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Abstract 

 

Over recent decades, electromagnetic components fabricated with commercial textiles have 

gained significant attention from both industry and academia. They are mainly designed for 

wearable applications in body-centric communication systems as they can be seamlessly 

integrated with garments. Compared with traditional electromagnetic components which are 

normally manufactured from hard materials such as metal, textile-based electronics provide 

unique advantages such as flexibility, light weight and softness.  

This thesis investigated novel textile electromagnetic structures fabricated by a commercial 

computerized knitting machine. Different electronics such as elliptical waveguides, slotted 

waveguide antennas (SWA) and frequency selective surfaces (FSS) working at microwave 

band had been realized with fully textile materials. Knitted polyester was used as a dielectric 

and silver embedded yarn was knitted to create conducting patterns. Most of the textile 

electromagnetic structures in this thesis were the first time proposed to the public. Their 

performances were studied in both simulation and measurement.  

Unlike the conventional electromagnetic components, textile structures always experience 

undesired deformation because they are soft and flexible. In this thesis, a knitted elliptical 

waveguide was firstly proposed and tested when it was bent to different angles and 

directions. Results demonstrated that a knitted waveguide bend still provided stable 

performance. Moreover, textiles are easy to get wet in practice as they normally cannot be 

well protected within solid enclosures. Moisture effects on textile waveguide performance 

was also studied. Then, a knitted slotted waveguide antenna was developed from the 

waveguide and investigated under different conditions. Lastly, two different types of knitted 

textile FSS were presented and evaluated. One was a cross slot textile FSS which filled the 

research gap in band-pass textile FSS and other one was ultra-light weight loop FSSs. 
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Chapter 1. Introduction 

1.1 History of Smart Clothing 

 

Almost everyone wears clothing. It keeps us warm, as well as provides the basic protection 

from the environment. Most of modern garments are fabricated with textiles, which make 

them comfortable for daily wearing. Benefitting from the rapid development of technology 

in the last decades, nowadays, more people use smart devices like laptop or smart phone for 

work and leisure. By integrating traditional clothing and smart devices, smart clothing has 

become a new trend. It is widely believed that there are three markable steps in the 

development of smart clothing.  

•  “Electronics are attached to a garment” 

The history of smart clothing might be traced back to 1985, when Harry Wainwright 

invented a sweatshirt with numbers of electronic components on it. This shirt was able to 

display a vivid cartoon charter on its surface and was a very early successful approach to 

attach electronics to a daily clothing [1]. Later in the early 1990s, Steve Mann who was 

known as “the father of the wearable computer”, built the first prototype of a programmable 

wearable computer [2]. This sophisticated device as shown in Fig.1.14 opened a new path 

for smart clothing, as it permitted feasibility to attach electronics to daily clothing and 

perform multiple complex tasks. Benefiting from the rapid development of microchip and 

circuit integration technology in the last few decades, electronics had made significant 

achievements in size miniaturization. As the results of the evolution of wireless 

communications technology, the demand for “Wireless Body Area Networks (WBANs)” 

increased rapidly. In 1993, the first example of personal communications system named 

“Body Net” was proposed by Olin Shivers [3]. As a pioneer, he listed the essential 

components of a personal network architecture including: a computer, communicator, visual 

display, audio I/O, gestural input, exotic devices, GPS sensor, medical monitor, eye and 

head sensor. Later, in 1996, T. Zimmerman detailed the infrastructure of “Personal Area 

Network (PAN)” and developed a PAN prototype in which coupled devices used human 

body as a channel to exchange information [4]. At this early stage, researches mainly 
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focused on assembling existing electronics like watches, cellular phones and computers to 

get rid of the redundant components such as battery, display and control interface. In this 

way, the compact integrated system might be placed into a small bag to carry for a long 

time. However, most devices at the time were fabricated by the traditional materials and 

manufacturing techniques, users suffered uncomfortable wearing due to their weight and 

rigidity.  

 

Fig.1.11 Steve Mann with his prototype of wearable computer in the early 1990s [2] 

• “Electronics are embedded in a garment” 

In 2000, Levi’s and Philips launched an ICD+ (Industrial Clothing Division) jacket which 

was believed to be the first garment-like smart cloth in the market as shown in Fig.1.12 [5]. 

Portable devices such as a control module, a MP3 player, a mobile phone, a pair of 

earphones and a microphone were embedded in the jacket and interconnected through a 

wired harness network. This jacket demonstrated a significant progress in the process of 

integrating electronics with daily clothing as it could support multiple functions and had a 

nice and tidy appearance compared with the bulk wearable system in Fig.1.11. However, it 

was still not as wearer-friendly as we expected. Embedded devices added extra weight to 

the jacket, and usually we were reluctant to wear solid wires and rigid cases against our 

body. Therefore, what was really needed was a garment which was comfortable to wear and 

could support desire functions.  
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Fig.1.12 Levi’s ICD+ jacket in 2000 [5] 

•  “Electronics are parts of a garment” 

Benefiting from the computerized textile manufacturing techniques, textile-based 

electronics fabricated with conducting yarns successfully attracted the mainstream attention 

from both academia and industry in the early 2000s. A computerized textile manufacturing 

machine which permits a fast production were applied to create electromagnetic structures 

on a cloth. These functional devices were seamlessly integrated with textiles and became 

parts of garments. Wide range of textile devices have been realized with this technology. In 

2000, A. Schmidt and his colleagues successfully demonstrated an on-body wearable 

identification system [6]. Several RFID tags were built by sewing textile conducting coils 

into a work glove and a tag reader was integrated with belt clip. In 2001, P.J. Massey from 

Philips research lab reported A GSM fabric antenna located on the user’s back [7]. It was 

an early attempt to integrate a fully textile antenna with a garment and placed it on user’s 

back to provide a wireless connection between user equipment and a base station. In 2004, 

a fashion design company named Cute Circuit published a commercial smart cloth “The 

Hug Shirt” as shown in Fig.1.15 [8]. Awarded as one of the Best Inventions of Year 2006 

by The Times, “The Hug Shirt” just looked like any normal shirt you could buy from high 

street and it was fully washable. Amazingly, it could also send a hug to your loved ones 

over distance in real time. Embedded with sensors and Bluetooth transceivers, this shirt 

could capture your body information and send it to the one you want to hug through mobile 

phone. After receiving the information, “The Hug Shirt” worn on your loved one was able 

to recreate the hug immediately. “The Hug Shirt” was widely considered as an early success 

to realize a wearer-friendly smart garment commercially.   
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Fig.1.15 The “Hug Shirt” in 2004 [9] 

After decades’ development, smart clothing demonstrated a promising future as it has 

already guaranteed a global market value of 1.6 billion USD in 2019 and it is expected to 

be 5.3 billion USD in 2025 [9]. Textile electronics as key functional components of smart 

clothing, consequently attracted my research interests.    
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1.2 Objective of this Project 
 

In this thesis, I reviewed commonly used manufacturing techniques such as printing, 

weaving, embroidering and knitting which can be used to create textile electromagnetic 

structures. Among all these techniques, knitting as an old traditional manufacturing process, 

can create complex textile structures. In this contribution, I investigated a computerized 

knitting technique. Employing a computerized flat-bed knitting machine, this manufacturing 

technique can permit a fast and efficient production of large area textile structures with 

complex patterns or 3-D textile structures. 

As the textile wearables have distinct advantages of flexibility, light weight and high-

strength-to-weight ratio, I expanded my research interests from textile antennas to other 

textile electromagnetic structures such as waveguide and frequency selective surface. In this 

contribution, I evaluated several novel textile waveguides, antennas and frequency selective 

surfaces created by the computerized knitting technique.  

Textile wearables always face a common challenge in practice, they always experience 

unexpected shape distortions. As the electromagnetic structures are constructed with textile 

materials, they are usually soft and flexible. Thus, it is difficult to keep them rigid. In this 

thesis, as the knitted textile waveguide and knitted textile slotted waveguide antenna both 

had a long linear flexible structure, bending would be shape distortion which most likely to 

occur. Therefore, it is necessary to investigate the performance of these knitted samples 

under different bending conditions.  

The initiatives of this thesis can be briefly summarized as the following: 

• Propose a computerized knitting manufacturing technique that permits the creation of 

large area functional textiles or 3-D textile structures at a high production rate.  

• Present several novel electromagnetic textile structures to the public, including the first 

3D textile waveguide, a textile slotted waveguide antenna, the first band-pass textile 

frequency selective surface and four ultra-light weight FSSs.   

