microstrip and microstrip-ridge gap 

waveguides. The operating modes in the different gap waveguide geometries are 

different as shown in Fig. 2.5. The advantages and disadvantages of each version are 

related to the manufacturing simplicity, compactness and power-handling capability 

[34]. 

 

A- Ridge Gap Waveguide 

To obtain a ridge gap waveguide structure, a ridge along the propagation channel is 

located among the sided pins as shown in Fig. 2.4(a). The ridge gap waveguide 

geometry allows a quasi-TEM mode within the stopband created by the periodic 

structure. This configuration of gap waveguide is usually proposed to obtain wider 

bandwidth due to the presence of the ridge. 

 

B- Groove Gap Waveguide 
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A Groove gap waveguide structure is equivalent to a conventional rectangular 

waveguide and consequently supports propagation of transverse electric (TE) and 

transverse magnetic (TM) modes depending on the dimensions of its cross-section of 

the groove, although in most cases the TE10 mode is preferred. As shown in Fig. 2.4(b), 

among the sided pins, a groove is created by removing a set of pins in the centre. The 

dimensions of this groove, width and height, are equal to that in the conventional 

rectangular waveguide for the same operating frequency. The groove gap waveguide 

structure has the lowest loss compared to the other gap waveguide configurations. 

 

C- Inverted Microstrip Gap Waveguide 

From its name, inverted microstrip gap waveguide, shown in Fig. 2.4(c), is similar to 

the conventional microstrip line in planar technology, but replacing the ground plane 

with a PMC ground plane made of periodic pins, and the circuit is printed on a thin 

dielectric material located on the PMC plane. Similar to ridge gap waveguide, inverted 

microstrip gap waveguide geometry allows a quasi-TEM mode within the stopband 

created by the periodic structures. 

 

 

 
Fig. 2.4. The main types of gap waveguide technology [28]. 
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Fig. 2.5. A cross-sectional view shows the localisation of the propagating field in 

different gap waveguide geometries [34]. 

 

 

D- Microstrip-Ridge Gap Waveguide 

Fig. 2.4(d) depicts the geometry of the microstrip-ridge gap waveguide structure. As 

can be seen, between the two parallel plates, the metal strip on the surface of the 

dielectric material is connected to the lower plate (ground plane) through a bed of 

periodic via-holes. Similar to the concept of periodic pins in earlier types, these via-

holes establish a forbidden region on both sides of the middle ridge so the waves stop 

propagating through the gap between the top of via-holes and the upper metal plate. 

The only propagation direction, that the waves will follow, is the middle microstrip-

ridge in the form of a quasi-TEM mode. 

 

2.3.4. Pin forms in Gap Waveguide Technology 

As mentioned earlier, gap waveguide technology is a modified parallel-plate 

waveguide where the metal plate at the bottom is replaced by a textured surface of a 

periodic structure, typically metal pins. These pins act as a high impedance surface 

within a stopband defined by a lower and an upper cut-off frequency. Since the 

emergence of gap waveguide technology [35], different pin geometries/forms have 
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been proposed. In this section, three main categories of pin forms will be addressed, 

and under each category, different shapes will be discussed. To be more specific, the 

unit cell of each pin form will be analysed. 

 

A. Traditional pins 

The traditional form of pins in gap waveguides is a full-length pin mounted on one 

plate while the other plate is kept flat. Different traditional gap waveguide pin-forms 

are reported in the review, square pins shown in Fig. 2.6(a) [35], circular pins [33], 

inverted pyramid-shaped pins [36] and double cone pins [37] are the main geometries 

of the conventional gap waveguide pins. The former two geometries are proposed as 

the very basic forms that are used to realise the EBG structure in gap waveguide 

technology while the latter two were proposed for wideband performance 

enhancement in gap waveguides. All the proposed pin-shapes in this category are 

based on a full-length pin-form. That means the pins will be thin and long, 

approximately λ/4, at mmWaves, which poses a difficulty for low-cost manufacturing. 

 

B. Half-height pins 

The half-height-pin form, shown in Fig. 2.6(b), is firstly proposed in [38] to reduce the 

fabrication cost of gap waveguide structures. In this form, the full-height conventional 

pins on one of the parallel plates are divided into two half-height pins located on both 

plate. The Q-factor and insertion loss analysis were carried out using half-height pins 

in ridge gap waveguides in [39]. It is noticed that, with the increase of the air gap 

between the half-height pins, the unloaded Q-factor increases while the insertion loss 

was not affected as rapidly as the Q-factor value. In [40], a planar slot array antenna 

with a corporate power divider based on half-height pin gap-waveguide technology 

operating at V-band was reported. 

 

The stopband of the unit-cell of the half-height-pin form is investigated and compared 

with that in the full-height pin form in [41]. It is confirmed that the air gap between 

the upper and lower pins is the main factor to define the stopband width, where the 

relationship between them is the inverse. Other unit-cell parameters such as pin width, 
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height and period are studied. Pin height determines the centre frequency of the 

stopband, pin period has a significant influence on the stopband width, while pin width 

does not affect the stopband significantly for the half-height pins but does for the full-

height pins. Also, the effect of alignment between the upper and the lower pins on the 

performance is studied in the same work. Accordingly, the tolerance for the 

misalignment between the upper and the lower pins should be smaller than 20% of the 

width of the pins. 

 

C. Interdigital pins 

An interdigital-pins bed has been proposed in [42]. In this form, the metal pins are 

allocated to the two plates alternatively, where each pin on a plate is surrounded by 

four pins of the other plate, as depicted in Fig. 2.6(c). The advantage of the interdigital-

pin lattice is that a minimum pin gap could be achieved, without reducing the diameter 

of the milling cutter. This makes it possible to manufacture EBG structures operating 

at higher frequencies using the same machining centre. However, in this configuration, 

the pin shape is similar to that in the traditional form, i.e. quite long and thin. 

 

D. Glide-Symmetric Holes 

A glide-symmetric structure is an EBG periodic structure constructed through a 

translation and a mirroring of holes. Its unit cell is shown in Fig. 2.6(d). Although a 

glide-symmetric structure does not contain pins (hole instead), it is included here as a 

type of gap waveguide periodic structure. These structures, in their 1-D configuration, 

were extensively studied in the 1960s through the generalised Floquet theorem [43]. 

The 2D glide-symmetric holey metasurfaces were introduced for the first time in [44]. 

It is noticed that a very narrow stopband is achieved when the holes made on only one 

plate. But using glide-symmetric structures on both parallel plates leads to widening 

the stopband much further. In [45], hollow straight waveguides and double 90° bent 

waveguide lines with glide-symmetric holey EBG at the location of the junction are 

investigated. A wideband phase shifter in mmWave based on glide-symmetric in 

groove gap waveguide technology is presented in [46] as a good solution to be 

integrated with antenna feed structures. In [47], a waveguide flange for fast and 



Chapter 2. Overview of Millimetre-Wave Components and Gap Waveguide Technology Page | 29 

 

contactless measurement and also beneficial in repetitive measurements at high 

frequencies is proposed. The holey glide-symmetric surface machined around the 

waveguide opening significantly reduces the leakage in the case of an air gap between 

the flange joints. In [48], a fully metallic glide-symmetric waveguide filter with 

transmission in the Ka-band and attenuation at its second harmonic is proposed. 

 

2.3.5. Millimetre-Wave Applications 

A- Filters 

Low loss and low mass for BPFs operating at mmWave frequencies are of high 

importance for aerospace (unmanned drone, manned aircraft, satellite and 

interplanetary mission) applications. A large number of mmWave BPFs using various 

design and fabrication technologies have been reported over the past few decades. A 

conventional filter design based on planar technology and manufactured using PCB 

technology is presented in [49]. SIW technology is used to implement BPFs at 

mmWave frequencies [50]. A high-Q narrow bandwidth BPF based on empty SIW 

(empty denotes that there is no dielectric substrate) has been proposed in [51]. 

Recently, many BPFs have been reported based on gap waveguide (also known as 

waffle-iron) technology at X-band [52] ,[53], Ku-band [54], Ka-band (26.5-40 GHz) 

[55]-[57], Q-band (33-50 GHz) [58] and V-band (50-75 GHz) [59]. 

 

 

B-  Cavity-Backed Slot Antennas (CBSAs) 

Over the past few decades, many efforts have been made to develop cavity-backed slot 

antennas (CBSAs). As an early attempt, a wide slot antenna supported by a cavity is 

suggested using a simple short end waveguide [60]. Then, in [61], a cavity-backed 

annular slot antenna with one shortened point is studied. Due to its desirable 

advantages including low-profile, light-weight and ease of integration, planar CBSA 

has gained considerable attention and has been widely used in satellite and radar 

communications systems. 
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(a) 

 

 

(b) 

 

 

(c) 

 

 

(d) 

 

Fig. 2.6. Some pin forms for gap waveguide technology. (a) Full-height pin. (b) Half-

height pin. (c) Interdigital pins. (d) Glide-symmetric holes. 

 



Chapter 2. Overview of Millimetre-Wave Components and Gap Waveguide Technology Page | 31 

 

Recently, based on SIW technology, CBSA is extensively proposed [62]–[65]. A SIW 

short backfire antenna operating in the mmWave band is presented in [62]. The 

excitation of the proposed antenna is done by a high-gain quad-slot cavity-backed feed 

as shown in Fig. 2.7. This type of feeding performs a lower cross-polarisation level 

compared to the conventional cavity-backed feed. As the proposed antenna can be fully 

integrated into a multilayer PCB structure, it is suitable for in-package front-end 

mmWave planar systems.  

 

A low-profile SIW dual-band CBSA with circular polarisation operating at the 

mmWave band is reported in [63]. To achieve circular polarisation radiations at two 

designated bands, two similar structure of annular exponential slots working at two 

different modes were investigated as shown in Fig. 2.8. In [64], the conventional 

narrow rectangular slot is replaced by a bow-tie shaped slot fed by a SIW cavity-

backed. A broadband response compared with that of the conventional SIW CBSA is 

achieved as depicted in Fig. 2.9. A low-profile cavity-backed planar slot antenna 

realised for linearly polarised application is presented in [65]. Using a triangle 

substrate constructed by metalised via-hole, all antenna elements including the 

feeding, the cavity and the radiating slot, are realised. Compared with conventional 

rectangular and circular SIW cavities in the same area, the utilised triangle resonator 

has a more compact structure and higher radiation efficiency. 

 

C- Filtering Antennas  

Filters and antennas are key components in each wireless communication transceivers. 

They are mostly designed individually and connected by transmission lines which 

increases interconnection loss [67] and circuit size. Filtering antenna (filtenna) 

terminology is an expression of a combination of a filter and an antenna into a single 

component. This combination exhibits miniaturisation and a low profile as well as a 

low loss of such a component. As well known, antennas are used for receiving and 

transmitting signals, while filters act as band selective devices. Filtennas can provide 

both the desired filtering and radiating performances. Since both antennas and filters 

are mostly arranged at the very front-end of wireless communication transceivers, the 

integration of these two components contributes to enhancing the overall performance 
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and miniaturizing the overall circuit size. Moreover, transmitted/received signals in a 

transceiver will no longer be interfered with by noise in unwanted bands. 

 

 

 

(e) 

 

Fig. 2.7. Photograph of the fabricated antenna [62]. (a) Subreflector. (b) Leaky cavity. 

(c) Quad-slot feed. (d) Top view of the whole antenna. (e) Simulated and 

measured |S11| for the proposed antenna. 
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Fig. 2.8. Simulated and measured results of the proposed antenna [63]. 

 

An extensive investigation of filtering antennas operating at the mmWaves is 

conducted in [68]–[77]. The development of a mechanically tunable horn filtenna is 

proposed in [68]. This waveguide-based filtenna represents the integration of a horn 

antenna and a mechanically tunable BPF filter based on dual-post resonators. Planar 

filtenna is proposed in [69] and [70]. A compact mmWave tunable filtenna with 

defected ground-plane structure resonators was introduced. Substrate integrated 

waveguide is also adopted to design filtenna [71]-[74]. In [72], a 2×2 dual-polarised 

antenna subarray with filtering responses is proposed. The top view and the bottom 

view of the fabricated filtering antenna is shown in Fig. 2.10a. The measured S-

parameters of the proposed dual-polarised filtering antenna subarray is shown in Fig. 

2.10b. A mmWave filtering patch antenna array fed by an SIW four-way anti-phase 

filtering power divider is proposed in [74]. Fig. 2.11 shows the simulated and measured 

broadside gain curves and |S11| responses of the proposed filtering 1×4 patch antenna 

array. Moreover, based on gap waveguide technology, a slotted array antenna 

integrated with a BPF is presented in [75], [76],  and filter-horn-antenna [77]. 
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(a) (b)    

 

 

(c) 

Fig. 2.9. Comparative study between simulated and measured reflection coefficient 

and gain of the antenna [64]. 
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(a)    

 

 

(b) 

 

Fig. 2.10. (a) Top view and bottom view of the fabricated filtering antenna. (b) Simulated 

and measured reflection coefficients and isolation of the proposed filtering 

antenna. 
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Fig. 2.11. Comparison of the measured and simulated gain curves and |S11| responses of 

the proposed 1×4 filtering patch antenna array. 

 

2.3.6. Millimetre-Wave Components Fabrication 

Manufacturing microwave components to higher levels of accuracy than those found 

at longer wavelengths becomes increasingly more difficult as frequency increases. 

Different technologies can be adopted for the manufacture of components operating at 

mmWave frequencies. The choice of manufacturing technology, to some extent, 

depends on the technology on which the component is designed. For example, with 

conventional filter designs based on planar technology, PCB or micromachining 

technology is adopted for manufacturing; while machining technology is used to 

fabricate waveguide or gap waveguide-based components. The merits and challenges 

of the four main manufacturing technologies that can be utilised to fabricate mmWave 

BPFs will be briefly discussed in this section. 

 

 

A- Co-Fired Ceramic 

For harsh environments, including high humidity and high-temperatures, co-fired 

ceramic technology can be a good choice for component fabrication. Low temperature 

co-fired ceramic (LTCC) technology, with sintering below 1,000°C, is used to produce 
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compact multilayer circuits. LTCC has been used to implement different mmWave 

BPFs; for example, a planar-based filter of 60 GHz [78], [79] and SIW-based filter at 

40 GHz [53], 140 GHz [80] and [81] and 174 GHz [82]. LTCC technology has many 

advantages for the manufacture of microwave BPFs. For example, ceramic materials 

provide highly robust performance under stringent environmental and mechanical 

conditions. Furthermore, unlike micromachining, 3D structures having complex 

designs can be realised with a cost-effective fabrication technique, especially for 

medium and high volumes of manufacture. Having said this, LTCC-based mmWave 

BPFs suffer from notably high insertion loss, when compared to some other fabrication 

technologies, such as machining and 3D printing. Therefore, it is not desirable for the 

fabrication of high Q-factor and low-loss components. 

 

B- Micromachining 

Both bulk or surface micromachining technologies can be used to implement BPFs at 

(sub-) mmWave frequencies [83]. Two waveguide filters, one operating in the WR-3 

band (220-325 GHz) and the other in the WR-1.5 band (500-750 GHz), were fabricated 

using SU-8. A comparative manufacturing study of sub-THz bandpass frequency 

selective surface (FSS) filters has been reported [84]. Photolithography facilitates batch 

processing when compared to the other methods. However, the need for cleanroom 

microfabrication processing increases complexity, time to manufacture and ultimately 

cost. 