• Study these knitted textile electromagnetic structures and investigate their performance 

under different conditions.  
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1.3 Thesis Outline 
 

In this project, I mainly focused on the design and evaluation of functional textile structures 

manufactured by a computerized knitting technique. This new technique employed a 

computerized flat-bed knitting machine which can permit a mass creation of large area 

textile structures with complex surface patterns at a high production rate (1.5m/sec at a width 

of 90cm). Various types of textile electromagnetic structure including waveguides, antennas 

and frequency selective surfaces were knitted by a commercial computerised knitting 

machine at Nottingham Trent University (NTU) and tested at the University of Sheffield 

(UoS).  

Chapter 2 listed several existing techniques used to manufacture textile electromagnetic 

structures.  The commonly used manufacturing techniques reported in the open literature 

included printing, weaving, embroidering and knitting. The advantages and disadvantages 

of these techniques were detailed and compared. I choose computerized knitting as the 

manufacturing technique to produce all the samples in this work as it was fast and able to 

create complex textile structures with high conductivity.  

Chapter 3 was the literature review. I reviewed and summarised the previous approaches to 

the study on textile electromagnetic structures including waveguide, antenna and frequency 

selective surface from pioneering researches.  

Chapter 4 began with the introduction of the theoretical basics of all the electromagnetic 

structures involved in this project. A few simple examples with numerical analyses were 

provided as well. This chapter aim to give readers a clear concept of all the principles and 

theories discussed in the subsequent chapters.  

In chapter 5, I presented the study on a knitted textile elliptical waveguide. This knitted X 

band waveguide was the first prototype reported in the open literature. The properties of the 

textile materials were also determined by matching the simulated and measured results. 

Moreover, the performance of a knitted waveguide under different conditions including 

bending along both E-plane and H-plane, and wetting the sample were investigated. This 

chapter was my first approach to the study of knitted textile structures and built the 

fundamental of the thesis.  
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In chapter 6, a prototype of a knitted slotted waveguide antenna (SWA) working at X band 

was proposed for the first time. This antenna was developed from the knitted waveguide I 

demonstrated in chapter 5. After investigating its performance, stitched slots were employed 

to improve the SWA’s performance and extra slots on the waveguide were proved to 

increase SWA’s gain. Four different bending conditions were set up, and their effects on the 

knitted SWA’s reflection coefficient and radiation pattern were studied in both simulation 

and measurement.  

In chapter 7, I extended my research interests to knitted frequency selective surfaces (FSS). 

Several novel textile FSSs including a cross slot FSS and ultra-light weight hexagonal loop 

FSSs working at microwave band were manufactured. I managed to build simple equivalent 

models for these knitted FSSs in simulation. The normal incident, free space reflectivity of 

all the knitted FSSs were measured and compared with the simulated results.  

Chapter 8 drew a conclusion of the whole thesis and discussed the challenges I might face 

for the further research in this area.  
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Chapter 2. Manufacturing Techniques 

2.1 Introduction 
 

Electronic wearables, as essential components in body centric communications systems, 

have developed swiftly in both academia and industry in the last few decades [10]. With the 

increasing demand for flexibility, comfort and light weight, textile based electromagnetic 

devices are potential solutions to meet these requirements. In the last decade, various types 

of textile antennas working at different frequencies have been proposed, and examples are 

presented in Table 2.11 [11-16]. They can retain a similar performance to the ones made 

with traditional hard materials, while being lighter and more flexible. These early textile 

antennas usually had a simple “sandwich” structure and were hand-made. Conducting textile 

were cut to the desired shape and then attached to the textile substrate using glue by hand. 

In the last decade, this approach was the most commonly used method to create textile RF 

devices. But this process was obviously time-consuming and inefficient as the conducting 

textile needs to be trimmed manually and the adhesive will affect the devices’ performance. 

Therefore, it was necessary to seek an alternative that can permit fast production of textile 

electromagnetic structures with complex patterns. As a result, computerized textile 

manufacturing techniques attracted particular attention.  
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Table.2.11 Examples of early textile antennas in last decade 

Reference Year RF Device Frequency Textile Materials 

Fabrication 

Technique 

[11] 2000 Antenna (Monopole) 880-960MHz 

Polyester interwoven with 

nickel/copper fiber Hand-made 

[12] 2001 Antenna (PIFA) 500-2000MHz 

Copper plated woven nylon 

 + Polyester Hand-made 

[13] 2007 Antenna (Patch) 2450+5500MHz Conducting woven + Felt Hand-made 

[14] 2007 

RFID Tag  

(Meander Dipole) 869MHz Conducting cloth  Hand-made 

[15] 2009 

Antenna (8-element Patch 

Array) 2450GHz Nora conducting fabric + Felt Hand-made 

[16] 2010 Antenna (Patch) 1570MHz Copper plated nylon + Fleece Hand-made 

 

In this chapter, I summarized and compared state of the art manufacturing techniques used 

to create textile electromagnetic devices including printing, embroidering, weaving and 

knitting. The advantages and disadvantages of each technique were discussed. 

Computerized knitting technique was eventually chosen to fabricate all the textile samples 

in this thesis. 
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2.2 Printing Technique 
 

In the traditional approach to manufacturing textile electronics, the “cut to shape” 

conducting textile was adhered to the commercial textile substrates such as felt or fleece. 

With printing techniques such as screen printing or inkjet printing, the conducting layer was 

created by high performance conducting ink or conducting paste and printed on the textile 

substrate.  

Various types of textile RF devices manufactured by specialized screen printing have been 

published [17-19]. Several screen-printed antennas including two WLAN planar antennas 

on KERMEL fabric and a UHF compact dipole antenna on silk were presented in [17-18]. 

And a screen-printed loop FSS on polyester was reported in [19]. In screen printing process, 

the designed patterns were scooped on a screen first, then conducting ink or paste was 

squeezed onto the surface of textile substrate through the holes in the screen to form RF 

components as shown in Fig.2.21. Therefore, it was difficult to change a printing pattern 

during the manufacturing process.  

 

Fig.2.21 Screen printing process 

With a digital printer, inkjet printing technique did not require a screen and allowed users 

to print specific patterns directly from the design with conducting ink. In this way, the 

printing pattern could be changed flexibly in manufacturing process. An inkjet-printed patch 
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antenna on felt was presented in [20]. This textile antenna demonstrated a good performance 

with a total efficiency of 57% and a 10dB bandwidth of 24.5MHz at 2.48GHz.  

Generally, printing techniques including screen printing and inkjet printing, can permit a 

creation of textile electronics with good accuracy and resolution. However, it needed 

additional time for curing process such as heat to solidify the conducting layer on the textile 

surface. For example, the sample in [20] required curing for approximately 10 minutes 

before measurement. Moreover, the conducting layer must be printed thick enough to 

overcome the roughness of the textile surface and maintain electrically continuity. This 

resulted in extra thickness to the structure, and the conducting layer was likely to experience 

unexpected cracks under shape distortion which might stop the textile device from working. 

Lastly, high performance conducting ink or paste applied in printing process could result in 

a high cost and cause potential environmental hazards.  
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The advantages and disadvantages of screen printing and inkjet printing to manufacture 

textile electronics can be noted as following: 

Screen printing: 

Advantages: 

• It provides a high fabrication accuracy. 

• High conductivity of printed conducting pattern. 

 

Disadvantages: 

• Extra thickness to the existing textile substrate. 

• Designed patterns cannot be changed during manufacturing process. 

• Need extra time for curing process.  

• Need more preparation time than inkjet printing.  

• Conducting patterns are likely to experience cracks or detach from the textile when 

shape distortion occurs. 

• High cost and potential environmental hazards.  

 

Inkjet printing:  

Advantages: 

• It provides a high fabrication accuracy. 

• High conductivity of printed conducting pattern. 

• Designed patterns can be changed during manufacturing process. 

• Need less preparation than screen printing.  

 

Disadvantages: 

• Extra thickness to the existing textile substrate. 

• Need extra time for curing process.  

• Conducting elements are likely to experience cracks or detach from the textile when 

shape distortion occurs. 

• High cost and potential environmental hazards.  
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2.3 Embroidery 
 

Instead of being attached to textiles by using adhesive, conducting patterns can be 

embroidered directly on the textiles by a computerized embroidery machine with conducting 

threads. RF devices can be seamlessly integrated with daily clothing using commercial 

conducting threads.  

Various types of embroidered textile electronics have been reported [21-26]. Authors in [21-

24] presented the designs of different wearable antennas including an UHF RFID tag 

antenna, a dual-band snail antenna and patch antennas manufactured by a computerized 

embroidery machine with electro-threads. Authors in [25-26] published details of the   

manufacture of several embroidered textile FSSs at microwave frequencies. The results in 

[21-26] indicated that the measured resonant frequencies of the embroidered samples shifted 

away from the simulated values even the simulated models were constructed with the same 

exterior size as the embroidered samples. In simulation, the conducting layer such as a patch 

or a unit cell of an FSS was usually modelled as a continuous conducting surface with a 

certain conductivity. However, it was found that due to the mechanism of embroidering, air 

gaps were created between adjacent stitches during manufacturing process. Consequently, 

these air gaps resulted in a low conductivity of the conducting elements and significantly 

affected the embroidered textile devices’ resonant frequencies. To describe the embroidered 

RF devices’ performance correctly, the conducting elements needed to be modelled as the 

track of conducting threads formed in a zigzag pattern in simulation [27]. This complex 

simulated structure resulted in extra meshing cells and a long simulation time. Moreover, it 

was important to understand the surface current distribution of an embroidered textile 

electronic before manufacturing. Fig.2.31 presents an embroidered rectangular patch 

antenna working at 2.47GHz [19]. In Fig.2.31, it can be seen clearly there were air gaps 

between adjacent conducting stitches on the embroidered patch. These air gaps caused the 

discontinuity of current flowing horizontally and the current only travelled continuously 

along the vertical conducting stitches. For the rectangular patch antenna shown in Fig.2.31, 

its major current direction was vertical. Therefore, the embroidering stitching direction was 

set to be parallel to the major current direction (vertical) and the embroidered antenna was 

measured to have a total efficiency of 53%. For an embroidered textile electronic device, 

the stitching direction must be parallel to its major current direction, otherwise, it would 

affect the device’s performance significantly. Lastly, embroidering was a relatively slow 
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manufacturing process to create textile electronics. For example, in [25] it took 

approximately 40 mins to complete a 24-element square textile FSS (42.1mm by 42.1mm 

by 24), the production rate was about 1060 mm2/min, which was less than half of the 

production rate of the knitting technique described later. 

 

Fig.2.31 An embroidered rectangular patch antenna [19] 
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The advantages and disadvantages of a computerized embroidering technique to 

manufacture textile electronics can be summarized as following. 

 

Advantages: 

• The conducting patterns can be accurately shaped and seamlessly integrated with 

garments. 

• It is easy to change embroidering design and threads during manufacturing process. 

• It creates a firm structure which is robust to the textile shape distortions. 

• It makes garment aesthetically pleasing. 

 

Disadvantages: 

• Stitching direction must be parallel to the major current direction during 

embroidering process.  

• Low conductivity of embroidered conducting patterns & relatively slow production 

rate 

• Need to build a complex model in simulation to describe an embroidered RF device’s 

performance correctly. 

• Adding extra thickness to the existing textile substrate.  
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2.4 Weaving   
 

With printing or embroidering techniques, conducting elements were formed on the surface 

of an existing substrate textile, which consequently added an extra thickness to the structure. 

With a weaving technique, conducting patterns and the substrate textile were both woven in 

the fabric manufacturing process, which resulted in no additional thickness to structure.  

Details of woven textile electronic devices can be found in [28-30]. Authors in [28-29] 

presented several woven patch antennas working at different frequencies and a woven loop 

FSS was reported in [30]. A woven patch antenna constructed with conducting Satin fabric 

and a polyester substrate was tested in [29]. Good agreement was achieved between the 

measured and simulated results. The fully fabric antenna was able to deliver a maximum 

measured gain of 6.6 dB at 2.44 GHz with a bandwidth around 6%. Authors in [28] stated 

that the radiation efficiency of a woven antenna can be improved by using less but thicker 

conducting threads. A woven loop FSS was also studied in [30]. Good transmission 

performance with a distinct rejection band was observed from the measurement. When this 

woven FSS was excited by a normal incident wave, it demonstrated a resonance at 2.5GHz 

with a bandwidth of 238MHz in the H-plane and a resonance at 2.8GHz with a bandwidth 

of 854MHZ in the E-plane. Results in [30] showed that a woven FSS exhibited different 

performances when it was illuminated horizontally and vertically, which means weaving 

process resulted in different stitch structures in the horizontal and vertical directions.  

Compared to embroidering, weaving can permit a production of large area conducting 

textiles without additional thickness to the structure. Moreover, woven RF components were 

more “invisible” when they were incorporated with garments. Fig.2.41 shows the weave 

pattern of a fabric patch antenna [29]. In Fig.2.41, the vertical black rods were conducting 

yarns and the horizontal white rods were non-conducting yarns. In the weaving process, 

conducting yarns were arranged in warps (vertical) and interlaced with the non-conducting 

yarns in wefts (horizontal) to form a conducting rectangular patch. Meanwhile, textile was 

also fabricated by the interlacements of warp yarns and weft yarns. Therefore, the designed 

conducting pattern was realized during textile weaving process without additional thickness 

to structure. However, weaving faced a similar issue as embroidering: conducting paths only 

existed in one direction. From the weave pattern shown in Fig.2.41, it can also be seen that 

there were air gaps and non-conducting yarns between adjacent conducting yarns in Weft 
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which caused the discontinuity of horizontal current flow. The continuous conducting paths 

only existed along the conducting yarns direction. Therefore, the conducting yarns must be 

aligned with the major current direction of textile devices, otherwise, it would result in a 

poor conductivity of the conducting element and affect the textile electronic device’s 

performance significantly.  

 

Fig.2.41 Example of a weave pattern [29] 
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The advantages and disadvantages of a weaving technique to manufacture textile electronics 

are listed: 

Advantages: 

• It permits a fast production of large area textile electronics with designed conducting 

patterns 

• The conducting patterns can be integrated with garments seamlessly without 

additional thickness, which makes the RF devices more “invisible”.  

•  Woven textile electronics are robust to the textile shape distortion.  

 

Disadvantages: 

• Conducting yarns must be aligned with the major current direction of the textile 

electronics.  

• Fabrication accuracy is less than printing and embroidering. 

• Yarns and designed conducting patterns cannot be changed easily in manufacturing 

process. 

• Woven fabrics are not naturally stretchable and tend to crease.  

• Need practice to use a custom-designed loom [28].  
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2.5 Knitting   
 

Knitting, as another traditional technique to manufacture textiles, has been developed over 

the last few decades. Textile RF devices can be fabricated at a high production rate by a 

computerized, flat-bed knitting machine with commercial conducting yarns. However, only 

a few publications on knitted textile electronic devices can be found in the open literature.  

Authors in [31] proposed a knitted folded dipole antenna mounted on human body. The 

textile antenna provided a resonance at 870MHz with a bandwidth of 100MHz. Authors in 

[32] presented four textile patch antennas which were completely fabricated using industrial 

knitting machinery. Each sample was knitted by different fabric density and the results 

indicated that all knitted patch antenna resonated at the desired frequency and the textile 

antenna’s efficiency improved as the knitted patches became denser. Beside knitted 

antennas, authors in [33-34] also presented planar and 2.5-D knitted textile FSSs. The 

previous study showed that a fully knitted antenna was able to provide a good wearable 

performance on human body and the knitted textile FSSs demonstrated the desired 

frequency-filtering properties with a stable response for different polarizations and incident 

angles.  

Knitting and weaving were the most popular methods used to create textiles, but they had 

completely different manufacturing mechanisms. In the knitting process, yarns were 

arranged in courses and wales as shown in Fig.2.51 [35]. The intermeshing loops formed by 

conducting course and wale yarns provided continuous conducting paths in all directions 

throughout the textile. However, the current had a “better defined” conducting path along a 

conducting yarn than a joint across two conducting yarns. Consequently, a knitting 

conducting textile did not have a uniform conductivity in all directions. Like weaving, the 

designed conducting patterns were also created in manufacturing process, which resulted in 

no additional thickness to structure. Moreover, with the intermeshing loops, knitting left a 

more flexible and elastic textile structure than weaving, and knitted textiles were naturally 

stretchable and more comfortable to wear. Additionally, in practice, yarns necessarily 

required extra preparation processes such as sizing (applying various types of size material) 

[36] to reduce breakage and make them suitable for weaving, they can be used directly for 

knitting [37].As a result, a computerized knitting machine can provide a higher productivity 

than weaving. Fig.2.52 shows a computerized flat-bed knitting machine (Shima Seiki 
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SWG091N) with a maximum speed of 1.5m/sec at a maximum width of 90 cm [38]. It took 

about 2 mins to knit a 200 mm by 35 mm sample (about 3500 mm2/min) and textile 

conductivity could reach up to 104 σ/m with a commercial silver loaded conducting yarn. 