 

C- Machining 

Machining technology is mainly used for metal-based component fabrication. For high 

Q-factor and low-loss BPFs, air-filled metal-pipe rectangular waveguide or gap 

waveguide technologies can be adopted. In recent years, many waveguide- and gap 

waveguide-based mmWave BPFs have been fabricated using machining technology, by 

milling out or drilling into metal structures [58]-[60] and [85]-[87]. Machining 

technology is preferred for high-Q and low-loss components within the mmWave band. 

However, the small dimensions of their structures (e.g., pin arrays in gap waveguide) 

increase the complexity of the milling or drilling process in machining technology and, 



Chapter 2. Overview of Millimetre-Wave Components and Gap Waveguide Technology Page | 38 

 

hence, also the time and cost of fabrication. Additionally, with aerospace and satellite 

applications, excess mass is also an important factor. 

 

In gap waveguide structures, the periodic structure parameters play an important role to 

determine the complexity of the fabrication process. One of these parameters is the 

height of pins, where shorter pins, i.e. less depth, reduces the manufacturing time and 

facilitate the process. Another parameter is the periodicity of the periodic structure (the 

distance between the pins). Although reducing the distance between pins improve the 

performance of gap waveguide structures, it makes the machining process more 

complicated where more precise tools will be required leading to costly fabrication. 

 

D- 3D Printing 

3D printing technology is emerging for the fabrication of lightweight and low-loss 

components, as well as complex structured components operating at mmWave 

frequencies [88] - [91]. 3D printing technology can be mainly classified as either 

metal-based or polymer-based (with additional metal plating) 3D printing. With the 

former, binder jetting/sintering and selective laser melting (SLM) can be adopted to 

construct metal-pipe rectangular waveguides, with Cu-15Sn powder melted layer by 

layer [92]. With the latter, metal-pipe rectangular waveguides have been demonstrated 

using fused deposition modelling (FDM), stereolithographic apparatus (SLA) [90] and 

polymer-jetting (Polyjet) [93]. A variety of groove gap waveguide-based prototypes 

operating at the Ka-band and manufactured by metallised 3D printing technique have 

been presented [94]. Their work proved the potential of using 3D printing technology 

to fabricate groove gap waveguide structures at high frequencies. Furthermore, 3D 

printing and metallisation technology is adopted to fabricate a novel leaky-wave 

antenna based on gap waveguide technology [95]. In the work reported here, Polyjet 

3D printing of a groove gap waveguide BPF is demonstrated. 
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2.4. Summary 

This chapter has presented and discussed the state-of-the-art mmWave components 

design based on different technologies. The merits and drawbacks of the transmission 

lines technologies, such as planar and waveguide technologies, especially at mmWave 

band have been presented. On the one hand, although planar circuits have good 

features, such as low cost and easy compact integration, they suffer from high loss and 

low-quality factor due to the presence of substrate materials. On the other hand, 

conventional waveguides exhibit a noticeable improvement in terms of loss. This 

improvement is attributed to the absence of dielectric substrates in their structures. 

However, a perfect contact between the waveguide parts is required. Therefore, gap 

waveguide technology has been proposed as a compromise solution. 

 

An overview of gap waveguide technology and its application have then been 

presented. According to the channel geometry utilised for wave propagation in gap 

waveguide structures, four different types have been discussed. The main categories 

of pin forms with different shapes have been discussed. The unit cell of each form has 

been analysed showing the features and limitations of each form. Finally, the main 

manufacturing techniques of mmWave components have been addressed. 
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Chapter 3. Filters and Filtering Antennas 

Network Theory 

3.1. Introduction 

Filters are vital components in almost every RF/microwave communications system. 

The theory of filter design was first introduced and developed during the 1930s to the 

1950s. In 1960, filter functions were mathematically generated [1]. In this chapter, a 

brief introduction to filter definition and types in terms of attenuation characteristics, 

amplitude responses, bandwidth and design technology is provided. Then, filter design 

theory and formulas along with an example showing the design procedure are 

presented. Also, the design formulae of a rectangular cavity resonator and a filtering 

antenna are provided. 

 

3.2. Filter Network 

A Filter is a two-port frequency-selective device to attenuate signals of the undesired 

frequency range (stop-band) while allowing desired ones (pass-band) to pass from a 

port to another. Filters can be classified according to the following parameters: 

  

A- Frequency selection (attenuation characteristics): 

- Low-pass Filter: Low insertion loss below a specified cut-off frequency.  

- High-pass Filter: Low insertion loss above a specified cut-off frequency. 

- Band-pass Filter: Low insertion loss across a specified frequency band. 

- Band-stop Filter: High insertion loss across a specified frequency band.  

B- Amplitude response (the location of the poles and zeros of the transmission 

function): 

• Equal-ripple passband amplitude response: Chebyshev. 

• Maximally-flat passband amplitude response: Butterworth. 

• Elliptic, Quasi-Elliptic, Bessel, Linear Phase, etc.  
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C- Technology: Lumped, planar, waveguide, etc. 

D- Frequency bandwidth: Narrowband and broadband. 

 

As mentioned above, filters can be classified according to the technology that utilised 

to build. A lumped element-based filter circuit is formed of capacitors, inductors and 

resistors. The simplest method to attenuate a signal quickly is by increasing the number 

of lumped elements in a periodic topology or a circuit leading to a higher-order (N). 

The ladder topology is the most commonly used for periodic topology in filter design 

[2]. Fig. 3.1. depicts the schematic of a general two-port filter network that is driven 

by a voltage source (e
s
) with the internal impedance (Z

s
) and terminated by the load 

impedance (Z
L
). 

 

 

Fig. 3.1.  A two-port filter network. 

 

3.2.1. Filter Design by the Insertion Loss Method 

In this section, a filter design procedure based on the insertion loss method is 

introduced [3]. In the insertion loss method, a filter response is defined by its insertion 

loss IL, or power loss ratio, PLR: 

 

𝑃𝐿𝑅  =
Power available from source

Power delivered to load
 

 

𝐼𝐿 = 10 log 𝑃𝐿𝑅 

e
s
 

Z
s
 

Z
L
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Many general filter specifications can be obtained, but maximally flat, equal ripple, 

elliptic function and linear phase responses are the most common. 

 

In the following sections, after defining the filter specifications, a design of low-pass 

filter prototypes that are normalised in terms of impedance and frequency is 

demonstrated. The normalisation simplifies the design of filters for arbitrary 

frequency, impedance and filter type (low-pass, high-pass, bandpass, or bandstop). The 

low-pass filter prototypes are then scaled to the desired frequency and impedance. The 

final step is replacing the lumped-elements with distributed circuit elements for 

implementation at microwave frequencies. This design process is illustrated in Fig. 

3.2.  

 

 

Fig. 3.2.  The process of filter design by the insertion loss method 

 

 

A- Filter specifications 

Before starting the design of any RF or microwave filter, the factors that drive the 

hardware design should be mentioned. These factors are the filter specifications. Some 

of these specifications are filter type, frequency response type, desired frequency of 

operation, passband & stopband frequency range and maximum allowed attenuation. 

More details of this part can be found in this chapter and Chapter 4.  

 

B- Low-Pass Filter Prototype  

The low-pass filter prototypes are lumped elements networks that have been 

synthesised to obtain a transfer function of the desired filter. The elements of the low-

pass filter prototype are capacitors and inductors of the ladder networks, which are 

known as g-values, as shown in Fig. 3.3. In a low-pass filter prototype, the order of the 

filter is equal to the number of reactive elements. To manifest flexibility, ease of use 

and tabulation, the component values of the low-pass filter prototype have been 

Filter 

Specifications 

Low-Pass 

Filter 

Prototype 

Filter 

Transformations 
Implementation 
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normalised having a source impedance of 𝑅𝑜 = 1 and a cut-off frequency of Ω𝑐 = 1 

rad/sec [3]. To calculate the values of the lumped elements of a low-pass filter 

prototype, it is important to know the filter response function (Butterworth, 

Chebyshev, Equal-Ripple, etc.) and the filter order (the number of filter resonators).  

 

To design a filter based on its coupling matrix, the filter specifications should be 

specified first. Then, a low-pass filter prototype of a specific response, e.g. Chebyshev, 

is considered. For Chebyshev low-pass filter prototype with a passband ripple LAr dB 

and the cut-off frequency Ωc=1, the g values for the two-port prototype networks, 

shown in Fig. 3.3. , can be calculated using the following formulae [2], [3]: 

 

𝑔𝑜 = 1,  

𝑔1 =
2

𝛾
 sin (

𝜋

2𝑁
),       (3.1a) 

 

 

Fig. 3.3.  Ladder circuits of Lumped elements for low-pass filter prototypes and their 

element definitions. (a) Prototype beginning with a shunt element. (b) Prototype 

beginning with a series element. 
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𝑔𝑖 =
1

𝑔𝑖−1
 
4 sin[

(2𝑖−1)𝜋

2𝑁
] .sin[

(2𝑖−3)𝜋

2𝑁
]

𝛾2+sin2[
(𝑖−1)𝜋

𝑁
]

         for 𝑖 =  2, 3, … 𝑁  (3.1b) 

 

𝑔𝑛+1 = {
1                   for 𝑁 odd

coth2 (
𝛽

4
)       for 𝑁 even

      (3.1c) 

where 

𝛽 = ln [coth (
𝐿𝐴𝑟

17.37
)] 

 

𝛾 = sinh (
𝛽

2𝑁
) 

 

C- Frequency and Elements Transformations (or Scaling) 

In the previous section, the low-pass filter prototype was established and the values of 

its lumped elements were computed based on a normalised design having a source 

impedance of go = 1 ohm and a cut-off frequency of 𝛺𝑐 = 1 rad/sec. Here, this design 

can be scaled in terms of impedance and frequency, and converted to give high-pass, 

bandpass or bandstop characteristics.  

 

Frequency Scaling 

Since all the filters designed in this thesis are bandpass filters, so the transformation 

procedure of a bandpass response is mentioned here. Let us assume that ω1 and ω2 

refer to the lower and upper angular frequencies of the passband, respectively. Then a 

bandpass response can be obtained using the following frequency substitution: 

 

Ω =
Ω𝑐

𝐹𝐵𝑊
 (

𝜔

𝜔𝑜
−

𝜔𝑜

𝜔
)       (3.2a) 

 

𝐹𝐵𝑊 =
𝜔2−𝜔1

𝜔𝑜
       (3.2b) 
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  𝜔𝑜 = √𝜔1𝜔2        (3.2c) 

 

where 𝛺 is the low-pass prototype frequency, 𝛺𝑐 is the low-pass prototype normalised 

cut-off frequency (𝛺𝑐 = 1),  𝜔 is the practical filter angular frequency, ω0 denotes the 

centre angular frequency and FBW is defined as the fractional bandwidth. A summary 

of prototype filter frequency transformations for different types of filters is illustrated 

in Table 3.1. 

 

Impedance Scaling 

In the low-pass filter prototype design, the source and load resistances are unity (except 

for equal-ripple filters with an even number of resonators, which have non-unity load 

resistance). If we denote all the scaled quantities with a prime, the new filter 

component values can be obtained by multiplying all the components of the low-pass 

prototype filter in Fig. 3.3.  by the practical design impedance Rpr [3] 

 

 

𝑅𝑜
′ = 𝑅𝑜𝑅𝑝𝑟 

 

𝐶1
′ =

𝐶1

𝑅𝑝𝑟
 

 

𝐿2
′ = 𝐿2𝑅𝑝𝑟 

 

𝐶3
′ =

𝐶3

𝑅𝑝𝑟
 

 

𝑔𝑁+1
′ = 𝑔𝑛+1𝑅𝑝𝑟 

(3.3) 

 

where Ro, C1, L2 and C3 are the component values for the original prototype. 
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Table 3.1.  Summary of Prototype Filter Frequency Transformations (Δ=FBW) [3]. 

 

  

D- Filter Implementation 

The prototype filter designed above generally works well at low frequencies. At higher 

RF and microwave frequencies, two problems arise. First is the limitation of the 

lumped-element (inductors and capacitors), where they are available for a limited 

range of values suitable for low frequencies. They can be replaced by their 

approximation of distributed elements, open-circuited or short-circuited transmission 

line stubs. The second is that at microwave frequencies the spaces between filter 

elements cannot be neglected. These issues can be tackled by different approaches. 

One of these approaches is using Richards’ transformation, which can be used to 

convert lumped elements to transmission line sections. Then, Kuroda’s identities can 

be used to physically separate filter elements by using transmission line sections. 

Another approach is using impedance (K) and admittance (J) Inverters. Such inverters 

are especially useful for bandpass or bandstop filters with narrow (<10%) bandwidths. 

 

3.2.2. Bandpass Filter Design Example 

In this section, a bandpass filter design example using the insertion loss method is 

presented. The filter specifications are shown in Table 3.2. First, the filter order N = 5 
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is estimated by using the graphs and equations in [3]. Second, a 5th-order low-pass 

filter prototype with its g-values is chosen. The g-values of the 5th-order Chebyshev 

low-pass filter prototype with a passband equal ripple of 0.1 dB for a normalised low-

pass cut-off frequency 𝛺𝑐 = 1 are obtained by using (3.1) to be: go = g6 = 1.0,   g1 = g5 

= 1.1468,   g2 = g4 = 1.3712 and g3 = 1.9750. Then, the frequency and impedance 

scaling of the lumped elements of the prototype is done using (3.2) and (3.3), 

respectively. The scaled lumped elements of the BPF are:  

 

𝑅𝑜
′ = 𝑅𝑝𝑟𝑅𝑜 = 50 ohms 

 

𝐶1
′ = 𝐶5

′ =
𝐶1

𝜔𝑜 𝐹𝐵𝑊 𝑅𝑝𝑟
= 5.2148 pF 

 

𝐿1
′ = 𝐿5

′ =
𝐹𝐵𝑊 𝑅𝑝𝑟

𝜔𝑜 𝐶1
= 3.8219 pH 

 

𝐶2
′ = 𝐶4

′ =
𝐹𝐵𝑊

𝜔𝑜𝐿2𝑅𝑝𝑟
=  1.2785 fF 

 

𝐿2
′ = 𝐿4

′ =
𝐿2𝑅𝑝𝑟

𝜔𝑜𝐹𝐵𝑊
  =  15.588 nH 

 

𝐶3
′ =

𝐶3

𝜔𝑜 𝐹𝐵𝑊 𝑅𝑝𝑟
=  8.9809 pF 

 

𝐿1
′ =

𝐹𝐵𝑊 𝑅𝑝𝑟

𝜔𝑜𝐶3
=  2.2192 pH 

 

 

The proposed bandpass filter is firstly simulated using an ideal lumped-element circuit 

and using a transmission line schematic. The simulations were conducted using two 

computer-aided design (CAD) packages, Advanced Design System (ADS) 2011.10 

and Sonnet 14.54. Fig. 3.4. shows the schematic lumped-element circuit of the 

designed 5th-order Chebyshev BPF with its S-parameters. 
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Table 3.2. Bandpass Filter Specifications. 

Parameter Value 

Frequency response Chebyshev (equal ripple 0.1 dB) 

Centre frequency (GHz) 35.6 

Fractional bandwidth (FBW) (%) 2 

Insertion loss (dB) < 1 

Return loss (dB) ≥ 16 

Lower/upper rejection (dB) 50 

Terminated impedance (ohms) 50  

 

 

At high frequency, lumped-element circuits exhibit inaccuracy because the 

wavelength becomes comparable to the physical dimensions of the circuit. Therefore, 

for better performance, distributed elements have been used to represent the circuit 

components at high frequencies. The bandpass filter based on lumped elements circuit, 

shown in Fig. 3.4. , has been converted into its equivalent distributed elements model 

as shown in Fig. 3.5. The distributed elements have been implemented based on the 

filter specifications and by using Line Calculator tool (LineCalc) in the ADS package, 

so as to calculate the dimensions of transmission line resonators. 

 

Based on series microstrip line end-coupled resonators, the designed BPF has been 

simulated.  The S-parameters of simulated results are shown in Fig. 3.6. It can be 

noticed that there is an improvement of about 6 dB in the simulated reflection 

coefficient S11 between -14 dB in Fig. 3.6.  (before optimisation) and -20 dB in Fig. 

3.6. (after optimisation).  
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(a) 

 

 

(b) 

Fig. 3.4.  A 5th-order Chebyshev BPF with a passband equal ripple of 0.1 dB. (a) The 

scaled lumped elements of the BPF schematic. (b) The filter S-parameters. 
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Fig. 3.5.  ADS schematic diagram of a 5-pole Chebyshev BPF. 
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(a) 

 

 

        
(b) 

 
Fig. 3.6.  Simulated S-parameters of a 5-pole Chebyshev BPF. (a) Before optimisation. 

(b) After optimisation. 
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3.2.3. Coupling Matrix Synthesis 

Coupling matrix is a scheme used normally in microwave filters for the coupled 

structure analysis. Reconfiguring the circuit configuration and synthesis of the circuit 

are simplified by such matrix operations [4]. The coupling matrix theory is mainly 

suitable for narrow-band filtering circuits, as the theory is based on the narrow 

bandwidth assumption. The indices of a coupling matrix of a filter are the design 

parameters of that filter. These parameters are the coupling coefficients between the 

filter resonators and the external quality factors with the source and load of the filter. 

Based on the procedure/steps of filter design by the insertion loss method, the coupling 

coefficients and the external quality factors can be easily calculated.  

 

To design a filter based on a coupling matrix, the filter specifications should be 

specified first. Then, a low-pass filter prototype of a specific response, e.g. Chebyshev, 

is considered. For Chebyshev low-pass filter prototype with a passband ripple LAr dB 

and the cut-off frequency 𝛺𝑐=1, the g-values for the two-port networks shown in Fig. 

3.3. can be calculated using the formulae in [2], [3]. After obtaining the g-values, the 

coupling coefficients Ki,i+1 and the external quality factors Qex can be obtained as 

follows: 

 

𝐾𝑖,𝑖+1 =
𝐹𝐵𝑊

√𝑔𝑖 𝑔𝑖+1
,                𝑖 = 1, … , N − 1    (3.4a) 

 

𝑄𝑒𝑥1 =
𝑔0 𝑔1

𝐹𝐵𝑊
        (3.4b) 

 

𝑄𝑒𝑥N =
𝑔N 𝑔N+1

𝐹𝐵𝑊
       (3.4c) 

 

Then, the coupling coefficients can be arranged in a coupling matrix according to the 

desired configuration of the filter as follows: 

 

𝑘 = [

𝑘11 𝑘12 ⋯ 𝑘1𝑁

𝑘21 𝑘22 ⋯ 𝑘2𝑁

⋮ ⋮ ⋱ ⋮
𝑘𝑁1 𝑘𝑁2 ⋯ 𝑘𝑁𝑁

]      (3.5) 
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Accordingly, the S-parameters can be found as follows: 

 

𝑆21 = 2
1

√𝑞𝑒𝑥1⋅𝑞𝑒𝑥𝑛
[𝐴]𝑛1

−1    (3.6a) 

 

𝑆11 = ± (1 −
2

𝑞𝑒𝑥1
[𝐴]11

−1)    (3.6b) 

 

with 

[𝐴] = [𝑞] + 𝑝[𝑈] − 𝑗[𝑘]    (3.6c) 

 

where [U] is the n × n (n is a filter order) unit or identity matrix, [q] is an n × n matrix 

with all entries zero, except for q11 = 1/qex1 and qnn = 1/qexn, and [k] is the so-called 

general coupling matrix, which is an n × n reciprocal matrix (that is, kij = kji) and is 

allowed to have nonzero diagonal entries kii for an asynchronously tuned filter. In the 

next chapter, a mmWave BPF based on gap waveguide technology using coupling 

matrix theory will be designed. 

 

3.2.4. Resonators Coupling 

Generally, the coupling between resonators can be realised in different manners. 

According to the physical structure of the couplings, they can be classified into three 

types: electric coupling, magnetic coupling and mix coupling. On the other hand, based 

on the sequence digit of resonators, there are two main types of couplings: direct-

coupling and cross-coupling.  

 

A- Self-Coupled Resonators 

In general, all the entries in a coupling matrix K are nonzero. The entries on the main 

diagonal are named self-couplings. The self-coupling coefficient Kii is related to the 

self-resonant frequency of the resonator i in a filter. For the case of asynchronous 

tuning, Kii can be defined by 
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𝐾𝑖𝑖 = 2 (
𝑓0𝑖

2 −𝑓0
2

𝑓0𝑖
2 +𝑓0

2)    (3.7) 

Where f0i is the resonant frequency of the resonator i and f0 is the desired centre 

frequency. 

 

B- Direct-Coupled Resonators 

Direct-coupling or in-line coupling can be produced by making a coupling between 

any two sequentially numbered (adjacent) resonators. In Fig. 3.7. , the solid lines 

represent the direct-coupling between the resonators. Many filters have been designed 

based on this type of coupling [5]-[7]. The response of filters designed based on this 

configuration, as discussed in the previous sections, has a skirt flatter than that 

designed based on cross-coupled resonators, due to the absence of transmission zeros, 

as will be discussed later. 

 

C- Cross-Coupled Resonators and Transmission Zeros 

Many wireless communications require RF bandpass filters with high selectivity. To 

improve the selectivity of a filter, the rejection below and/or above the passband needs 

to be improved by adding transmission zeros below and/or above the filter passband. 

To do so, usually, two methods are adopted. The first approach is by using shunt 

resonators at the beginning and end of the designed filter [8]. This approach is not 

preferable because the size may, however, be large. The second approach is by 

introducing a cross-coupling between a pair of non-sequentially numbered (non-

contiguous) resonators [9]. Generally, filters that use the cross-coupling result in a 

compact structure, and hence, they become more attractive especially for those 

systems where size is important. Using the cross-coupling technique to generate 

transmission zero reduces the number of resonating elements needed and this, in turn, 

reduces the insertion loss, component size and manufacturing cost, albeit at the 

expense of topology.  
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To achieve high selectivity in filters, the most common methods are either increase the 

number of resonators which leads to higher loss and larger size, or using the cross-

coupling technique to generate transmission zero. In this work, cross-coupling will be 

employed. This type of coupling needs to be applied between non-contiguous 

resonators as depicted in Fig. 3.7. Many configurations or topologies can be adopted 

to introduce a cross-coupling between its resonators. In Fig. 3.8. , 4th-order and 6th-

order BPF are chosen to show the resonators configuration of filters with a cross-

coupling. 

 

 

Fig. 3.7.  General coupling structure of the bandpass filters with a single pair of 

attenuation poles at finite frequencies. Each circle represents a resonator, the 

solid lines represent a direct-coupling between the resonators, the dashed line 

refers to a cross-coupling and the dotted lines mean that there is a number of 

resonators in between. m = N/2. 

 

 

(a) 

 

(b) 

Fig. 3.8.  Configurations of (a) 4th-order and (b) 6th-order bandpass filter exhibiting a 

single pair of transmission zeros at finite frequencies. 
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The external quality factors and coupling coefficients of the cross-coupled bandpass 

filters, similar to that in Fig. 3.7. can be obtained in terms of circuit elements of a low-

pass prototype filter shown in Fig. 3.9. which consists of lumped capacitors and ideal 

admittance inverters. Based on the low-pass filter elements the filter’s design 

parameters can be calculated as follows: 

 

 

Fig. 3.9.  A low-pass filter prototype (starting with a shunt capacitor) for a cross-coupled 

bandpass filter. 

 

𝑄𝑒𝑥1 = 𝑄𝑒𝑥N =
𝐶1

𝐹𝐵𝑊
       (3.8a) 

 

  𝐾𝑖,𝑖+1 = 𝐾𝑁−𝑖,𝑁−𝑖+1 =
𝐹𝐵𝑊

√𝐶𝑖 𝐶𝑖+1
,             𝑖 = 1, … , N/2   (3.8b) 

 

𝐾𝑚,𝑚+1 =
𝐹𝐵𝑊 .  𝐽𝑚

𝐶𝑚
,    𝑚 = N/2      (3.8c) 

 

𝐾𝑚−1,𝑚+2 =
𝐹𝐵𝑊 .  𝐽𝑚−1

𝐶𝑚−1
,  𝑚 = N/2   (3.8d) 

 

where Cs are the capacitances of the lumped capacitors, Js are the characteristic 

admittances of the inverters, and again N is the order of the filter. The values of the Cs 

and Js can be extracted from the design formulae in [9], see Appendix A. 

 

It is worth mentioning that the sign of coupling may only be a matter for cross-coupled 

resonator filters. The positive or negative sign of coupling is relative, which means 
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that if we may refer to one particular coupling as a positive coupling then the negative 

coupling would imply that its phase response is opposite to that of the positive coupling 

[2]. Therefore, the signs for the coupling coefficients 𝐾𝑚,𝑚+1 and 𝐾𝑚−1,𝑚+2 in (3.8c) 

and (3.8d) are relative; it does not matter which one is positive or negative as long as 

their signs are opposite. 

 

3.3. Waveguide Cavity Resonator 

As stated in Chapter 2, a groove gap waveguide structure is equivalent to a 

conventional rectangular waveguide and consequently supports the propagation of 

TE/TM modes. Therefore, the analysis of a waveguide cavity resonator can be applied 

for a groove gap waveguide cavity resonator. The geometry of a rectangular cavity is 

shown in Fig. 3.10. The transverse electric fields (Ex, Ey) of the TEmn or TMmn 

rectangular waveguide mode can be written as [3] 

 

 �̅�𝑡(𝑥, 𝑦, 𝑧) = �̅�(𝑥, 𝑦)(𝐴+𝑒−𝑗𝛽𝑚𝑛𝑧 + 𝐴−𝑒𝑗𝛽𝑚𝑛𝑧) (3.9) 

 

where �̅�(𝑥, 𝑦) is the transverse variation of the mode, and A+, A+ are arbitrary 

amplitudes of the forward and backward travelling waves. The propagation constant 𝛽 

of the m, nth TE or TM mode is 

 

𝛽𝑚𝑛 = √𝑘2 − (
𝑚𝜋

𝑎
)

2

− (
𝑛𝜋

𝑏
)

2

 (3.10) 

 

where 𝑘 = 𝜔√𝜇𝜖, and 𝜇 and 𝜖 are the permeability and permittivity of the material 

filling the cavity, respectively. 

 

Applying the condition that �̅�𝑡 = 0 at 𝑧 = 0 to eq. (3.9) implies that 𝐴+ = −𝐴− (as we 

should expect for reflection from a perfectly conducting wall). Then the condition that 

�̅�𝑡 = 0 at 𝑧 = 𝑑 leads to the equation 
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Fig. 3.10.  A rectangular cavity resonator. 

 

 

 �̅�𝑡(𝑥, 𝑦, 𝑑) = −�̅�(𝑥, 𝑦)𝐴+2𝑗sin 𝛽𝑚𝑛𝑑 = 0 (3.11) 

 

The only nontrivial (𝐴+ ≠ 0) solution occurs for 𝛽𝑚𝑛𝑑 = ℓ𝜋, ℓ = 1,2,3, …, which 

implies that the cavity must be an integer multiple of a half-guide wavelength (λ𝑔) long 

at the resonant frequency. No nontrivial solutions are possible for other lengths, or for 

frequencies other than the resonant frequencies. A resonance wave number for the 

rectangular cavity can be defined as 

 

 

 
𝑘𝑚𝑛ℓ = √(

𝑚𝜋

𝑎
)

2

+ (
𝑛𝜋

𝑏
)

2

+ (
ℓ𝜋

𝑑
)

2

 (3.12) 

 

Then we can refer to the TE𝑚𝑛ℓ or TM𝑚𝑛ℓ resonant mode of the cavity, where the 

indices 𝑚, 𝑛, ℓ indicate the number of variations in the standing wave pattern in the x, 

y, z directions, respectively. The resonant frequency of the TE𝑚𝑛ℓ or TM𝑚𝑛ℓ mode is 

given by 
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 𝑓𝑚𝑛ℓ =
𝑐𝑘𝑚𝑛ℓ

2𝜋√𝜇𝑟𝜖𝑟

=
𝑐

2𝜋√𝜇𝑟𝜖𝑟

√(
𝑚𝜋

𝑎
)

2

+ (
𝑛𝜋

𝑏
)

2

+ (
ℓ𝜋

𝑑
)

2

 (3.13) 

 

if 𝑏 < 𝑎 < 𝑑, the dominant resonant mode (lowest resonant frequency) will be the 

TE101 mode, corresponding to the TE10 dominant waveguide mode in a shorted guide 

of length λ𝑔/2. 

 

 

 
𝜆g =

𝜆0

√1 − (𝜆0/𝜆c)2
 (3.14) 

 

where 𝜆0 = 𝑐/𝑓 is the free-space wavelength, f is frequency in (Hz) and 𝜆c is the cut-

off wavelength 

 

 

 
𝜆c =

2

√(𝑚/𝑎)2 + (𝑛/𝑏)2
 (3.15) 

 

 

3.4. Antenna Theory 

3.4.1. Overview of Antennas 

An antenna is a key passive device used for transmitting and/or receiving radio 

frequency signals used in wireless communication links. In a transmitter, the antenna 

radiates the electromagnetic wave into the free-space. Whereas in a receiver, it receives 

the electromagnetic wave from the space and sends it into the receiver system. The 

performance of antennas can be described in terms of reflection coefficient, 

bandwidth, gain, radiation patterns, directivity and efficiency. A typical radiation 

pattern of an antenna is illustrated in Fig. 3.11. The lobes of the radiation pattern are 

classified into: main, side, minor and back lobes [10]. 
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Fig. 3.11.  Three-dimensional radiation pattern of an antenna [10]. 

 

3.4.2. Filtering Antenna 

The antenna and the bandpass filter are key components in any RF front end. They are 

conventionally designed separately and connected using a matching network. The 

filter is usually positioned after the antenna to reject spurious signals received by the 

antenna. To minimise size and expense of circuits, it is highly recommended to 

combine the bandpass filter and the antenna into a single device that simultaneously 

performs both filtering and radiating functions. Such a device eliminates the need for 

pre-filtering stage in the receiver and improves noise performance. Comparing to a 

conventional antenna, the frequency response of the filtering antenna is anticipated to 

be highly selective (steep roll-off) at the edges of the passband due to the filter 

functionality. 
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Recently, the concept of filtering antenna has been proposed by integrating a bandpass 

filter and an antenna into a single component with filtering and radiating functions 

simultaneously to reduce the size and loss [11] - [21]. Different techniques have been 

used to design such a component, for example, planar technology [11], [12], SIW [13] 

- [16], conventional waveguide [17], [18] and gap waveguide [19]- [21]. 