Lastly, with conducting yarns, the knitting technique can realize not only planar textile 

electronics with complex patterns like textile antennas and frequency selective surfaces, but 

also 3-D fabric-based structures such as textile waveguides. With the highlighted 

advantages, knitting was considered to be a more suitable textile manufacturing technique 

compared with the other techniques described above for this PhD project and a computerized 

knitting machine shown in Fig.2.53 was employed to create all the samples in the thesis.  
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Fig.2.51 Example of a knit pattern [35] 

 

Fig.2.52 A Shima Seiki SWG091N computerized flat-bed knitting 
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The advantages of knitting technique to manufacture textile electronics are highlighted as 

following: 

Advantages: 

• It has the highest production rate among all the textile RF device manufacturing 

techniques described above.  

• It can permit the creation of both planar and 3-D textile structures.  

• Continuous conducting paths can exist in all the directions throughout the textile.  

• The conducting patterns can be shaped accurately and integrated with garments 

without additional thickness. 

• It is easy to change designed pattern and yarns in knitting process.  

• Knitted fabrics are more comfortable to wear and robust to textile shape distortions.  

 

Disadvantages: 

• Conductivity of a conducting knitted textile is not uniform in all directions.  

• Need particular training to operate a computerized knitting machine 
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2.5 Conclusion  
 

In this chapter, current manufacturing techniques for textile electromagnetic devices 

including printing, embroidering, weaving and knitting were introduced and compared. The 

results showed that with digital manufacturing techniques, conventional RF devices could 

be made with commercial textiles completely. These techniques were capable for producing 

a wide variety of textile electronic devices for different applications and their advantages 

were summarized respectively. Printing technique had the highest fabrication accuracy 

while it also had the highest cost and potential environmental hazards as conducting ink or 

paste was involved. Moreover, the printed conducting elements were likely to crack or 

detach from the textile under shape distortions. Textile RF devices created by the traditional 

fabric manufacturing techniques such embroidering, weaving and knitting demonstrated a 

more robust performance under shape distortion and had a better appearance when 

integrated with garments. With computerised machines, embroidering, weaving and knitting 

can all permit an efficient, fast and environmental-friendly production of textile RF devices. 

However, embroidered conducting patterns added extra thickness to textile substrate and 

usually experienced low continuous conductivity. Weaving had a less fabrication accuracy 

and woven fabrics tended to crease. Taken all the factors into account, knitting was 

eventually chosen as the manufacturing technique to fabricate textile RF deceives in this 

PhD project. It can realize both large area planar textile electronics with complex patterns 

and 3-D textile electromagnetic structures. Last but not the least, knitted fabrics are very 

comfortable to wear.  
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Chapter 3. Literature Review 

3.1 Introduction   

 

With the revolution of wireless communications technology, people am now carrying more 

and more electronic devices to meet increasing personal demands. We use mobile phones 

to chat with friends, access internet and obtain GPS functionality. Youngsters, the aged and 

patients may need special sensors to locate positions, detect body motions and monitor 

health conditions. These “always on” devices need to stay constantly inter-connected and 

communicating with the outside world. Meanwhile, they also must be low-profile, light 

weight and not restrict our daily activities. To achieve this goal, wearable devices have 

developed rapidly in the last decade.  

According to [39], depending on the fabrication materials, current wearable devices can 

mainly be categorized into nontextile devices and fully textile devices as shown in Fig.3.11. 

Nontextile devices refer to those devices of which are not completely fabricated from textile 

materials, especially the conducting parts. They can be either customized as ornamental 

pieces and embedded into wearable accessories such as glasses, rings, bracelet or applied 

directly on human skin like plasters. Nontextile devices normally allow accurate fabrication 

as conventional conducting materials such as adhesive copper tape or conducting ink which 

can be precisely shaped are employed to create the conducting patterns. While they have to 

compromise flexibility, wearability and user comfort. Fully textile devices refer to devices 

which are completely fabricated with textile materials. They markedly permit the seamless 

integration with daily clothing and can provide multi functionalities without sacrifice of 

wearer comfort. The appearance of “The Hug Shirt” in 2004 altered the concept of 

traditional clothing and introduced the new generation garments. Benefiting from 

computerized textile manufacturing techniques, traditional electromagnetic devices such as 

antennas, sensors, RFID tags can now be made with textile materials. The new generation 

garments are not only capable of monitoring the wearer’s body information as unobtrusively 

as possible, also able to provide additional protection to the special class of professionals 

facing occupational risks and hazards such as military, fire fighter and emergency rescuers. 

[48] Wearers’ vital signs and surrounding environmental information can be collected and 
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transmitted to nearby teammates and base stations by the textile devices on the new 

generation garments.  

 

 

Fig.3.11 Review of existing wearable devices  

In this chapter, I am going to review the historical developments of three types of fully 

textile devices which are studied in this thesis. Previous research on the textile waveguides, 

textile antennas and textile frequency selective surfaces will be discussed, respectively.   
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3.2 Textile Waveguide 
 

Waveguide is a basic component used to guide the electromagnetic energy between its 

endpoints in communications system. It has an attractive feature for body-centric 

applications as it can provide a good isolation between radiating devices and human body. 

However, up to date, limited research on textile waveguide can be found in literature. The 

authors in [49-50] focused on the design of a textile sheet-shaped waveguide in a wireless 

on-body communications system. In [49], a textile-based sheet-like waveguide was 

proposed to provide a confined communication channel between wireless sensors at 

2.45GHz. It served as a mat and was robust to the presence of human body. In [50], the 

authors presented a fully textile sheet-like waveguide integrated with AMC structure. It was 

in the form of jacket and can be worn by a patient for health monitoring. The other existing 

application of textile waveguide can be found in the wearable substrate integrated 

waveguide (SIW) antennas. The authors in [51] presented the realization of a compact dual-

band textile SIW antennas. The rows of vias minimized the undesired radiation and 

improved the isolation between antenna and human tissue. The measurement showed that 

the textile SIW antenna almost had the same gain in free space and on-body deployment, 

which was 4.2dBi at 2.45 GHz and 5.7dBi at 5.8GHz. 

To my best knowledge, the previous research mainly concentrated on the sheet-shape textile 

waveguide or the wearable antennas in substrate integrated waveguide technology rather 

than the textile waveguide with a traditional structure. In this thesis, I proposed the first 3D 

textile waveguide to the public and filled the gap in research 
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3.3 Textile Antenna 
 

The history of textile antennas can be traced back to 1999, when P. Salonen and his 

colleagues proposed a small planar inverted-F antenna for wearable applications [55]. This 

small PIFA exhibited a good dual-band performance at 900MHz and 2.4GHz, which 

covered GSM and Bluetooth frequency bands, respectively. Authors in [55] also discussed 

the public concerns on health hazards when antennas were worn on body. It showed that the 

presence of conducting ground plane on microstrip antenna was able to prevent backward 

radiation effectively when the antenna was brought closed to human body. Strictly speaking, 

this PIFA was not a textile antenna, as it was still fabricated with a conventional rigid 

material (copper), it brought the public an idea of how an antenna could be integrated with 

garments for wearable applications. In 2001, P.J. Massey from Philips research lab reported 

A GSM fabric antenna located on the user’s back [56]. This was an early prototype of textile 

antennas reported in the open literature, which had the conducting parts made from copper 

plated woven nylon and flexible foam. This textile antenna showed an acceptable 

performance when it was worn on the body, it had a return loss around -6dB at the GSM 

band with an antenna efficiency of about 50%. Later, numbers of pioneering researchers 

focused on realizing different antenna structures with commercial textile materials in the 

last decade. Early approaches to the textile antenna design can be found in Table 3.31[55-

60].  
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Table.3.31 Examples of early textile antennas in the last decade 

Reference Year  Antenna Type Textile Materials 

Frequency/ 

Rad Eff/ 

Gain 

[55] 1999 

Dual band patch  Conducting: copper  0.98+2.36 GHz  

First introduced textile 

antenna concept  
Substrate: air 

NA 

NA 

[56] 2001 

PIFA 
Conducting: copper 

plated nylon   
0.9GHz  

First textile antenna  
Substrate: flexible 

foam 

70% (free space) 

50% (on body) 

NA 

[57] 2003 

Coaxial-fed patch antenna  
Conducting: knitted 

copper yarn  
2.45Ghz  

First compact fully textile 

antenna  
Substrate: fleece 

80% (free space) 

6.82dBi (free space) 

[58] 2007 Aperture-fed patch antenna  

Conducting: copper 

plated nylon  
2.45GHz  

Substrate: fleece 
63% (free space) 

5dBi (free space) 

[59] 2008 

Dual polarized patch antenna 
Conducting: copper 

plated nylon  
2.45GHz 

First dual polarized patch 

antenna  

Substrate: flexible 

foam 

65% (free space) 

6.8dBi (free space) 

[60] 2010 
Circular polarized patch 

antenna 

Conducting: 

conducting woven yarn  
1.65GHz 

Substrate: Cordura 

fabric(εr=1.88) 

70% (free space) 

6dBi (free space) 

 

When textile antennas are integrated with garments, there are always health concerns as the 

radiating elements are very closed to human body. To minimize the radiation level towards 

human body, one of the solutions is to select an antenna topology with a rear ground plane 

such as microstrip antenna. As discussed in [55], the presence of conducting ground plane 

significantly reduced the microstrip antenna’s backward radiation and SAR (Specific 

Absorption Rate, which is a measure of how much radiating energy is absorbed by human 

tissue [61]). However, conventional microstrip antennas normally have a three-layer 

topology and the ground plane is placed at a certain distance from the radiating element. 