 

Fig. 3.10. Fig. 3.12. shows a typical Nth-order filtering antenna (BPF + antenna) 

equivalent circuit. This model consists of a set of resonators representing a BPF 

operating at a specific frequency followed by a final resonator that acts as an antenna 

that resonates at the same resonant frequency as the BPF resonators. Filtering antenna 

design is based on the filter synthesis approach, which uses an antenna radiator as the 

last resonator of the filter. With the help of filter specifications, all the parameters of 

the filtering antenna equivalent lumped circuit model, shown in Fig. 3.12. , can be 

calculated [2] 

 

 

 

Fig. 3.12.  Equivalent circuit of a typical Nth-order filtering antenna (bandpass filter + 

antenna) [22]. 

 

 

𝑅𝑁 =
𝑍𝑜

𝑔2
 (3.16a) 

 

𝐶1 = 𝐶2 = 𝐶𝑁 =
𝑔3

2𝜋 𝑓𝑜𝑍𝑜∆
 (3.16b) 
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𝐿1 = 𝐿2 = 𝐿𝑁 =
1

4𝜋2 𝑓𝑜
2 𝐶3

 (3.16c) 

 

𝐽0,1 = √
∆

𝑔0𝑔1
 
2𝜋𝑓𝑜𝐶1

𝑍𝑜
 (3.16d) 

  

𝐽𝑖,𝑖+1 = 2𝜋 𝑓𝑜∆√
𝐶𝑖𝐶𝑖+1

𝑔𝑖𝑔𝑖+1
 , i=1, 2, …,N-1 (3.16e) 

 

𝑄𝑒1 =
1

𝑍𝑜 𝐽0,1
2 √

𝐶1

𝐿1
=

𝑔0𝑔1

∆
 i=1, 2, …,N-1 (3.16f) 

 

𝐾𝑖,𝑖+1 =
𝐽𝑖,𝑖+1

2𝜋 𝑓𝑜√𝐶𝑖𝐶𝑖+1

=
∆

√𝑔𝑖𝑔𝑖+1

 , i=1, 2, …,N-1 (3.16g) 

 

where ∆ is the fractional bandwidth of the designed BPF, RN, Cs, Ls and Js are the 

lumped elements of the filtering antenna circuit model and Zo is the characteristic 

impedance of the circuit. 

 

3.5. Summary 

In this chapter, an overview of RF filter design by the insertion loss method has been 

described. A 5th-order Chebyshev BPF has been designed and its parameters have been 

computed based on the procedure of the insertion loss technique. With the aid of ADS 

software, the schematic lumped-element circuit of the designed filter has been 

simulated. The S-parameters of the simulated filter have been plotted. Because ideal 

lumped-element circuits are often unattainable at high frequency, distributed elements 

have been used to represent the circuit components of the same filter. The filter has 

been designed based on series coupled line resonators structure. Also, coupling matrix 

synthesis, cross-coupling and transmission zeros have been presented. Finally, the 

design formulae of a rectangular cavity resonator and a filtering antenna have been 
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stated. All components in the next chapters will be designed based on the procedure 

and formulas mentioned in this chapter. 
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Chapter 4. Millimetre-Wave Bandpass Filter 

Design Based on Gap Waveguide 

This chapter presents a new design of a groove gap waveguide (also known as a waffle-

iron) bandpass filter at the Ka-band (26.5 - 40 GHz). In this work, a high-selectivity 

response is achieved with a low number of resonators by introducing cross-coupling 

between one pair of non-adjacent resonators, to produce two transmission zeros around 

the passband. The filter is fabricated using two technologies: computer numerical 

control (CNC) machining technology and high-resolution metalised polymer jetting 

(PolyJet) 3D printing technology.  

 

4.1. Introduction 

Low loss, low mass and easiness of manufacture for bandpass filters operating at 

millimetre-wave (mmWave) frequencies are of high importance for aerospace 

(unmanned drone, manned aircraft, satellite and interplanetary mission) applications. 

A large number of mmWave bandpass filters (BPFs) using various design and 

fabrication technologies have been reported over the past few decades. For high-

frequency microwave/mmWave applications, designers prefer metal-pipe rectangular 

waveguide solutions, due to their low loss and high power-handling capabilities. 

Typical examples of waveguide BPF implementations have been demonstrated at the 

X-band (8.2-12.4 GHz) [1] and Ku-band (12.4-18 GHz) [2].  

 

One of the drawbacks of conventional waveguide components is the poor electrical 

contact between joined waveguide parts, especially at mmWave frequencies. To 

mitigate this, a very accurate machining process is required. In contrast, planar 

solutions are compatible with the monolithic microwave integrated circuit (MMIC) 

applications, although the associated ohmic losses are relatively high, especially at 

mmWave frequencies [3], [4]. Substrate integrated waveguide (SIW) technology has 

also been used to implement BPFs at mmWave frequencies [5]. Although SIWs 
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present good integration capabilities, when compared to conventional waveguides, 

they can still suffer from high dielectric losses. 

  

 Air-filled SIW [6] and empty SIW (ESIW) [7], [8] have been proposed for 

manufacturing “empty” waveguides without having a dielectric substrate, but at the 

same time, they are completely integrated into planar circuits. This method is 

compromised between the merits of conventional waveguide technologies, such as low 

losses, and the features of planar circuits, such as low cost and easy compact 

integration. However, the Q-factor is still much lower than the conventional 

rectangular waveguides. The reason behind that is, in conventional waveguides, the 

volume is much larger, which results in more energy being stored than that in ESIWs. 

To overcome this constraint, a novel integrated structure was proposed in [9] to embed 

very high Q-factor filters based on the ESIW with a higher profile. Nevertheless, due 

to the use of microstrip feed lines and transitions (from microstrip to ESIW), losses 

will increase. 

 

Gap waveguide was proposed as an alternative to conventional metal-pipe rectangular 

waveguides, at extremely high frequencies (EHF) and beyond [10], as it avoids the use 

of  sidewalls. Because of the small dimensions of the structures at mmWave 

frequencies, fabrication of conventional waveguide components using longitude-cut 

fabrication techniques is challenging, due to radiation leakage from the physical 

connection mismatches of the waveguide pieces. Moreover, poor metal contact also 

leads to other undesirable effects, such as passive intermodulation (PIM) [11]. Gap 

waveguides consist of two parallel plates, being open from the sides. One of the plates 

is flat, which ideally acts as a perfect electrical conducting plane, while the other has 

a periodic structure of metal pins that are created to act as an artificial magnetic 

conductor [10], [12].  

 

By choosing specific pin dimensions, a cut-off frequency for parallel-plate modes can 

be established; prohibiting wave propagation. To provide a path for electromagnetic 

propagation, a groove gap waveguide (GGW) or ridge gap waveguide is formed 

among the pins, where the waves transfer through the groove or ridge, respectively 

[10]-[13]. Similar to conventional rectangular waveguides, gap waveguides are usually 
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manufactured using machining technology (e.g., by milling or drilling metal 

structures).  

 

Low-cost gap waveguides have been proposed in [14]-[17]. In the former two, half-

height pins are employed in gap waveguide technology, making the fabrication process 

of the pin surface easier. However, an accurate manufacturing process is still needed. 

In the latter two, a novel cost-effective method to manufacture integrated waveguide 

structures at high frequencies has been presented. In this method, instead of pins, a 

truncated glide-symmetric holey EBG structure is adopted.  

 

Gap waveguides are regarded as a compromise solution for mmWave BPFs. Unlike 

planar and SIW technologies, gap waveguide filters are characterised by their high Q-

factor and, thus, low loss at mmWave frequencies. Also, the perfect contact between 

the top and bottom plates (required with conventional waveguides) are no longer 

needed, where a lattice of periodic pins can be created on the borders of one of the 

parallel plates in order to function as a high impedance surface.  

 

4.2. Gap Waveguide-Based Bandpass Filter Design 

4.2.1. Filter Specifications and Synthesis 

A mmWave BPF is designed and simulated based on GGW technology, having the 

high selectivity design specifications given in Table 4.1. In this work, a high-selectivity 

response is achieved with a low number of resonators by introducing a positive cross-

coupling between one pair of non-adjacent resonators, to produce two transmission 

zeros around the passband. The filter centre frequency is chosen to be at the mmWave 

band. The topology of this compact quadruplet BPF is shown in Fig. 4.1. The coupling 

coefficient (M) between resonators and the external quality factor (Qex) can be 

determined from the circuit elements of the low-pass prototype filter [25]-[27]. With 

reference to Fig. 4.1, Mij is the coupling coefficient between two resonators, where i 

and j identify different resonator numbers, while Qexi and Qexo represent the input and 

output external quality factors or the coupling between the first/last resonators and the 

source/load, respectively. 
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Table 4.1. Target bandpass filter design specifications. 

Parameter Value 

Filter Type Quasi-elliptic 

Centre Frequency (GHz) 35.65 

Fractional Bandwidth (FBW) (%) 1.4 

Insertion Loss (dB) < 0.5 

Return Loss (dB) > 15 

 

 

 

Fig. 4.1. The topology of the designed quadruplet bandpass filter. 

  

4.2.2. Coupling Matrix and Design Procedure  

On the (bottom) plate containing the periodic array of pins, the tips of these pins are 

separated from the (top) flat plate with a gap (g). Based on the dispersion diagram in 

[28], the dimensions of the periodic pins shown in Fig. 4.2 are chosen to cover Ka-

band frequencies. In a gap waveguide, the height of the pins ℎ is approximately 𝜆/4 

and the air gap separation distance g<𝜆/4, where 𝜆 is the wavelength at the centre 

frequency. To create a groove gap waveguide, some of the pins are removed to form 

four air-filled cavity resonators, as illustrated in Fig. 4.2. To obtain resonance at 35.65 

GHz, initially, the geometric shape of the cavities was chosen to be square. The length 

of each cavity can be obtained from eq. (3.11). The associated cavity mode is confined 

between the flat areas of both parallel plates and rows of side pins. Increasing the 
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number of side pins rows will decrease the undesired leakage. However, it increases 

the structural complexity and size. To reduce the size and complexity of the structure 

with a reasonable leakage, two rows of side pins are sufficient in this work. Fig. 4.3 

exhibits the electric field for a single gap-waveguide resonator with two and three rows 

of side pins. It can be observed that the leakage at the third row of sided pins in Fig. 

4.3b is lower than -40 dB which can be neglected for most applications. The resonant 

frequency of each resonator can be determined from its dimensions. In this design, the 

35.65 GHz cavity resonator was achieved with dimensions of 5.9 × 5.9 mm2. To 

achieve direct-resonator coupling, coupling pillars are longitudinally centred in 

parallel with two periodic pins between the adjacent resonators, as will be illustrated 

later. 

 

Generally, to design any BPF, three fundamental variables should be known: resonant 

frequency (fo) of each resonator, coupling coefficients (M) between coupled resonators 

and external quality factor (Qe) which is the coupling between first/last resonators and 

source/load, respectively. It is assumed that all resonators are tuned at the same centre 

frequency, which is 35.65 GHz. The other two parameters, M and Qe can be determined 

in terms of circuit elements of a low-pass prototype filter as explained in Chapter 3. 

Based on the filter design specifications in Table 4.1 and the filter topology in Fig. 4.1, 

by applying the equations (3.8a-d), the following coupling matrix can be created: 

 

m = [

0 −1.2 0 0.24
−1.2 0 −1.1 0

0 −1.1 0 −1.2
0.24 0 −1.2 0

] 

 

𝑚𝑖𝑗 =
𝑀𝑖𝑗 

𝐹𝐵𝑊
 

 

where 𝑚 is the normalised coupling coefficient with i and j as matrix indices, and 

𝐹𝐵𝑊 is the fractional bandwidth of the filter. The external quality factor has been 

calculated to be 48.878. 



Chapter 4. Millimetre-Wave Bandpass Filter Design Based on Gap Waveguide Page | 82 

 

 

(a) (b) 

Fig. 4.2. Gap waveguide periodic structure: (a) Cross-section; (b) 3D perspective view. 

(Dimensions listed in Table 4.2). 

 

 

(a)                                                         (b) 

 

Fig. 4.3. Electric field distribution of one resonator in a groove gap waveguide with a 

weak internal coupling with side pins of (a) two rows and (b) three rows. 

 

To study the effect of each dimension, the following are the design curves that show 

the relationship between these dimensions and the filter parameters. Couplings 

between the input source and resonator #1 and also between resonator #4 and the 

output load are realised by placing two pairs of pillars (H), with the first and fourth 

resonators connected to WR-28 (26.5-40 GHz) rectangular waveguide ports, 

respectively. The length of H (H_l) controls the resonant frequency, while the height 

(H_h) controls the external quality factor, as shown in Fig. 4.4(a) and Fig. 4.4(b), 

respectively. Although the resonant frequency is slightly affected by the change of the 

input/output pillars height, this can be compensated by optimising the input/output 

pillars length. The normalised coupling coefficient between resonator #1 and resonator 
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#2, 𝑚12 (𝑚12 = 𝑀12 / FBW), is plotted as a function of the pillar length (P12_l) and 

pillar height (P12_h) in Fig. 4.5(a) and Fig. 4.5(b), respectively. Due to the symmetry 

of the filter structure, P12 and P34 are identical. The dimensions of P23 were evaluated 

in the same way (results are not shown).  

 

Table 4.2. Initial and optimised BPF spatial dimensions (Unit: mm). 

Parameter Description Initial Value Optimised Value 

g Gap separation 1.00 1.00 

t Pin thickness 0.50 0.70 

h Pin height 2.00 2.10 

p pin period 2.00 2.20 

P12_h 
Pillar height between 

res. #1 and res. #2 
1.77 1.70 

P12_l 
Pillar length between 

res. #1 and res. #2 
1.27 1.25 

P23_h 
Pillar height between 

res. #2 and res. #3 
2.20 2.33 

P23_l 
Pillar length between 

res. #2 and res. #3 
1.23 1.22 

iris_w Iris width 1.86 1.90 

H_h 
Input/output 

pillar height 
1.64 1.67 

H_l 
Input/output 

pillar length 
0.91 0.92 
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Fig. 4.4. (a) Centre frequency of a doubly-loaded resonator as a function of H_l mm 

(H_h = 1.5 mm). (b) External quality factor as a function of H_h mm (H_l = 1.2 

mm). 
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(a) 

 

 

(b) 

Fig. 4.5. Coupling coefficient 𝒎𝟏𝟐 as a function of (a) P12_l and (b) P12_h. 
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The coupling coefficients m12, m23 and m34 are electrical due to the use of capacitive 

pillars between the adjacent resonators. To have a symmetric response with one TZ on 

each side of the passband, the coupling coefficient between the non-adjacent 

resonators, m14 in our design, should be positive [29]. To realise a positive cross-

coupling, a pair of inductive irises are placed between resonator #1 and resonator #4. 

The thickness of each iris is the same as the thickness of the pin. The normalised 

coupling coefficient m14 is plotted as a function of the iris width (iris_w), as shown in 

Fig. 4.6. The effect of iris_w against the transmission coefficient is plotted in Fig. 4.7. 