Consequently, this structure increases the thickness of textile antennas and make them less 

suitable to be worn on body. To overcome this, low profile textile antennas integrated with 

textile-based matasurfaces such as Electromagnetic Bandgap (EBG) or Artificial Magnetic 

Conductor (AMC) attracted increasing attentions from last decade. Previous study on textile 

metasurface-based antenna can be found in Table 3.32 [62-65]. It can be noted that the 

metasurfaces significantly reduced the antenna’s backward radiation and SAR when the 
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textile antennas were worn on body. However, textile metasurfaces introduced additional 

complexity to the system and high manufacture costs as metasurfaces normally share a large 

area periodic structure and need to be properly designed to integrated with textile antennas.   

In this thesis, I proposed a textile slotted waveguide antenna (SWA), which is a type of 

directional antenna as an alternative solution. It had a low backward radiation without a 

ground plane and was suitable to wear.  

Table.3.32 Previous study on textile metasurface-based antenna  

Reference Year Antenna Type Metasurface Textile Materials Performance Improvement  

[62] 2004 

2.45GHz Patch 

Antenna mushroom-like 

EBG 

Conducting: copper 

tape 

30% size reduction (free 

space) 

First textile EBG 

Antenna  Substrate: felt 

50% bandwidth increase (free 

space) 

[63] 2009 

2.45&5GHz CPW 

Antenna 

Dual-band EBG 

Conducting: woven 

conducting yarn "zelt" 

3dB gain enhancement (free 

space) 

Early EBG-based 

fully textile 

antenna 

Substrate: felt 

12dB back lobe reduction 

(free space) 

more than 90% SAR reduction 

(on-body) 

[64] 2017 

2.45GHz 

monopole antenna  

T-shape EBG 

Conducting: ShieldIt 

conducting textile 

70% size reduction to 

previous design 

Compact EBG-

based textile 

antenna 

10% bandwidth increase (free 

space) 

Substrate: denim 

material 

7.8dB gain enhancement (free 

space) 

15.5dB back lobe reduction 

(free space) 

95% SAR reduction (on-body) 

[65] 2019 

5.8GHz CPW 

Monopole 
Patch type 

AMC 

Conducting: Taffeta 

copper fabric 

2dB gain enhancement (on-

body) 

Recent AMC-

based textile 

antenna Substrate: Pellon fabric 

more than 90% SAR reduction 

(on-body) 

 

Textile antennas are usually inherently flexible and soft. Pioneering researchers found out 

that when the textile antennas were worn on human body, due to the wearer’s daily activities, 

they experienced inevitable structure deformations. Therefore, it was necessary to evaluate 

textile antenna’s performance under different shape distortions.  Bending is one of the 

common seen shape distortions for a wearable textile antenna. As most part of human body 

is not flat, a textile antenna needs be bent to mount on a certain area such as head or arm. In 

2003, M. Tanaka and J. Jang published the study on a textile microstrip antenna bent around 

an arm [66]. This wearable antenna was constructed with felt and woven conducting fabric 

and designed to work at 2.45GHz. Their measurement showed that the antenna’s gain 
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dropped around 2.5dB when the textile antenna was bent around the arm. This was the early 

approach to evaluate bending effects on a textile antenna with measurement. The study on 

antenna performance under structure deformations could also be found in [67-68]. In [67, 

68], Q. Bai and his colleagues not only evaluated a textile microstrip antenna array’s 

performance under different shape distortions including bending and crumpling, they also 

managed to build an equivalent model to describe the crumpling, which was another 

common type of shape distortion might happen to a wearable textile antenna, but more 

complicated than bending. Their results showed that textile antenna demonstrated a robust 

matching performance under different bending conditions, while bending affected antenna’s 

radiation pattern significantly. 

 In this thesis, I evaluated the performance of textile slotted waveguide antenna under 

different bending conditions to study the its feasibility to be used in practice.  
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3.4 Textile Frequency Selective Surface 
 

In recent years, benefiting from the computerized manufacturing technique which permitted 

fast creations of textiles with complex patterns, researches extended their interests from 

textile antennas to large area textile based electromagnetic structures such as frequency 

selective surface (FSS). Table 3.41 summarizes key publications about Textile FSS in the 

recent decade. The earliest approach to manufacturing textile based FSSs in the public 

literature can be traced back to 2012, when A. Tennant and W. Hurley proposed two textile 

FSSs knitted by a computerized flat-bed knitting machine [69]. One of the FSSs had a 

conducting grid structure and the other one had a conducting patch array. Measurement 

showed that both FSSs demonstrated a desired performance at microwave frequencies. 

Moreover, it proved that computerized knitting technique with conducting yarns is an 

efficient and amenable approach to manufacture functional textile structures at a high 

production rate. In 2013, A. Chauraya and his colleagues from Loughborough University 

presented another manufacturing technique to produce textile FSSs: computerised 

embroidering [70]. An array consisting of 24 squares was embroidered on a commercial felt 

cloth using conducting threads to form a loop FSS structure. This textile FSS exhibited a 

good band-stop frequency-filtering property at 2GHz. Later in 2014, R.Seager published his 

study on fabrication of textile FSS. In [71], he compared the normal-incident frequency 

response of three textile FSSs manufactured with different conducting yarns. The best 

agreement between measurement and simulation was achieved when the textile FSS was 

produced using the highest conductivity yarn and highest stitch density. Recently, printing 

techniques such as screen printing [72] and inkjet printing [73] were also applied to create 

FSS patterns on the surface of textile materials. In [72, 73], textile FSSs were created by 

printing techniques with a high fabrication accuracy and good agreement were achieved 

between the measurement and simulation. [72] presented a band-stop textile FSS in 

millimetre-wave band and [73] proposed a band-stop textile FSS at 3GHz. However, they 

also stated that the printing technique suffered a high cost and conducting patterns were 

difficult to attach to the textiles.  

FSS can be mainly categorized into high-pass, low-pass, band-pass and band stop based on 

its frequency response. From table.3.41, it can be noted that prior work only covers high-

pass, low-pass and band-stop textile FSSs and there is no paper on band-pass textile FSSs 

can be found in the open literature to date. The main reason is because the band-pass 
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frequency response is usually realized by slot FSSs and it is challenging to cut periodic slots 

on textile samples. In this thesis, I proposed the first band-pass textile FSS to the public and 

filled the gap in research.  

Table.3.41 Examples of textile FSSs in the recent decade 

Reference Year  

Normal Incidence 

Frequency 

Response  

Textile Materials 
Manufacturing 

Technique 
Performance 

[23] 2012 

High-pass 

Conducting: silver 

nano embedding 

yarn Knitting  

S11>-6dB (2-8GHz) 

Low-pass 
Dielectric: 

polyester 
S11>-6dB (7-11GHz) 

[24] 2013 Band-stop 

Conducting: silver 

plated nylon  Embroidering  
S21<-10dB 

 (1.9-2.1GHz) 
Dielectric: felt 

[25] 2014 Band-stop 

Conducting: 

conducting 

Amberstrand yarn Weaving  
S21<-10dB  

(2.1-2.3GHz) 

Dielectric: cotton 

[26] 2014 Band-stop 

Conducting: 

specialised nano-

fabrication 

conducting ink 
Inkjet-printing 

S21<-10dB 

 (87-89GHz) 

Dielectric:  

polyester 

[27] 2017 Band-stop 

Conducting: silver 

Ink   Screen-printing 

+ weaving 

S21<-10dB 

 (2.9-3.1GHz) Dielectric: nylon 

fabric 

[28] 2018 Band-stop 

Conducting: 

shieldex 

conducting yarn Weaving  
S21<-10dB  

(3.7-5.5GHz) 
Dielectric: 

polyester 
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3.5 Conclusion 
 

In this chapter, I reviewed the previous research on three textile based electromagnetic 

structures: textile waveguide, textile antenna and textile frequency selective surface. Plenty 

of work have been done by pioneers on textile antennas, including design and evaluation on 

various types of antenna fabricated with commercial textile materials, investigation of 

textile antenna’s performance under shape distortions etc. While the study on textile 

waveguide and textile frequency selective surface was still in infancy. In this thesis, our 

contribution was to fill the gap in the study on textile waveguide and textile FSS, and 

proposed several novel textile antennas and textile frequency selective surfaces 

manufactured by computerized knitting technique.  
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Chapter 4. Theoretical Background 

4.1 Introduction 

 

Chapter 4 reviewed the fundamental background of all the electromagnetic structures 

involved in this thesis. The theoretical basics about waveguide, slotted waveguide antenna 

and frequency selective surfaces were detailed, respectively. 

4.2 Waveguide 

 

After the publication of Maxwell’s equations in early 1860s, electromagnetic waves have 

been studied for over a century and many engineering applications have been developed. 

Waveguide, which is a device used to guide waves between its endpoints, can easily find its 

application in various areas. In telecommunications system, optical waveguides are used for 

long distance signal transmission [75]. In wireless communications system, waveguides 

play indispensable roles that provide confined channels between components.  

 

4.21 Propagation Mode 

 

As stated early, waveguide was usually used for the transmission of electromagnetic wave. 

To describe exactly how the EM waves travel within a waveguide, the concept of the 

propagation mode of a waveguide was introduced to present E field and H field patterns 

[76].  Generally, waveguides were analysed by solving the electromagnetic wave equation, 

which was the reduced form of Maxwell’s equations [77]. In the following sections, I took 

a rectangular waveguide which was the most common type as an example to solve 

electromagnetic wave equation.  With the constraint of boundary conditions determined by 

the waveguide’s material, there were only limited solutions to EM wave equation. Each 

solution indicated a propagation mode inside the waveguide and was characterized by the 

cut-off frequency. No propagation mode could exist if the wave frequency is below the cut-

off frequency in the waveguide. Usually, a waveguide can support several propagation 
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modes, and the mode with the lowest cut-off frequency was referred to as the dominant 

mode of a waveguide. Normally, the waveguides were manufactured based on their 

dominant modes to guarantee that there was a single mode propagating regardless of how 

the waveguide was excited. The propagation modes inside a uniform waveguide can be 

classified into different types:  

TE (Transverse Electric) mode: The electric field only exists in the transverse plane of the 

waveguide. Therefore, it is also called the H mode as it only has magnetic field along the 

direction of wave propagation.  

TM (Transverse Magnetic) modes: The magnetic field only exists in the transverse plane of 

the waveguide. Therefore, it is also called the E mode as it only has electric field along the 

direction of wave propagation.  

TEM (Transverse Electromagnetic) modes: Both electric and magnetic fields exist only in 

the transverse plane of the waveguide. 

Hybrid modes: Both electric and magnetic field exist along the direction of wave 

propagation.  

TE modes or TM modes can be found in any shaped hollow metallic waveguide such as 

rectangular, circular or elliptical waveguide with homogenous filling. While this kind of 

waveguide cannot support TEM mode as the EM wave equation did not have a physical 

solution under this condition (it was discussed later with the example of rectangular 

waveguide). There are certain types of transmission lines which can support TEM mode, for 

example: coaxial cable, parallel plate waveguide and microstrip line [78]. However, these 

structures were not involved in this thesis. In the following, I introduced two basic types of 

waveguide: rectangular and elliptical waveguides.  
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4.22 Rectangular Waveguide  

 

Fig 4.221 shows a typical metallic rectangular waveguide with dielectric filling. It has a 

rectangular cross section with width a and height b. Moreover, c is the thickness of 

conducting wall and the waveguide is usually filled with dielectric material which has 

permittivity ε and permeability μ. The cross-sectional dimensions (a, b) and dielectric 

property of filling (ε, μ) are the basic parameters of a rectangular waveguide. To analyse it, 

an equivalent mode is built on Cartesian coordinate system shown in Fig 4.222.  

    

                            

Fig.4.221 A rectangular waveguide with dielectric filling  
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Fig.4.222 An equivalent model for a rectangular waveguide in Cartesian coordinate system  

Assume that the waveguide is made of perfect electric conductor (PEC) and filled with 

lossless homogenous dielectric material (which means the attenuation constant α is 0). Also, 

the wave is travelling in Z direction as e-jβz (β is the phase constant) and its time variant as 

ejωt (ω is the angular frequency). Furthermore, the waveguide is invariant along the Z 

direction. Therefore, the magnetic field H at time t is H = 𝐻𝑜 × 𝑒𝑗𝜔𝑡 and electric field E at 

time t is E = 𝐸𝑜 × 𝑒𝑗𝜔𝑡. 

H = 𝐻𝑜 × 𝑒𝑗𝜔𝑡  ;   
∂H

∂t
= 𝑗ω𝐻𝑜 …………… (1) 

According to Faraday’s Law:  

∇ × E = −
∂B

∂t
= −

𝜕𝜇×𝐻

𝜕𝑡
= −

∂H

∂t
× 𝜇 ……………. (2) 

Put (1) and (2) together:  

∇ × E =  −jω 𝜇𝐻𝑜; (
∂

∂x
,

∂

∂y
,

𝜕

𝜕𝑧
) × (𝐸𝑥, 𝐸𝑦, 𝐸𝑧 , ) = −jω 𝜇𝐻𝑜; 

X-direction:                          
∂𝐸𝑧

∂y
−

𝜕𝐸𝑦

𝜕𝑧
= −jω 𝜇𝐻𝑥………………………… (3) 
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Y-direction:                           
∂𝐸𝑥

∂z
−

𝜕𝐸𝑧

𝜕𝑥
= −jω 𝜇𝐻𝑦………………………… (4) 

Z-direction:                       
∂𝐸𝑦

∂x
−

𝜕𝐸𝑥

𝜕𝑦
= −jω 𝜇𝐻𝑧   ………………………… (5) 

The spatial variation along propagation direction (Z-direction) is: 

𝜕𝑒−𝑗𝛽𝑧

𝜕𝑧
= −𝑗𝛽𝑒−𝑗𝛽𝑧, 

Therefore, (3)~(5) can be represented as  

X-direction:                          
∂𝐸𝑧

∂y
+ 𝑗𝛽𝐸𝑦 = −jω 𝜇𝐻𝑥………………………… (6) 

Y-direction:                          −jβ𝐸𝑥 −
𝜕𝐸𝑧

𝜕𝑥
= −jω 𝜇𝐻𝑦………………………… (7) 

Z-direction:                       
∂𝐸𝑦

∂x
−

𝜕𝐸𝑥

𝜕𝑦
= −jω 𝜇𝐻𝑧   ………………………… (8) 

From (6) ~ (8), magnetic field can be found using known electric field components. 

Similarly, if I know the magnetic field, each component of electric field can be obtained 

respectively.  

E = 𝐸𝑜 × 𝑒𝑗𝜔𝑡  ;   
∂E

∂t
= 𝑗ω𝐸𝑜 …………… (9) 

According to Ampere’s Law:  

∇ × H =
∂D

∂t
=

𝜕𝐸×ε

𝜕𝑡
=

∂E

∂t
× ε…………………. (10) 

(9) and (10) together gives: 

 ∇ × H = jωε𝐸𝑜; (
∂

∂x
,

∂

∂y
,

𝜕

𝜕𝑧
) × (𝐻𝑥, 𝐻𝑦, 𝐻𝑧 , ) = jωε𝐸𝑜 ………………. (11) 

With the spatial variation in Z direction, I can have: 

X-direction:                          
∂𝐻𝑧

∂y
+ 𝑗𝛽𝐻𝑦 = jω 𝜀𝐸𝑥………………………… (12) 

Y-direction:                          −jβ𝐻𝑥 −
𝜕𝐻𝑧

𝜕𝑥
= jω𝜀𝐸𝑦………………………… (13) 

Z-direction:                       
∂𝐻𝑦

∂x
−

𝜕𝐻𝑥

𝜕𝑦
= jω𝜀𝐸𝑧   ………………………… (14) 
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(6)~(8) and (12)~(14) can be used to deduce the simple algebraic equations for the 

transverse components of 𝐸𝑜 and 𝐻𝑜. 