One can notice that when the iris_w increases, the positions of the transmission zeros 

move away from the passband, leading to reducing the filter selectivity. However, the 

stopband rejection below and above the passband improves when iris_w increases, as 

can be seen in Fig. 4.7. A final optimisation process is then applied to finely tune the 

dimensions of the filter structure, to fully meet the target frequency response 

specifications. The initial and optimised structural dimensions are given in Table 4.2. 

 

 

 

Fig. 4.6. Coupling coefficient m14 as a function of iris_w (with iris_h = h + g). 
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Fig. 4.7. The effect of iris_w against the transmission zeros locations, i.e. the filter 

selectivity, and the stopband rejection (Unit: mm). 

 

 

 

 

Fig. 4.8. The proposed filter structure (dimensional values are listed in Table 4.2).  
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4.3. Simulations and Measurements 

4.3.1. Filter Specifications and Synthesis 

Full-wave electromagnetic simulations were undertaken using CST MICROWAVE 

STUDIO®. The whole structure of the optimised BPF is shown in Fig. 4.8. The 

simulated S-parameters of the final optimised filter are shown in Fig. 4.9. It can be 

seen that the simulated performance satisfies the design specifications. The minimum 

insertion loss IL within the passband is 0.4 dB (with a passband average of 0.45 dB) 

and the passband return loss RL is better than 22 dB. Two transmission zeros are 

introduced at 34.89 GHz and 36.52 GHz, as a result of the cross-coupling between 

Resonators #1 and #4. Near-symmetrical stopband attenuation is predicted to be ~50 

dB. 

 

4.3.2. Fabrication Process and Measurements 

The designed 4th-order BPF is fabricated using two different manufacturing 

technologies, CNC machining technology and high-resolution metalised PolyJet 3D 

printing technology. First, a prototype of the optimised filter is fabricated from brass 

using a CNC milling machine. The fabricated groove gap waveguide filter is illustrated 

in Fig. 4.10. The overall size of the fabricated filter is 31.5 × 21.5 × 23.1 mm3, 

including the fixing stands. The prototype consists of two parallel plates, the bottom 

plate is etched to create the periodic texture and to form four cavity resonators, while 

the top plate is left flat.  

 

In contrast to conventional waveguide structures, no sidewalls are needed with gap 

waveguides. That means an electric contact between the two parallel plates is not 

required. For hollow waveguides, an electric contact is needed. The joints between the 

top and bottom parts of the waveguide usually suffer from a physical mismatch due to 

surface roughness problem which leads to the increase of loss, especially at high 

frequencies.  
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(b) 

Fig. 4.9. The simulated and measured results of the metal machined BPF prototype. 

(a) Transmission coefficient S21. (b) Reflection coefficient S11. 
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The prototype BPF was measured using an Anritsu 37369A vector network analyzer 

(VNA) with standard WR-28 (26-40 GHz) waveguide flange interfaces. A Thru-Reflect-

Line (TRL) calibration technique was first performed to calibrate the VNA, the cables 

and the waveguide. The measured results of the metal machined BPF prototype are 

shown in Fig. 4.9, where reasonable agreement with the simulated ones is achieved. It 

can be seen that there is a slight frequency shift (170 MHz) in the measured results 

towards the high frequencies. Such a small frequency shift is mainly due to some corners 

or edges which are not accurately fabricated. The measured insertion loss is 1.2 dB. The 

measured return loss is 11 dB. This difference between the simulated and measured 

results is expected due to the fabrication tolerance. Better performance can be obtained 

if another CNC machine with higher accuracy is used.. 

 

 

 

Fig. 4.10. Photo of the fabricated top (left) and bottom (right) plates of the brass metal 

machined BPF prototype. 

 

Second, the optimised BPF is fabricated using a 3D Systems’ ProJet 2500 printer, which 

provides near state-of-the-art resolution (800 × 900 × 790 DPI, 32 µm layers). As 

illustrated in Fig. 4.8, the filter structure is split into two parts; this simplifies the 

fabrication process of the pins, as well as avoid problems with metal plating. The parts 

were formed by jetting of photopolymers from multiple nozzles, to form each layer that 

is immediately selectively UV cured, to form structure and support areas as defined by 
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the CAD file. This technology represents the highest resolution in the commercial 3D 

printing of plastics that can be achieved for large structures.  Once printed, the parts were 

baked at 60˚C, to allow the supporting wax to melt away. To further remove any wax 

residue, the parts were cleaned further in a 70˚C ultrasonic bath of EZ-Rinse for 15 

minutes and a room temperature ultrasonic bath of IPA for 15 minutes. These cleaned 

parts were then commercially electroless-plated with 20 µm thick copper, exceeding five 

skin depths of thickness at the lowest frequency of operation. The final PolyJet 3D 

printed and copper-plated BPF prototype is shown in Fig. 4.11. 

 

The measured results of the metalised PolyJet 3D printed BPF are shown in Fig. 4.12. 

In the passband, the measured insertion and return losses are 0.5 dB and 21 dB; only 0.1 

dB and 1 dB different from predictions, respectively. The measured transmission zeros 

are slightly further out than predicted. This slight difference between the simulations and 

measurements is mainly due to manufacturing tolerance. The width of irises between 

resonator #1 and resonator #4 is a few microns wider than that in the design. 

Nevertheless, it should be noted that there were no iterations to the fabrication and no 

tuning was needed to achieve these measured results. 

 

 

   

(a)     (b) 

Fig. 4.11. Prototypes of the Ka-band BPF: (a) Metalised PolyJet 3D printed BPF 

(weighing just 17 g). (b) CNC metal machined BPF (weighing 112 g). 

 



Chapter 4. Millimetre-Wave Bandpass Filter Design Based on Gap Waveguide Page | 92 

 

33 34 35 36 37 38
-80

-60

-40

-20

0

S
-p

a
ra

m
et

er
s 

(d
B

)

Frequency (GHz)

 S11 simulated

 S11 measured

 S21 simulated

 S21 measured

 

Fig. 4.12. Simulated and measured results of the metalised PolyJet 3D printed BPF. 

The 3D printed and CNC machined counterparts are compared in terms of performance. 

The measured transmission and reflection coefficients, S21 and S11, of both prototypes 

are shown in Fig. 4.13, along with the simulated results. It can be seen that there are 

obvious differences between the measured results of the 3D printed and machined filters. 

The measured insertion and return losses for the machined filter were 1.2 dB and 11 dB, 

respectively; significantly worse than the PolyJet 3D printed counterpart. The insertion 

loss is more with the CNC BPF, because of the lower bulk conductivity of brass when 

compared to copper. 

 

Moreover, when compared to the machined filter, a negligible frequency shift is 

observed with the PolyJet 3D printed counterpart. These improvements are mainly due 

to the high fabrication accuracy offered by PolyJet 3D printing. Though the precision of 

CNC machines is usually higher than that of PolyJet 3D printers, it is difficult to keep 

the accuracy equal over a whole structure (changes over the manufacturing time period) 

especially with such a complex bed of nails. In addition to the excellent measured 

performance, another important advantage of the 17 g PolyJet 3D printed component is 

the dramatic reduction in mass, when compared to the 112 g brass CNC machined 

counterpart; an 85% weight reduction, while having the same geometric dimensions.  
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(a) 

 

 

(b) 

Fig. 4.13. Comparison among simulated results, measured performances of the PolyJet 

3D printed filter and measured performances of the CNC machined filter: (a) 

S21 (b) S11. 
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Table 4. 3. A comparison with other mmWave CNC machining-based GGW BPFs 

Meas. 

Freq.  

(GHz) 

Manufac.  

Tech. 

Filter 

Order 

FBW 

(%) 

IL 

(dB) 

RL 

(dB) 

Band  

Reject 

(dB) 

Dimensions 

(mm) 
Ref. 

37.37 
CNC  

Machining 
7 1.5 1 17 60 61.6×12.0×2.8 [20] 

35 
CNC  

Machining 
3 1 1 9 35 

17.8×16.0×12.

7 
[21] 

61 
CNC  

Machining 
5 2.5 1.5 13 60 NA 0 

35.65 
CNC  

Machining 
4 1.4 1.2 11.7 50 21.0×21.0×3.1 

This  

work 

35.65 
PolyJet  

3D Printing 
4 1.4 0.5 21 50 21.0×21.0×3.1 

This  

work 

 

 

Finally,  
Table 4. 3 compares the designed and fabricated filters with recently reported mmWave 

GGW-based BPFs, fabricated using machining technology (mass was not included, due 

to a lack of available data). It can be seen that our PolyJet 3D printed BPF has the lowest 

insertion loss and the second narrowest bandwidth. Furthermore, good selectivity was 

achieved with high stopband attenuation. Clearly, the low mass and excellent measured 

performance of our prototype filter make it a potential solution for aerospace 

applications. 

 

4.4. Summary 

A narrow and high selective BPF operates at a centre frequency of 35.65 GHz and a 

fractional bandwidth of 1.4% has been designed. A high selectivity has been realised 

by introducing a cross-coupling between two non-adjacent resonators. The filter is 

fabricated using two technologies: CNC machining technology and high-resolution 

metalised PolyJet 3D printing technology. The measured results are in excellent 

agreement with predictions, without having any design iterations or post-fabrication 

tuning. The metalised 3D printed filter presents many advantages, when compared to 
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other manufacturing technologies, in terms of mass (lighter weight), performance (lower 

loss), development time and cost. The designed and fabricated filter is expected to be 

as a potential device for aerospace applications.  
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Chapter 5.  A Novel Gap Waveguide Structure: 

Analysis and Investigation  

5.1. Introduction 

In gap waveguides, different pin geometries have been proposed. The existing pin 

forms as a full-length pin are square pins [1], as shown in Fig. 5.1(a), circular pins 

[11], inverted pyramid-shaped pins [12] and double cone pins [13]. The former two 

are the basic forms while the latter two were proposed for wideband performance 

enhancement. However, all the above forms are based on a full-length pin form, i.e. 

the pins will be long and thin, which poses a difficulty for low-cost manufacturing. 

 

Recently, different pins forms have been introduced. The half-height-pin form, shown 

in Fig. 5.1(b), is proposed for reducing the fabrication cost [14]. In this form, the full-

height conventional pins on one of the two parallel plates are divided into two half-

height pins placed on either plate. However, that increases the number of pins to double 

which may lead to increased manufacturing time. An interdigital-pins bed of nails has 

been proposed in [15], as shown in Fig. 2.5(c) in Chapter 2. The metal pins are 

allocated to the two plates alternatively, where each pin is surrounded by four pins of 

the other plate. The advantage of the interdigital-pin lattice is that a minimum pin gap 

could be achieved, reducing the diameter of the milling cutter to its radius. This makes 

it possible to manufacture EBG structures operating at higher frequencies using the 

same machining centre. However, in such a configuration, the alignment between the 

two textures will be the main challenge. 

 

For a conventional gap waveguide with dimensions of a standard rectangular 

waveguide port (a=2b), since the pins height is a quarter-wavelength of the centre 

frequency of the passband, its corresponding frequency is very close to the lower cut-

off frequency of the fundamental TE10 mode in a rectangular waveguide. Although, as 

a gap waveguide structure, the effect of wave shielding is the best at this frequency, 
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rectangular waveguides usually are not used at the cut-off frequencies. So, by using 

conventional full-height pins, the wave shielding effect will not be fully utilised. 

However, by adding a wall, the frequency where the wave shielding is most effective 

will be shifted higher. Hence, the wave shielding will be much more effective at the 

new operating frequency.  

 

A new pin form is proposed that can overcome the bandwidth limitation. Unlike a unit 

cell in the conventional gap waveguide which consists of full-height pins as a unit-

cell, the unit-cell of the proposed pin-form consists of a pin mounted on a wall. This 

form of pins has the following advantages compared to the conventional forms:  

 

(i) The wave shielding will be much more effective at the operating band using the 

proposed pins/wall combination compared to the traditional full-height pins. 

 

(ii) The bandwidth of the passband can be enhanced by moving the upper edge of the 

passband towards higher frequencies due to the use of shorter pins instead of full-

height pins, with the same cross-section dimensions (width and height). 

 

(iii) A good matching between a groove gap waveguide structure and a standard 

waveguide port can be achieved without the need for a transition. 

 

(iv) The solid wall in the proposed pin-form can be exploited to make a horizontal slot 

to be used for wave radiation (as will be shown in Chapter 6) which is not possible 

with the full-height pins. This is the first time that the sidewalls of gap waveguides 

can be used for slot radiation.  

 

5.2. The Proposed Unit-Cell Geometry 

Since the emergence of gap waveguide technology [1], different pin geometries/forms 

have been proposed. Fig. 5.1 shows the unit cell geometry of three forms of gap 

waveguide structures: the traditional (full-height) pin [1], the half-height pin [14] and 

the proposed pin/wall form. The traditional form of pins is a full-height pin mounted 
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on one of the parallel plates while the other plate is kept flat. Different shapes of pins 

are reported in the review, but the square geometry, shown in Fig. 5.1(a), is the most 

common one. The half-height-pin form, shown in Fig. 5.1(b), is proposed to reduce 

the fabrication cost of gap waveguide structures. In this form, the full-height 

conventional pins on one of the parallel plates are divided into two half-height pins 

located on either plate. 

The proposed pin-form consists of a pin mounted on a solid wall as shown in Fig. 

5.1(c). The height of the pins and the wall is the same in this case, but the ratio between 

them can be varied. Both the walls and the pins are created on one of the parallel plates 

to act as an AMC while the other plate is kept flat (no walls and no pins) to act as a 

PEC. In all these three pin forms, the height of the pins should be correspondent to the 

quarter wavelength of the operating frequency. 

 

5.3. S-parameters Investigation 

In this section, the scattering parameters (S-parameters) of two-port back-to-back 

groove gap waveguide structures based on both the traditional and proposed pin-form 

are investigated. Fig. 5.2 shows the schematic of the bottom plate of three two-port 

back-to-back groove gap waveguide channels with different types of periodic textures 

with two rows of pins on each side of the groove: the traditional pins (full-height pin), 

the proposed pin-form (wall and pin combination) and full-wall (similar to 

conventional rectangular waveguide but there is a small gap between the top of 

sidewalls and the upper plate). Each guiding channel consists of two metal plates, 

where the bottom plate contains the textured surface on the sides with a groove in 

between while the top plate is kept flat (the top plates of all the structures in Fig. 5.2 

are removed to show the grove or cavity and the texture). Two rows of the periodic 

texture are considered in these three structures. Both the conventional and the proposed 

structures have exactly the same dimensions of the unit cell of the periodic texture, 

except the dimension related to the height of pin and wall. In the conventional 

structure, the pin height hp of the unit-cell is 2.4 mm (0.24λ30 GHz) and no wall is 

included. While in the proposed structure, pin height hp = wall height hw = 1.2 mm 



Chapter 5. A Novel Gap Waveguide Structure: Analysis and Investigation Page | 102 

 

(0.12λ30 GHz), where λ30 GHz is the wavelength at 30 GHz. Other dimensions of both 

structures are as follows: air gap height ha = 0.1 mm (0.01λ30 GHz), pin width or 

thickness w = 1 mm (0.1λ30 GHz), the periodicity of the pins p = 3 mm (0.3λ30 GHz). The 

boundary conditions on the sides of the structures are open. 

 

 

 

(a) 

 

(b) 

 

(c) 

 

Fig. 5.1. The unit cell geometry of three pin forms for gap waveguide technology. (a) 

Traditional full-height pin. (b) Half-height pin. (c) Proposed wall and pin form. 
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As is well known, the electrical contact between the two plates in gap waveguides is 

not needed for the operation in the stopband of the structure [1]. These structures have 

the same dimensions, the only difference is the geometry of the pin-form. The total 

channel length in the direction of wave propagation of the structures is 71 mm. It is 

worth mentioning that different lengths of guiding channels (48 mm and 101 mm) are 

also investigated but it is noticed that there is no noticeable difference to be included 

in this study. High-frequency simulation software, CST, is used for simulation where 

brass is used as the metal material for all the structures. The width of the groove 

(similar to the broad dimension in a conventional rectangular waveguide) of all the 

structures are chosen the same as that of the WR-28 standard rectangular waveguide, 

which is suitable for Ka-band applications. The height of the groove (the distance 

between the two parallel plates) in the structures in Fig. 5.2 is chosen to be the quarter 

wavelength of the frequency 30 GHz which is 2.5 mm. The height of the waveguide 

port used in this study is the same height of the groove (2.5 mm) to avoid the mismatch 

problem. In a later study in this chapter, the groove height will be equalised to the 

height of a standard waveguide port (flange). 

 

The reflection coefficients of both the conventional and the proposed groove gap 

waveguide structures shown in Fig. 5.2 are investigated for different pins periods (p). 

Many values of p are tested in this study starting from 1.1 mm to 5 mm with a step of 

0.1 mm. Including the results of all the values of p leads to too many curves in one 

plot and it will not be easy to follow, so just a few values of p were needed to show the 

difference in performance between the conventional and the proposed groove gap 

waveguide structures as shown in Fig. 5.3. The reflection coefficients of the 

conventional and the proposed structures are shown in Fig. 5.3(a) and (b), respectively. 

In both results, it can be seen that the lower limit of the passband is about 21 GHz 

which is corresponding to the wavelength λ=14.224 mm where the width of the groove 

(a =  λ/2 = 7.112) determines the lower cut-off frequency just similar to the 

conventional rectangular waveguides. The width of the groove a is the same in both 

structures. The upper limit of the passband is determined by the height of pins on the 

sides of the groove as long as the period p is less than λ/4 of the operating frequency. 

Otherwise, pins period is the dominant factor in determining the upper limit frequency. 
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(a) 

 

(b) 

 

(c) 

Fig. 5.2. Three two-port back-to-back groove gap waveguide channels with different types 

of periodic texture with two rows of pins on each side of the groove: (a) the 

traditional pins (full-pin), (b) the proposed pin-form (wall and pin combination) 

and (c) full-wall texture. All structures have the same channel length l = 71 mm, 

the same groove width a = 7.112 mm and the same groove height b = 2.5 mm. The 

top plates of all the structures are removed to show the grove and the texture. 
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In Fig. 5.3(a), in the full-height pins case where the pin height hp = 2.4 mm (hp = b - 

ha), the frequency of the upper limit is about 62 GHz (the theoretical value is 62.5 

GHz) which corresponds to the second harmonic of the frequency of 31.25 GHz with 

a quarter wavelength of 2.4 mm. However, in Fig. 5.3(b), it can be noted that the upper 

limit is moved to the frequency 122 GHz (twice that in the case of the traditional form). 

This is because the pins height in the proposed form is shortened to the half of the 

traditional one. Theoretically, the periodic structure creates a high impedance surface 

on both sides of the groove starting from the cut-off frequency (determined by the 

broad dimension of the groove, as stated above) keeping the EM wave confined inside 

the groove and following the direction of propagation until a frequency at which the 

pins height equals the half-wavelength of that frequency. Then the surface impedance 

at the top of pins is reduced to its lowest value leading to a leakage of the EM waves 

through the gaps between and above the pins, according to the concept of gap 

waveguide technology [11]. 

 

Fig. 5.4 depicts the relative bandwidth (fend/fstart) as a function of the period p for the 

structures shown in Fig. 5.2(a) and (b) with the same cross-section of the two grooves, 

where fstart and fend are the start and the end frequencies of the passband, respectively. 

Starting from the largest value of the period p towards its lower values, the relative 

bandwidth increases for both structures at a similar level. At this stage, the effect of 

the period in determining the upper limit of the passband is the dominant compared to 

the effect of pins height. This increase in the bandwidth continues until the period 

approaches the quarter wavelength of the operating frequency. After this point, the 

bandwidth of the traditional structure stays in a constant level when the period p equals 

2.5 mm (λ30 GHz/4). However, the bandwidth of the proposed pin-form keeps increasing 

until the period approaches 1.2 mm (λ60 GHz/4). As a conclusion, with the same cross-

section of the groove gap waveguide structure, the passband bandwidth can be almost 

doubled by changing the geometry of the side pins.  
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(a) 

 

 
(b) 

Fig. 5.3. S11 of two-port back-to-back groove gap waveguide channels for different pins 

periods of (a) the traditional structure and (b) the proposed structure. 

 

 



Chapter 5. A Novel Gap Waveguide Structure: Analysis and Investigation Page | 107 

 

1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0
1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

5.5

6.0

f en
d
 /

 f
st

a
rt

Period p (mm)

 Traditional pin-form

 Proposed pin-form

 

Fig. 5.4. Relative bandwidth (fend/fstart) as a function of the period p for two-port back-to-

back groove gap waveguide channels based on both the traditional pin-form and 

the proposed pin-form. 

 

The Full-wall texture shown in Fig. 5.2(c) is indeed a conventional rectangular 

waveguide with sidewalls but with an intentionally made gap between the top of 

sidewalls and the upper plate. It can be seen in Fig. 5.5 that the case of full-wall has 

more leakage due to the absence of the periodic structure with a quarter wavelength 

height and hence no high impedance surface can be realised unless many walls with 

very narrow gaps (<< λ30 GHz) between them are created [16]. 
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Fig. 5.5. The S-parameters of a back-to-back groove gap waveguide channel with a full-wall 

texture on each side of the groove as shown in Fig. 5.2(c). 

 

Fig. 5.6 shows a comparison of the S-parameters of two 2-port back-to-back groove 

gap waveguide channels based on the proposed pin-form with 1-row and 2-row pins 

on each side of the groove. The unit-cell dimensions are as follows: hp = hw = 1.2 mm 

(0.12λ30 GHz), ha = 0.1 mm (0.01λ30 GHz), w = 1 mm (0.1λ30 GHz) and p = 1.2 mm (0.12λ30 

GHz), where λ30 GHz is the wavelength at 30 GHz. The boundary conditions on the sides 

of the structures are open. From the simulations, there is no appreciable difference 

between the 1-row and 2-row pin forms that can be noticed. Therefore, for the rest of 

this chapter and the next chapter, all structures will be considered based on one row of 

the pin-form. With this advantage, we can exploit the solid wall of the proposed 

structure to make a horizontal slot for wave radiation which is not possible with the 

conventional gap waveguide structures. This feature will be exploited to design cavity-

backed slot antennas in Chapter 6. 
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Fig. 5.6. Comparison of the S-parameters of two 2-port back-to-back groove gap waveguide 

channels based on the proposed pin-form with one row and two rows of pins on 

each side of the groove. 

 

Fig. 5.7 shows the schematic of the bottom plate (the top plate is removed for clarity) 

of a two-port back-to-back groove gap waveguide channel with one row of a half-

height periodic pins on each side of the groove, which is proposed in [14]. Each half-

height pin is located on one of the two parallel plates. The dimensions of the unit cell 

of the periodic texture used in Fig. 5.7 are the same as those of the traditional pins in 

Fig. 5.2(a) but the full-height pin is divided into two half-height pins with a height of 

hp = 1.2 mm (0.12𝜆30 𝐺𝐻𝑧). The S-parameters of two-port back-to-back groove gap 

waveguide channels with sidewalls consist of traditional, half-height and proposed pin 

forms with one row of pins on each side of the groove are depicted in Fig. 5.8. The 

periodicity of pins in all the three structures equals the quarter wavelength of the 

operating frequency. It can be noticed from Fig. 5.8 that, for the same cross-section of 

the groove gap waveguide structure, the reflection coefficient of the half-height pins 

structure is quite similar to that in the traditional full-height. While wide bandwidth 

can be achieved with the proposed pin form. 
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Fig. 5.7. Two-port back-to-back groove gap waveguide channel with half-height pin 

periodic texture with one row of pins on each side of the groove with a channel 

length l = 71 mm, a groove width a = 7.112 mm and a groove height b = 2.556 

mm. The top plate is removed to show the grove and the texture. 

 

 

 

Fig. 5.8. S11 of two-port back-to-back groove gap waveguide channels of the traditional, 

half-height and proposed pin forms with one row of pins on each side of the 

groove. The periodicity of pins in all the three structures equals the quarter 

wavelength of the operating frequency.  
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In conventional rectangular waveguides, the lowest cut-off frequency can be 

determined by the broad dimension of the waveguide channel. Similarly, in groove gap 

waveguide structures, the lowest cut-off frequency can be determined by the broad 

dimension of the groove cross-section. Usually, the unit-cell dimensions are chosen to 

cover a stopband with an operating frequency away from the cut-off frequency. Using 

these unit-cells in a periodic structure as two sidewall confines the EM waves inside 

the groove. They prevent the waves from leaking out through the gap as long as the 

pins height approaches the quarter wavelength of the operating frequency.  

 

The distance between the two parallel plates in gap waveguides represents the 

summation of the pin height plus the air gap height between the top of the pins and the 

top plate. Since the pins height determines the centre frequency of the passband in gap 

waveguides at which the highest impedance surface can be achieved, it needs to be 

short enough to be away from the cut-off frequency. Let us now consider the use of 

the standard waveguide flanges (waveguide-to-coaxial adapters) in the measurement 

of a conventional groove gap waveguide structure. The width and height of the window 

of such standard waveguide adapters are fixed. To match the waveguide flange window 

with the groove window, the cross-sections of both of them need to be identical. In 

terms of width, it is easy to realise a gap waveguide with a groove that has the same 

width as the standard waveguide adapter. In this case, both of them will have the same 

cut-off frequency. However, in terms of height, by using the traditional pin-form (full-

height pins), the two heights cannot be the same. Where, for a conventional gap 

waveguide with dimensions of a standard rectangular waveguide port (a=2b), when 

the pins height is quarter-wavelength, its corresponding frequency is the lower cut-off 

frequency (fc, the lower cut-off frequency of the fundamental TE10 mode) of the 

waveguide. The wave shielding effect is the best at this frequency. However, 

waveguides usually will not be operated at the cut-off frequencies. This difference in 

the height between the two parts causes a mismatch problem unless an additional 

matching circuit is used. To avoid this problem, we need to either increase the pins 

height or enlarge the air gap. In either case, the operation of the gap waveguide will be 

affected.  
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Increasing the pins height while maintaining a small air gap as depicted in Fig. 5.9(a) 

can be one of the solutions for such an issue, but this leads to a potential problem. 

Because the pins height is almost the same as the distance between the parallel plates, 

the centre frequency of the operating passband will approach the cut-off frequency of 

the gap waveguide channel as shown in Fig. 5.10, which is not preferable in most 

applications. Another solution to keep the height of the joint parts the same is 

maintaining short pins while increasing the air gap height (see Fig. 5.9(b)) but this 

reduces the operating bandwidth of the structure as shown in Fig. 5.10. The passband 

bandwidth is inversely proportional to the air gap height [1]. 

 

To mitigate the above challenges, the proposed gap waveguide pin-form using pins 

mounted on a wall (act as a ground) can shorten the pins as well as maintain a small 

air gap. To prove this, a back-to-back groove gap waveguide channel with a width and 

a height exactly the same as the standard WR-28 waveguide adapter is designed.  

 

Fig. 5.11 shows the reflection coefficients of both the conventional and the proposed 

groove gap waveguide structures shown in Fig. 5.2(a) and (b) for the ratio wall height 

(hw):pin height (hp) of 1/8:7/8. The groove in both structures has a cross-section with 

dimensions (a and b) exactly the same as the WR-28 standard rectangular waveguide. 

These dimensions provide a waveguide operating band of 26.5-40 GHz. It can be 

noticed that over the entire waveguide operating band, the reflection coefficient of the 

proposed gap waveguide structure (pins/wall combination) has better performance 

than that in the traditional structure (full-height pins). Also, the upper limit of the 

passband is shifted to a higher frequency leading to an increased bandwidth. The 

wall:pin ratio can be varied to obtain different performances based on the 

specifications of the potential design. 
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(a) 

 

 

(b) 

 

 

(c) 

Fig. 5.9. A side view of back-to-back groove gap waveguide channels with a width and a 

height exactly the same as the standard WR-28 waveguide adapter. The sidewalls 

consist of traditional full-height pins with different hps and has: (a) hp=3.456 mm 

and ha=0.1 mm, (b) hp=2.956 mm and ha=0.5 mm and (c) hp=2.456 mm and ha=1 

mm. 
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Fig. 5.10. The reflection coefficients of the three cases of back-to-back groove gap 

waveguide channels shown in Fig. 5.9. 

 

 

Fig. 5.11. A comparison between the reflection coefficients of back-to-back groove gap 

waveguide channel based on two types of sidewalls: the traditional full-height pins 

and the proposed pin/wall combination with a ratio hw:hp = 1/8:7/8. 
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Two back-to-back groove gap waveguide structures with a width and a height exactly 

the same as the standard WR-28 waveguide adapter are designed. The sidewalls 

consisting of traditional full-height pins and the proposed pin-form are considered as 

shown in Fig. 5.12(a) and (b), respectively. The reflection coefficients of these two 

structures are investigated for different pins periods (p) and shown in Fig. 5.13(a) and 

(b), respectively. When p is less than hp, the upper edge of the passband is mainly 

determined by the pins height. While once p becomes equal or larger than hp, the period 

between the pins will be the dominant parameter in determining the passband 

bandwidth as the upper edge of the passband will be dramatically affected.  

 

 

 

(a) 

 

 

(b) 

Fig. 5.12. Back-to-back groove gap waveguide channels with a width and a height exactly 

the same as the standard WR-28 waveguide adapter (a=2b). The one-row 

sidewalls are represented by (a) traditional full-height pins and (b) proposed pin-

form. 
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(a) 

 
(b) 

Fig. 5.13. The reflection coefficients of back-to-back groove gap waveguide channels shown 

in Fig. 5.12 for different pins periods with sidewalls consisting of (a) the traditional 

full-height pins and (b) the proposed pin/wall form. 
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Last, in the proposed pin-form, different ratios between the wall height (hw) and pin 

height (hp) are considered. The ratio hw:hp is changed through five ratios with a step of 

0.25 as follows: 0:1 (no wall and full-pin), 0.25:0.75, 0.5:0.5, 0.75:0.25 and 1:0 (full-

wall and no pin). Fig. 5.14 shows the reflection coefficients of all these ratios. When 

hw:hp is 0:1, i.e. full-height pins, the upper edge of the passband will be limited to a 

lower value compared to the other ratios. With the increase of hw which means decrease 

of hp, the upper limit of the passband moves towards higher frequencies due to the 

shortening of the pins. In other words, it can be said that increasing the wall height 

compared to pin height leads to widening the passband bandwidth. When hw=hp, the 

upper edge of the passband moves towards a frequency almost twice as the frequency 

of the full-height pins because the pins height is reduced to the half, and hence the 

passband bandwidth is doubled. When hw>hp (very small pins), although the upper 

limit of the passband may be even farther, the performance at lower frequencies near 

the lower cut-off frequency deteriorates. Finally, the worst obtained results is with the 

full-wall case (no pins) due to the absence of the periodic structure, i.e the absence of 

the high impeedance surface.  