  𝐻𝑥 =
𝑗

𝐾𝑐
2 (𝜔𝜀

𝜕𝐸𝑧

𝜕𝑦
− 𝛽

𝜕𝐻𝑧

𝜕𝑥
) ………………….. (15) 

𝐻𝑦 = −
𝑗

𝐾𝑐
2 (𝜔𝜀

𝜕𝐸𝑧

𝜕𝑥
+ 𝛽

𝜕𝐻𝑧

𝜕𝑦
) ………………….. (16) 

𝐸𝑥 = −
𝑗

𝐾𝑐
2 (𝛽

𝜕𝐸𝑧

𝜕𝑥
+ 𝜔𝜇

𝜕𝐻𝑧

𝜕𝑦
) ………………….. (17) 

 𝐸𝑦 =
𝑗

𝐾𝑐
2 (−𝛽

𝜕𝐸𝑧

𝜕𝑦
+ 𝜔𝜇

𝜕𝐻𝑧

𝜕𝑥
)………………….. (18) 

In equations (15)~(18), Kc is the cut-off wavenumber where 𝐾𝑐
2 = 𝐾2 − 𝛽2 = 𝐾2 + 𝛾2. 

And K is the magnitude of wavevector where 𝐾2 = 𝜔2𝜇𝜖. From equations (15)~(18), if I 

know the axial components Ez and Hz inside a waveguide, all the transverse components of 

electric and magnetic field can then be deduced from them [78]. To solve equation 

(15)~(18), according to electromagnetic wave equation [79], the wave inside the waveguide 

under the above assumption obeys: 

∇2𝐸 + 𝐾2𝐸 = 0…………………….. (19) 

 ∇2𝐻 + 𝐾2𝐻 = 0…………………….. (20) 

Then, the E and H field in equation (19)~(20), can be divided into axial direction and 

transverse plane as shown below.  

∇2𝐸 = ∇𝑥𝑦
2 𝐸 +

𝜕2𝐸

𝜕𝑧2…………………. (21) 

∇2𝐻 = ∇𝑥𝑦
2 𝐻 +

𝜕2𝐻

𝜕𝑧2…………………. (22) 

As the EM wave is travelling along Z direction with propagation factor ejωt-jβz, the field 

variation in Z direction will be: 

𝜕2𝐸

𝜕𝑧2 = −𝛽2𝐸……………………… (23) 

𝜕2𝐻

𝜕𝑧2
= −𝛽2𝐻……………………… (24) 

Equation (19)~(24), together will give: 
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∇𝑥𝑦
2 𝐸 = −(𝐾2 − 𝛽2)𝐸…………………. (25) 

∇𝑥𝑦
2 𝐻 = −(𝐾2 − 𝛽2)𝐻…………………. (26) 

Recall that Kc is the cut-off wavenumber where 𝐾𝑐
2 = 𝐾2 − 𝛽2 , then (25)~(26) can be 

simplified as  

∇𝑥𝑦
2 𝐸 = −𝐾𝑐

2 𝐸…………………. (27) 

∇𝑥𝑦
2 𝐻 = −𝐾𝑐

2 𝐻…………………. (28) 

As stated in section 4.21, a rectangular waveguide can support either TE mode or TM mode. 

Therefore, I am going to discuss it with EM wave equation, respectively.  

4.22 a. TE Mode in Rectangular Waveguide 

 

A TE mode wave has only magnetic field along the propagation direction, thus, Ez = 0 and 

Hz ≠ 0. Let’s focus on the H field in the Z direction in equation (28).  

                                                         ∇𝑥𝑦
2 𝐻𝑧 =

𝜕2𝐻𝑧

𝜕𝑥2 +
𝜕2𝐻𝑧

𝜕𝑦2 = −𝐾𝑐
2 𝐻𝑧 …………………… (29) 

The solution to equation (29) is: 

𝐻𝑧 = 𝐴 cos(𝐾𝑐𝑥𝑋) cos(𝐾𝑐𝑦𝑌)………………………. (30) 

                                                   where A is a constant. 

With Ez = 0, I now have everything to solve equation (15)~(18).  

𝐻𝑥 = −
𝑗𝛽

𝐾𝑐
2

𝜕𝐻𝑧

𝜕𝑥
= −

𝑗𝛽

𝐾𝑐
2

(−𝐴𝐾𝑐𝑥 sin(𝐾𝑐𝑥 𝑋) cos(𝐾𝑐𝑦𝑌)) =
𝑗𝛽

𝐾𝑐
2

𝐴𝐾𝑐𝑥 sin(𝐾𝑐𝑥 𝑋) cos(𝐾𝑐𝑦𝑌) 

𝐻𝑦 = −
𝑗𝛽

𝐾𝑐
2

𝜕𝐻𝑧

𝜕𝑦
= −

𝑗𝛽

𝐾𝑐
2

(−𝐴𝐾𝑐𝑦 sin(𝐾𝑐𝑦 𝑌) cos(𝐾𝑐𝑥𝑋)) =
𝑗𝛽

𝐾𝑐
2

𝐴𝐾𝑐𝑦 sin(𝐾𝑐𝑦 𝑌) cos(𝐾𝑐𝑥𝑋) 

  𝐻𝑧 = 𝐴 cos(𝐾𝑐𝑥𝑋) cos(𝐾𝑐𝑦𝑌) 

𝐸𝑥 = −
𝑗𝜔𝜇

𝐾𝑐
2

𝜕𝐻𝑧

𝜕𝑦
= −

𝑗𝜔𝜇

𝐾𝑐
2

(−𝐴𝐾𝑐𝑦 sin(𝐾𝑐𝑦 𝑌) cos(𝐾𝑐𝑥𝑋)) =
𝑗𝜔𝜇

𝐾𝑐
2

𝐴𝐾𝑐𝑦 sin(𝐾𝑐𝑦 𝑌) cos(𝐾𝑐𝑥𝑋) 

𝐸𝑦 =
𝑗𝜔𝜇

𝐾𝑐
2

𝜕𝐻𝑧

𝜕𝑥
=

𝑗𝜔𝜇

𝐾𝑐
2

(−𝐴𝐾𝑐𝑥 sin(𝐾𝑐𝑥 𝑋) cos(𝐾𝑐𝑦𝑌)) = −
𝑗𝜔𝜇

𝐾𝑐
2

𝐴𝐾𝑐𝑥 sin(𝐾𝑐𝑥 𝑋) cos(𝐾𝑐𝑦𝑌) 
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                                                                          𝐸𝑧 = 0…………………………… (31) 

As stated in assumptions, the waveguide is made with PEC. Therefore, the electric field at 

the boundary of the transverse plane must be zero.  

Namely,  

𝐸𝑦= 0 at X=0, a; 𝐸𝑥 = 0 at Y=0, b …………………………… (32) 

Therefore, 𝐾𝑐𝑥 =
𝑚𝜋

𝑎
 and 𝐾𝑐𝑦 =

𝑛𝜋

𝑏
, where m and n are integer numbers from 0. m and n 

also indicate the numbers of half-wave patterns along the width and height of rectangular 

waveguide, respectively. It can be easily seen from solutions (31) that m and n cannot be 

both zero, otherwise, there is no electric and magnetic field inside waveguide.  

The cut-off wavenumber: 𝐾𝑐 = √𝐾𝑐𝑥
2 + 𝐾𝑐𝑦

2 , 

𝐾𝑐 = √(
𝑚𝜋

𝑎
)

2

+ (
𝑛𝜋

𝑏
)

2

………………. (33) 

As  𝐾𝑐
2 = 𝐾2 − 𝛽2 = 𝜔2𝜇𝜖 − 𝛽2, then 𝛽 = √𝜔2𝜇𝜖 −  𝐾𝑐

2 = √𝜔2𝜇𝜖 − ((
𝑚𝜋

𝑎
)2 + (

𝑛𝜋

𝑏
)

2

) 

For a propagation mode, the phase constant 𝛽 must be a real number; otherwise, it will lead 

to pure attenuation. To achieve this, the term 𝜔2𝜇𝜖 can not be smaller than 𝐾𝑐
2 and the 

minimum frequency ω is introduced as cut-off frequency fc shown as below.  

                                              𝑓𝑐 =
1

2𝜋√𝜇𝜀
√(

𝑚𝜋

𝑎
)

2

+ (
𝑛𝜋

𝑏
)

2

  (m, n =0,1….; m and n cannot be 

both 0) …… (34) 

When the frequency is below the cut-off frequency, the wave cannot propagate inside the 

waveguide. At the cut-off frequency, the phase constant 𝛽=0 and wave starts to propagate 

when the frequency slightly exceeds fc. 

Using equation (34), if I know the cross-section dimension of a rectangular waveguide, then 

the cut-off frequencies can be determined for TE mode.  
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For example, the cut-off frequencies of an X-band rectangular waveguide in TE mode with 

a = 22.86 mm and b = 10.16 mm used in this thesis are determined as following. Assume 

that this waveguide is filled with air. 