 

As a conclusion, with the proposed pin-form,the realised bandwidth will be much 

wider than 2:1, the single-mode bandwith of a tradiational waveguide. On the one 

hand, the broad bandwidth can be fully utilised by combining the proposed pin-form 

with other design techniques, such as ridge gap waveguides. On the other hand, to 

achieve the best in-band performance, the ratio hw:hp needs to be chosen carefully to 

obtain the most effective combination of walls and pins heights to keep waves in the 

middle of the operating waveguide passband.  
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Fig. 5.14. The reflection coefficients of back-to-back groove gap waveguide channel with 

sidewalls consisting of the proposed pin-form with different hw:hp ratios. 

  

5.4. Summary 

A novel pin-form of gap waveguide structure has been proposed. In the conventional 

gap waveguide structures, full-height pins were used as a unit cell. Also, half-height 

pins were suggested to ease the fabrication process. In this work, pins mounted on a 

wall has been proposed to form the sidewalls that surround a groove to realise a gap 

waveguide structure. The S-parameters of back-to-back gap waveguide channels based 

on the traditional pins, half-height pins and the new pin-form have been analysed. With 

the proposed gap waveguide pin-form, four main advantages can be obtained: the wave 

shielding effect will be much better at the operating band compared to the traditional 

pin-form, the bandwidth can be enhanced, better matching between the designed 

component and standard waveguide adapters can be achieved without the need for a 

transition and the sidewalls can be used for wave radiation via a slot created at the solid 

wall as it will be realised in Chapter 6. 
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Chapter 6. A Cavity-Backed Slot Antenna and 

Filtering Antenna Based on Gap 

Waveguide Using Novel Sidewalls  

Based on the new gap waveguide structure proposed in Chapter 5, a cavity-backed slot 

antenna (CBSA) and a cavity-backed slot filtering antenna (CBSFA) are designed and 

simulated by cutting a window at the end of a guiding structure. Two different bands 

are used to design these components; for the CBSA, the X-band is chosen while the 

Ka-band is adopted for the CBSFA. The resonant frequency of the CBSA is 10GHz 

and that of the CBSFA is 30.5 GHz. The fractional bandwidth (FBW) is 5% and 6.3% 

for the CBSA and CBSFA, respectively. Both antennas are fabricated using computer 

numerical control (CNC) milling technology. The simulated and measured results of 

the proposed antennas are in good agreement. 

 

6.1. Cavity-Backed Slot Antenna (CBSA) 

6.1.1. Concept of CBSA 

An extensive review of cavity-backed slot antennas operating at mmWave frequency 

bands is conducted in Chapter 2. CBSA consists of a resonant metal cavity, having a 

slot for electromagnetic wave radiation. A slot antenna is often compared to a 

conventional half-wave dipole consisting of two flat metal strips, where the metal 

strips have dimensions that perfectly fits into a slot cut out of a large metal sheet. 

Therefore, based on Babinet’s principle, a complementary dipole is another name for 

a slot antenna, as shown in Fig. 6.1. 
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Fig. 6.1. Dipole antenna (right) and its complementary slot Antenna (left). 

 

6.1.2. The Proposed CBSA Structure 

A unit cell, consisting of an air groove surrounded by pins mounted on a solid wall on 

each side, is shown in Fig. 6.2. To design a CBSA based on the pin-form texture that 

proposed in Chapter 5, the X-band (8-12 GHz) is chosen. The width of the groove 

(a=λ𝑔/2) determines the lower cut-off frequency just similar to the conventional 

rectangular waveguides, while the pins height determines the upper frequency of the 

passband at which the pins height equals the half-wavelength of that frequency, as long 

as the period p is less than λ/4. 

 

 

Fig. 6.2. A unit cell of the proposed gap waveguide structure including a groove 

between two of the proposed pin-form. 

 

 

To demonstrate the usefulness of the proposed groove gap waveguide structure, Fig. 

6.3 shows the designed CBSA. The designed CBSA consists of an air cavity (grrove) 
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with a cross-section exactly the same as the cross-section of the standard WR-90 

waveguide flange interface. This cavity is surrounded by one row of the proposed pin-

form on each side and the lower and upper plates. In the simulations, a waveguide port 

with the same dimensions of the standard WR-90 waveguide flange is placed at one 

side of the cavity while a slot (aperture) is drilled through the solid metal wall at the 

opposite side as shown in Fig. 6.3. The slot length is chosen to be approximately          

λ10 GHz/2 and the slot width is less than λ10 GHz/10, where λ10 GHz is the wavelength at 

the resonant frequency of the CBSA at10 GHz. The thickness of the slot is the same as 

the metal wall. Having the advantage of the proposed pin form that it is possible to 

design a groove gap waveguide structure with cross-section dimensions as the same as 

the standard waveguide adapters, there is no need to design a transition. In Fig. 6.3a, 

the upper plate is raised to show details of the lower plate. The dimensions of the 

proposed structure and the slot are shown in Fig. 6.3b. It is noteworthy that the 

boundary conditions of the structure are chosen to be open (with space) from all sides. 

The optimised parameters of the proposed CBSA are shown in Table 6.1. 

 

Table 6.1. The optimised parameters of the proposed CBSA (Unit: mm). 

Parameter Description Value 

a groove width 22.86 

b groove height 10.16 

ha air gap height 0.300 

hp pin height 4.930 

hw wall height 4.930 

w pin width 2.000 

p periodicity of pins 4.000 

s space between pins 2.000 

slot_l slot length 15.25 

slot_w slot width 2.000 

t1 pin thickness #1 2.170 

t2 pin thickness #2 2.000 



Chapter 6. A Cavity-Backed Slot Antenna and Filtering Antenna Based on Gap Waveguide 

Using Novel Sidewalls                        Page | 124 

 

  

 

 

(a) 

 

 

  (b)  

 

Fig. 6.3. The proposed CBSA. (a) 3D view. (b) Front view of the bottom plate with its 

dimensions (the upper lid is removed for clarity). 
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6.1.3. Simulations and Measurements 

To demonstrate the influence of the slot dimensions on the frequency response of the 

proposed structure, a parametric study is carried out and shown in Fig. 6.4. It can be 

clearly noticed in Fig. 6.4(a) that a slight change in the slot length (slot_l) dramatically 

affects both reflection loss and resonant frequency of the device. It can be observed in 

Fig. 6.4(b) that the slot width (slot_w) will affect the bandwidth of the antenna. The 

whole structure of the optimised CBSA is shown in Fig. 6.3a. The metal used is brass. 

Fig. 6.5 depicts the fabricated CBSA prototype with the measurement setup, which is 

manufactured using CNC milling technology. The prototype CBSA is measured using 

an Anritsu 37369A vector network analyzer (VNA) with a standard WR-90 waveguide 

flange interface. A Thru-Reflect-Line (TRL) calibration was first performed to 

calibrate the VNA , the cables and the waveguide. The simulated and measured 

reflection coefficients of the proposed antenna are shown in Fig. 6.6. The measured 

|S11| of the proposed antenna is in good agreement with the simulated one. For better 

comparison, the measured |S11| is coincided with the simulated one. The measured 

resonant frequency is 0.2 GHz lower than the predicted one. Also, it can be noticed 

that the bandwidth of the measured |S11| is narrower than the simulated one. The 

mismatching between the simulated and measured results could be attributed to the 

manufacturing error. Nevertheless, it should be noted that the results were obtained 

after the first fabrication and no tuning was needed to achieve these measured results.  

 

To further investigate the discrepancy, the CBSA structure is simulated again, taking 

into consideration the dimensions of the fabricated prototype. The blue curve in Fig. 

6.6 represents the simulated performance of the post-fabrication antenna, showing the 

effect of manufacturing tolerance compared with the original response.  Furthermore, 

the simulated 3D radiation pattern of the proposed antenna is shown in Fig. 6.7. The 

simulated and measured normalised 2D radiation patterns of the proposed cavity-

backed slot antenna are shown in Fig. 6.8. It is apparent that the proposed CBSA has 

good agreement in radiation pattern between the simulation and measurements. In 

conventional gap waveguide structures, radiation can only be realised by slots created 

on the lower and upper plates, while with the proposed gap waveguide structure it can 

also be realised by slots on the side walls. 
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Fig. 6.4. Simulated reflection coefficient |S11| of the proposed cavity-backed slot 

antenna. (a) slot_l effect. (b) slot_w effect. 
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(a) 

 

  

(b) 

 

Fig. 6.5. A photograph of the proposed CBSA based on the new gap waveguide 

structure. (a) The bottom plate (the upper lid is removed for clarification). (b) 

The whole structure with the measurement setup. 
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Fig. 6.6. Simulated (pre- and post-fabrication) and measured reflection coefficients of 

the proposed CBSA. 

 

 

 

Fig. 6.7. The simulated 3D radiation pattern of the proposed CBSA at 9.74 GHz. 
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Fig. 6.8. Simulated and measured normalised 2D radiation patterns of the proposed 

CBSA at 9.74 GHz. 

 

6.2. Cavity-Backed Slot Filtering Antenna (CBSFA) 

6.2.1. A Brief Concept of CBSFA 

The cavity-backed slot filtering antennas (CBSFA) were reported in the past few years 

[2], [3]. Comparing with other types of antennas, the CBSFAs have the advantages of 

low loss, high power-handling capacity and easiness of integration with other circuits. 

Using a conventional gap waveguide, a CBSFA can usually be achieved by etching a 

slot in either the upper plate or the lower plate. However, by using the proposed groove 

gap waveguide structure, this type of antennas can be achieved by etching a horizontal 

slot in the side- or end-wall (the proposed wall). So, now the location of the slot in gap 

waveguide slot antennas can be at any side of the antenna geometry instead of only the 

lower or upper plates as in the conventional gap waveguides. This will result in that 

the design of a multidirectional (so-called omnidirectional) antenna using gap 

waveguide structures. The slot leads to a leakage of the electromagnetic wave, forming 

the radiating element of the antenna. In this way, the radiating element and the 



Chapter 6. A Cavity-Backed Slot Antenna and Filtering Antenna Based on Gap Waveguide 

Using Novel Sidewalls                        Page | 130 

 

resonators of a filter can be seamlessly integrated without adding any extra circuits or 

increasing volume. 

 

6.2.2. CBSFA Design 

A filtering antenna (filtenna) is an antenna integrated with a filter. To achieve the 

cavity-backed slot filtering antenna, a counterpart bandpass filter is usually designed 

first as a reference with the required coupling coefficients and external quality factors. 

Then the last resonator is replaced by a slot antenna, which is designed to have a 

consistent external quality factor. As a common case, a band pass filter with Chebyshev 

responses is used. The steps for designing a filtering antenna can be summarised as 

following: 

 

(i) The specifications, including the order of the resonators n, centre frequency, 

ripple level in the band LAr and the fractional bandwidth of the bandpass filter 

are given first. 

(ii) According to the specifications, the required external quality factor Qex and the 

coupling coefficients between the resonators Mij, where i and j are the indices of 

resonators, can be achieved by utilising the bandpass filter synthesis technology. 

(iii)  Using a full-wave simulation, the required Qex and mij can be realised and the 

corresponding parameters among the resonators can be obtained. 

(iv) For a filtering antenna, calculate the external quality factor of the last resonator 

Qex2. 

(v) The desired filtering antenna with the frequency responses as the counterpart 

bandpass filter is then achieved. 

 

A perspective view of the designed filtering antenna, built based on the new groove 

gap waveguide structure, is depicted in Fig. 6.9. The upper plate is raised to show 

details of the lower plate. Fig. 6.10 is a schematic of the proposed filtering antenna 

showing the dimensions of the whole structure. A cylinder (Q-cylinder) is placed on 

the bottom plate 1 mm away from the feeding port edge in the direction of propagation 

and at the centre between the lateral walls. By tuning the dimensions of this cylinder, 
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the external quality factor can be adjusted. To adjust the resonant frequency and 

bandwidth, two metal coupling cylinders are placed between the resonators. The 

specifications of the designed Ka-band 3rd-order Chebyshev bandpass filter bandpass 

filter with a passband equal-ripple LAr = 0.1 dB are as follows: 

 

Centre frequency (fo) = 30.5 GHz 

Fractional bandwidth (FBW) = 6.3% 

Return loss > 15 dB. 

 

By using the design equations in Chapter 3 and tables in the literature [4] with the filter 

specifications, the values of the external quality factor and the coupling coefficients 

between the resonators Mij are achieved to be: Qex1 = 16.37 and M12 = M23 = 0.058. 

 

The external quality factor of the last resonator of the proposed filtering antenna Qex2 

can be expressed by using the loaded quality factor QL and the unloaded quality factor 

QU [5],  

 

 

 

1

𝑄𝑒𝑥2

=
1

𝑄𝐿

−
1

𝑄𝑈

 (6.1) 

 

Using the method presented in [5], QL can be extracted from the reflection coefficients, 

 

 𝑄𝐿 =
𝑓0

𝑓2 − 𝑓1

 (6.2) 

 

where f0 is the resonant frequency of the loaded resonator at the minimum reflection 

coefficient 𝑆11
𝑚𝑖𝑛, f1 and f2 are the corresponding frequencies when S11 = 𝑆11

𝜙
, where 

𝑆11
𝜙

 is defined as 

 

 

 
𝑆11

𝜙
= 10log 

1 + 10𝑆11
𝑚𝑖𝑛/10

2
 (6.3) 
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The unloaded quality factor QU can be calculated by using [5], 

 

 

 
𝑄𝑈 = 𝑄𝐿(1 + 𝑘), (6.4) 

 

where k is the coupling coefficient between the excitation port and the last resonator 

of the filtering antenna which can be extracting using, 

 

 

 
𝑘 =

1 − 10𝑆11
𝑚𝑖𝑛/20

1 + 10𝑆11
𝑚𝑖𝑛/20

 (6.5) 

 

Similar to CBSA, the slot on the CBSFA is created at the centre of the solid wall under 

the pins at the end of the filtenna structure. The slot length is chosen to be 4.8 mm (~ 

λCBSFA/2) and the slot width is 0.9 mm (less than λCBSFA/10), where λCBSFA is the 

wavelength of the resonant frequency of the CBSFA. The thickness of the slot is 1.5 

mm which is slightly more than the lateral walls for matching purposes. The width and 

height of the cavity is kept similar to the width and height of the standard WR-28 

waveguide feeding port. It is noteworthy that the boundary conditions of the structure 

are chosen to be open (with space) from all sides. All the optimised dimensions of the 

proposed CBSFA are shown in Table 6.2. 
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Fig. 6.9. The filtering antenna structure (The upper plate is lifted for clarity). 

 

Table 6.2. The optimised parameters of the proposed CBSFA (Unit: mm). 

Parameter Description Value 

a groove width 7.112 

b groove height 3.556 

ha air gap height 0.100 

hw wall height 1.728 

hp pin height 1.728 

w pin width 1.000 

s space between pins 2.000 

slot_l slot length 4.810 

slot_w slot width 0.900 

Cc_d coupling cylinder diameter 1.600 

Cc_h coupling cylinder height 2.400 

Qc_d Q-cylinder diameter 2.500 

Qc_h Q-cylinder height 1.500 

Res_l resonator length 6.270 
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(a) 

 

 
(b) 

 

 

(c) 

 

Fig. 6.10. The schematic of the proposed filtering antenna. (a) Top view (The upper 

plate is removed for clarity). (b) Lateral view. (c) Front view showing the 

radiation slot. 
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6.2.3. CBSFA Results 

 

A- Simulations  

To demonstrate the importance of the antenna and filter combination, the reflection 

coefficient of the antenna with and without filter is plotted in Fig. 6.11. It can be seen 

that the selectivity of the antenna is much improved with the presence of the bandpass 

filter. Furthermore, the simulated 3D radiation patterns of the proposed filtering 

antenna at different frequencies are shown in Fig. 6.12. From the 3D radiation patterns, 

the filtering effect can be easily noticed when the radiation of the designed filtering 

antenna is examined at different frequencies, below, in and above the passband. 
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Fig. 6.11. The simulated reflection coefficients of the antenna with and without a filter. 

 

B- Fabrication and Measurements 

A photograph of the fabricated cavity-backed slot filtering antenna is shown in Fig. 

6.13. The measurement setup of the fabricated CBSFA is shown in Fig. 6.14. The 

fabrication process is done based on CNC machining technology (the CNC machine 
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model is HAAS-TM1). The fabricated filtering antenna prototype is measured using 

an Anritsu 37369A vector network analyzer (VNA) with a standard WR-28 waveguide 

flange interface. With the new pin-form, no transition is needed to connect the filtenna 

to the standard waveguide adapters. WR-28 waveguide flange interface are used to 

measure the S-parameters and the radiation patterns. A Thru-Reflect-Line (TRL) 

calibration was first performed to calibrate the VNA, the cables and the waveguide 

adapters. The simulated and measured reflection coefficients of the proposed filtering 

antenna are shown in Fig. 6.15. The measured |S11| of the proposed filtering antenna is 

in good agreement with the simulated one.  

 

 

Fig. 6.12. Simulated 3D radiation patterns of the proposed filtering antenna at different 

frequencies. 
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(a) 

  

 

   (b)       (c) 

     

Fig. 6.13. A photograph of the proposed CBSFA based on the new gap waveguide 

structure. (a) Separated plates. (b) Assembled CBSFA showing the excitation 

port. (c) Assembled CBSFA showing the radiation slot. 
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Fig. 6.14. A photograph of the measurement setup of the proposed CBSFA. 
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Fig. 6.15. Simulated and measured reflection coefficients of the CBSFA based on the 

proposed groove gap waveguide structure. 
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The simulated (with and without filter) and measured gains of the CBSFA are plotted 

in Fig. 6.16. From simulations, it can be noticed that over the passband (29.5 GHz – 

31.5 GHz), an average gain of 8.5 dBi with a flat response out of the passband can be 

obtained for the slot antenna with the absence of filtering function. While with the 

filtering function, an average of 8 dBi with a steep roll-off around the passband can be 

achieved. The average measured gain of the CBSFA is 7.5 dBi with good suppression 

at stopband frequencies. There is a little impact on the gain performance with the 

existence of the filter, however, signals below and above the passband are effectively 

suppressed.  The simulated and measured normalised 2D radiation patterns of the 

proposed cavity-backed slot filtering antenna at 31.5 GHz are shown in Fig. 6.17. It is 

apparent that the measured radiation pattern matches very well with the simulated one. 

This can support the validity of the newly proposed gap waveguide structure. 
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Fig. 6.16. Simulated (with and without filter) and measured gains of the proposed 

CBSFA. 
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Fig. 6.17. Simulated and measured normalised 2D radiation patterns of the proposed 

CBSFA at 31.5 GHz. (a) E-plane. (b) H-plane. 
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Finally, Table 6.3 compares the designed and fabricated gap waveguide cavity-backed 

slot filtering antenna with the state-of-the-art mmWave filtering antennas, designed 

based on different technologies. It can be seen that the proposed CBSFA has a 

comparable performance compared to the other filtennas. The proposed filtering antenna 

has the widest bandwidth among them. Although the gain in [8]-[10] is higher than that 

of the proposed filtering antenna, their antennas use either an array of slots or a horn-

shaped antenna. However, the proposed antenna, with just one slot, can obtain an 

average measured gain of 7.5 dBi. In terms of size, the proposed filtering antenna is the 

smallest one when compared to those designed based on non-planar technologies, such 

as a conventional rectangular waveguide or gap waveguide.  

 

Table 6.3. Performance summary of the state-of-the-art filtering antennas based on 

different technologies. 

Ref. 

Frequen

cy 

(GHz) 

Technolo

gy 

Number 

of 

Resonato

rs 

BW  

(S11<-10) 

Gain 

(dBi) 

Size 

 (λo×λo×λo) 

[6] 31.5 SIW 3 1.56% 
6.75 

(two slots) 
1.51×1.47×0.10 

[7] 29.25 SIW 3 1.2% 
8.1 

(1×4 array) 
2.19×1.83×0.10 

[8] 12.55 RWG NA 4% 
13.6  

(2×3 array) 
5.30×0.72×0.26 

[9] 22 GW 3 5% 
8.5-12 

(horn antenna) 
NA 

[10] 29.21 GW 7 2.3% 
31 

(16×16 array) 
17.53×17.53×1 

This 

work 
30.5 GW 3 6.3% 

7.5 

(single slot) 
2.80×0.93×0.26 

NA: not available. 

 

 



Chapter 6. A Cavity-Backed Slot Antenna and Filtering Antenna Based on Gap Waveguide 

Using Novel Sidewalls                        Page | 142 

 

6.3. Summary 

The new gap waveguide structure proposed in Chapter 5 has been adopted to design a 

cavity-backed slot antenna and a cavity-backed slot filtering antenna. The designs and 

simulations of the proposed devices have been done with the aid of CST 

MICROWAVE STUDIO®. Both CBSA and CBSFA have been fabricated using CNC 

milling technology. The main contribution of the proposed designs in this chapter is 

that the half-height solid wall can be exploited to make a horizontal slot at the end of 

the cavity to be used for wave radiation which is not possible with the conventional 

gap waveguides. This is the first time that the sidewalls of gap waveguide structures 

can be used for slot radiation. The simulated and measured reflection coefficients, 

gains and radiation patterns of the proposed CBSA and CBSFA are in good agreement. 
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Chapter 7. Conclusions and Future Work 

7.1. Conclusions 

Gap waveguide technology exhibits interesting properties as a new guiding structure 

that can be suitable to fill the existing gap between the planar printed transmission 

lines and the non-planar hollow waveguides in terms of loss and fabrication flexibility 

at high-frequency bands. The work presented in this thesis can be broadly grouped into 

four categories:  

(i) Exhibiting the advantages and features of using the metamaterial-based gap 

waveguide technology in the design of passive devices operating at the 

mmWave frequency bands when compared to the conventional planar and 

waveguide technologies. 

 

(ii) Adopting two different manufacturing technologies (computer numerical 

control machining and high-resolution metalised polymer jetting 3D printing) 

to fabricate a cross-coupled mmWave bandpass filter showing the difference 

between the two fabricated counterparts in terms of performance and mass. 

The metalised 3D printed filter exhibits lower loss and lighter weight when 

compared to the solid machined metal case. 

 

(iii) Proposing a new form of pins to constitute the sidewalls in gap waveguide 

structures to overcome the limitations of the traditional forms of pins. The 

unit-cell of the new pin-form consists of a pin located above a solid wall 

created on one parallel plate while keeping the other plate flat. With the proposed 

form, much more effective wave shielding at the operating band can be achieved 

compared to the traditional full-height pins. Another advantage is the bandwidth of 

the passband can be enhanced by moving the upper edge of the passband 

towards higher frequencies due to the use of shorter pins instead of full-height 

pins, with the same cross-section dimensions (width and height). Also, a good 
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matching between a groove gap waveguide structure and a standard waveguide 

port can be achieved without the need for a transition. 

 

(iv) The sidewalls of the new gap waveguide structure have been exploited for 

wave radiation by realising a horizontal radiation slot in the metal wall under 

the pins. Based on this idea, a cavity-backed slot antenna and a filtering 

antenna have been designed and tested giving good agreement with the 

predictions. 

 

 

Each chapter is summarised as follows: 

 

In Chapter 1, an overview of the mmWave frequency bands is given. The motivation 

and objectives of this thesis are also presented to provide the reader with the 

background needed to understand the work described in the rest of the thesis. 

 

Chapter 2 has presented and discussed the state-of-the-art mmWave components 

design based on different technologies. Challenges of transmission lines at mmWave 

band have been addressed. Then, an overview of gap waveguide technology and its 

applications have been presented. Moreover, gap waveguide types and different pin 

forms have been analysed. Finally, the main manufacturing techniques of mmWave 

components have been addressed. 

 

In Chapter 3, an overview of RF filter design by the insertion loss method has been 

described. A 5th-order Chebyshev BPF has been designed and its parameters have been 

computed based on the procedure of the insertion loss method. The schematic lumped-

element circuit of the designed filter has been simulated with the aid of ADS software. 

The S-parameters of the simulated filter have been plotted. Because ideal lumped-

element circuits are often unattainable at high frequencies, distributed elements have 

been used to represent the circuit components of the same filter. Series end-coupled 

resonators structures have been used in the design. Also, the theory of coupling matrix 

synthesis, cross-coupling and transmission zeros have been presented. Finally, the 

design formulae of a rectangular cavity resonator and a filtering antenna have been 
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stated. 

 

In Chapter 4, a groove gap waveguide as a very attractive technology has been adopted 

to design a narrow and high-selectivity response BPF operating at the Ka-band. The 

designed filter is fabricated using two technologies: computer numerical control 

(CNC) machining technology and high-resolution metalised polymer jetting (PolyJet) 

3D printing technology. The measured results of the 3D printed BPF are in excellent 

agreement with the simulations, without having any design iterations or post-

fabrication tuning. The 35.65 GHz metalised 3D printed filter presents many 

advantages, when compared to other manufacturing technologies, in terms of mass, 

performance, development time and cost. The 3D printed BPF is expected to be 

employed for aerospace applications. 

 

In Chapter 5, a novel pin-form of gap waveguide structure has been proposed. The 

proposed pin-form consists of a pin mounted on a solid wall. The S-parameters of two-

port back-to-back channels based on the new pin-form gap waveguide have been 

investigated. The performance of the proposed structure is compared to that of the 

previous forms showing the advantages of the new form. It has been shown that, with 

the proposed pin-form, more effective wave shielding has been achieved, a wider 

passband bandwidth can be obtained by shifting the upper edge of the passband 

towards higher frequencies due to the use of shorter pins instead of full-height pins, 

with the same groove cross-section dimensions (width and height). Also, a good 

matching between a groove gap waveguide structure and a standard waveguide port can 

be achieved without the need for a transition. 

 

In Chapter 6, the new gap waveguide structure proposed in Chapter 5 has been adopted 

to design a cavity-backed slot antenna and a cavity-backed slot filtering antenna by 

realising a horizontal radiation slot in the solid wall under the periodic pins. Both 

antennas have been fabricated using CNC machining technology. This is the first time 

that gap waveguide structures can be utilised for EM waves radiation via a slot realised 

at the sidewalls. The simulated and measured reflection coefficients, gains and 

radiation patterns of the proposed CBSA and CBSFA are in good agreement. 
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7.2. Key Contributions 

 

(i) Design of a compact size, light-weight and low-loss BPF operating at the 

mmWave spectrum with high selectivity by adding two transmission zeros 

before and after the passband. The designed filter has been fabricated using two 

different manufacturing technologies; CNC machining and high-resolution 

metalised polymer jetting 3D printing. The two fabricated counterparts have 

been compared in terms of performance and mass. The metalised 3D printed 

BPF exhibits lower loss and lighter weight (17 g) when compared to the solid 

metal case (112 g). Such low mass and low loss for BPFs operating at mmWave 

frequencies are of high importance for aerospace (unmanned drone, manned 

aircraft, satellite and interplanetary mission) applications. 

 

(ii) A novel form of pins in gap waveguide structures has been proposed. The unit-

cell of the new pin-form consists of a pin located above a metal wall. With the 

proposed form, the wave shielding at the operating band will be more effective 

compared to the traditional full-height pins. Also, a good matching between a 

groove gap waveguide structure and a standard waveguide port can be achieved 

without the need for a transition. In addition, the bandwidth of the passband can 

be enhanced by moving the upper edge of the passband towards higher 

frequencies due to the use of shorter pins instead of full-height pins, with the 

same cross-section dimensions (width and height).  

 

(iii) The sidewalls of the new gap waveguide structure have been exploited for wave 

radiation by realising a horizontal radiation slot in the solid wall under the pins. 

Then, a cavity-backed slot antenna and a filtering antenna have been designed 

and tested giving excellent agreement with the predictions. Based on this idea, 

the wave radiation can be realised via slots in all sides of a gap waveguide 

structure rather than only the lower and upper plates. 
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7.3. Future Work 

Based on the conclusion drawn above, various further work can be carried out. Using 

the proposed pin-form gap waveguide structure, the following work can be suggested: 

 

(i) Design of a cross-coupled BPF based on the new pin-form. 

 

(ii) The wide bandwidth of the new pin-form proposed in this thesis can be fully 

utilised by combining the new pin-form with other design techniques, such as 

ridge gap waveguides 

 

(iii) Several passive components such as power dividers, diplexers and couplers can 

be developed using the new pin-form as sidewalls. 

 

(iv) Omnidirectional antennas can be designed by realising slots in all sides of the 

proposed gap waveguide structure.  

 

(v) Based on the new gap waveguide structure investigated in Chapter 5, antenna 

array can be realised. 

 

Also, the filtering antenna designed in this thesis can be developed by the following:  

 

(i) Realising of transmission zeros below and above the passband to increase the 

selectivity of the response and improve the suppression of the unwanted 

spectrum. 

 

(ii) Design a tuneable filtering antenna by using screws instead of the coupling 

cylinders used in this work. 

 

(iii) Improving its gain by realising all resonators radiation. 
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Appendices 
 

Appendix A 

 

The capacitances Cs of the lumped capacitors and the characteristic admittances Js of 

the inverters of Fig. 3.9. can be calculated using the following explicit formulas, which 

are obtained by curve fitting for return loss LR = -20 dB: 

 

𝐶1(Ω𝑎) = 1.22147 − 0.35543 ⋅ Ω𝑎 + 0.18337 ⋅ Ω𝑎
2

−0.0447 ⋅ Ω𝑎
3 + 0.00425 ⋅ Ω𝑎

4   (A-1) 

 

𝐶2(Ω𝑎) = 7.22106 − 9.48678 ⋅ Ω𝑎 + 5.89032 ⋅ Ω𝑎
2

−1.65776 ⋅ Ω𝑎
3 + 0.17723 ⋅ Ω𝑎

4   (A-2) 

 

𝐽1(Ω𝑎) = −4.30192 + 6.26745 ⋅ Ω𝑎 − 3.67345 ⋅ Ω𝑎
2

+0.9936 ⋅ Ω𝑎
3 − 0.10317 ⋅ Ω𝑎

4   (A-3) 

 

𝐽2(Ω𝑎) = 8.17573 − 11.36315 ⋅ Ω𝑎 + 6.96223 ⋅ Ω𝑎
2

−1.94244 ⋅ Ω𝑎
3 + 0.20636 ⋅ Ω𝑎

4   (A-4) 

 

where Ω𝑎 is the frequency locations of a pair of transmission zeros. 

 