For TE10 mode: 𝑓𝑐 =
1

2𝜋√4𝜋×10−7×8.85× 10−12
√(

1𝜋

22.86×10−3)
2

+ (
0𝜋

11.43×10−3)
2

= 6.562𝐺𝐻𝑧 

For TE20 mode: 𝑓𝑐 =
1

2𝜋√4𝜋×10−7×8.85× 10−12
√(

2𝜋

22.86×10−3)
2

+ (
0𝜋

11.43×10−3)
2

= 13.123𝐺𝐻𝑧 

For TE01 mode: 𝑓𝑐 =
1

2𝜋√4𝜋×10−7×8.85× 10−12
√(

0𝜋

22.86×10−3)
2

+ (
1𝜋

11.43×10−3)
2

= 14.764𝐺𝐻𝑧 

For TE11 mode: 𝑓𝑐 =
1

2𝜋√4𝜋×10−7×8.85× 10−12
√(

1𝜋

22.86×10−3)
2

+ (
1𝜋

11.43×10−3)
2

= 16.156𝐺𝐻𝑧 

From the calculations shown above, it can be seen that TE10 mode has the lowest cut-off 

frequency among all the TE modes.  

 

4.22 b. TM Mode in Rectangular Waveguide  

 

The TM mode in rectangular waveguide can be analysed in the similar way. A TM mode 

wave only has electric field along the propagation direction, thus, Hz = 0 and Ez ≠ 0. The E 

field in the Z direction in equation (27) can be expressed as  

                                                         ∇𝑥𝑦
2 𝐸𝑧 =

𝜕2𝐸𝑧

𝜕𝑥2 +
𝜕2𝐸𝑧

𝜕𝑦2 = −𝐾𝑐
2 𝐸𝑧………………….. (35) 

The solution to equation (35) is  

𝐸𝑧 = 𝐵 sin(𝐾𝑐𝑥𝑋) sin(𝐾𝑐𝑦𝑌)……………… (36) 

Where B is a constant. 

With Hz = 0, I now have everything to solve equation (15)~(18). 

𝐸𝑥 = −
𝑗𝛽

𝐾𝑐
2

𝜕𝐸𝑧

𝜕𝑥
= −

𝑗𝛽

𝐾𝑐
2

(𝐵 𝐾𝑐𝑥cos(𝐾𝑐𝑥 𝑋) sin(𝐾𝑐𝑦𝑌)) = −
𝑗𝛽

𝐾𝑐
2

𝐵𝐾𝑐𝑥 cos(𝐾𝑐𝑥 𝑋) sin(𝐾𝑐𝑦𝑌) 

𝐸𝑦 = −
𝑗𝛽

𝐾𝑐
2

𝜕𝐸𝑧

𝜕𝑦
= −

𝑗𝛽

𝐾𝑐
2

(𝐵𝐾𝑐𝑦 cos(𝐾𝑐𝑦 𝑌) sin(𝐾𝑐𝑥𝑋)) = −
𝑗𝛽

𝐾𝑐
2

𝐵𝐾𝑐𝑦 cos(𝐾𝑐𝑦 𝑌) sin(𝐾𝑐𝑥𝑋) 
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  𝐸𝑧 = sin(𝐾𝑐𝑥𝑋) sin(𝐾𝑐𝑦𝑌) 

𝐻𝑥 =
𝑗𝜔𝜀

𝐾𝑐
2

𝜕𝐸𝑧

𝜕𝑦
=

𝑗𝜔𝜀

𝐾𝑐
2

(𝐵𝐾𝑐𝑦 cos(𝐾𝑐𝑦 𝑌) sin(𝐾𝑐𝑥𝑋)) =
𝑗𝜔𝜀

𝐾𝑐
2

𝐵𝐾𝑐𝑦 cos(𝐾𝑐𝑦 𝑌) sin(𝐾𝑐𝑥𝑋) 

𝐻𝑦 = −
𝑗𝜔𝜀

𝐾𝑐
2

𝜕𝐸𝑧

𝜕𝑥
= −

𝑗𝜔𝜀

𝐾𝑐
2

(𝐵𝐾𝑐𝑥 cos(𝐾𝑐𝑥 𝑋) sin(𝐾𝑐𝑦𝑌)) = −
𝑗𝜔𝜀

𝐾𝑐
2

𝐵𝐾𝑐𝑥 cos(𝐾𝑐𝑥 𝑋) sin(𝐾𝑐𝑦𝑌) 

                                                                          𝐻𝑧 = 0…………………………… (37) 

As stated in assumptions, the waveguide is made of PEC. Thus, the boundary conditions of 

a TM mode wave will be:   

𝐸𝑧= 0 at X=0, a; 𝐸𝑧 = 0 at Y=0, b …………………………… (38) 

Therefore, 𝐾𝑐𝑥 =
𝑚𝜋

𝑎
 and 𝐾𝑐𝑦 =

𝑛𝜋

𝑏
, where m and n are integer numbers from 1. It can be 

easily seen from solution (37) that if m or n is zero, all the sin terms will be zero. 

Consequently, there will be no wave propagating inside the waveguide. Therefore, both m 

and n must be greater than 0. The cut-off frequency fc for a rectangular waveguide in TM 

mode is shown as  

                                              𝑓𝑐 =
1

2𝜋√𝜇𝜀
√(

𝑚𝜋

𝑎
)

2

+ (
𝑛𝜋

𝑏
)

2

  (m, n=1,2….) ……. (39) 

The cut-off frequencies of the same X-band rectangular waveguide in TM mode are 

determined as following.  

For TM11 mode: 𝑓𝑐 =
1

2𝜋√4𝜋×10−7×8.85× 10−12
√(

1𝜋

22.86×10−3
)

2

+ (
1𝜋

11.43×10−3
)

2

= 16.16𝐺𝐻𝑧 

For TM12 mode: 𝑓𝑐 =
1

2𝜋√4𝜋×10−7×8.85× 10−12
√(

1𝜋

22.86×10−3)
2

+ (
2𝜋

11.43×10−3)
2

= 30.25𝐺𝐻𝑧 

For TM21 mode: 𝑓𝑐 =
1

2𝜋√4𝜋×10−7×8.85× 10−12
√(

2𝜋

22.86×10−3
)

2

+ (
1𝜋

11.43×10−3
)

2

= 19.75𝐺𝐻𝑧 

The calculations above show that TE10 mode has the lowest cut-off frequency (6.562GHz) 

among all TE and TM modes. Therefore, TE10 mode is the dominant mode of the X-band 

rectangular waveguide.  
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An X-band rectangular waveguide filled with air is simulated and its E-field and H-field are 

shown in Fig.4.223 and Fig.4.224, respectively. The simulation shows that this X-band 

rectangular waveguide is in TE mode since the E-field is in transverse plane and it only has 

H-field along the wave propagation direction. Moreover, the E-filed distribution shows that 

there is no variation along the Y direction, and it has one half-wave variation along the X 

direction. Therefore, this X-band rectangular waveguide is in TE10 mode. There are standard 

dimensions for rectangular waveguides at different frequencies as shown in [80]. In this 

thesis, a WR-90 X band rectangular waveguide will be employed.  

 

Fig.4.223 TE10 mode E-field in transverse plane in a rectangular waveguide  

  

Fig.4.224 TE10 mode H-field in propagation direction in a rectangular waveguide 
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4.23 Elliptical Waveguide  

 

Elliptical waveguide is another type of waveguide I used in this thesis. Fig.4.231 shows a 

metallic elliptical waveguide with dielectric filling. Its equivalent model in Cartesian 

coordinate system is show in Fig.4.231. Like the rectangular waveguide, the elliptical 

waveguide is also filled with dielectric material which has a permittivity ε and permeability 

μ. The dimensions of the elliptical waveguide are given as Table.4.231.  

 

Fig.4.231 An elliptical waveguide with dielectric filling  
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Fig.4.232 An equivalent model for an elliptical waveguide in Cartesian coordinate system 

Table.4.231 

Major Axis  Minor Axis  Foci Distance  Permittivity Permeability 

a b c ε μ 

 

The analysis of elliptical waveguide is similar to a rectangular waveguide with the same 

assumptions, while applies more complicate boundary conditions to solve the EM wave 

equation. According to [81], the wave travelling inside an elliptical waveguide still obeys 

electromagnetic wave equation (19)~(20).  

∇2𝐸 + 𝐾2𝐸 = 0…………………….. (19) 

 ∇2𝐻 + 𝐾2𝐻 = 0…………………….. (20) 
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The cross section of an elliptical waveguide is an ellipse as shown in Fig.3.232 and can be 

defined mathematically as:  

𝐷 = {(𝑥, 𝑦),
𝑥2

𝑎2
+

𝑦2

𝑏2
≤ 1  (𝑥, 𝑦 ∈ 𝑅)}…………………………… (40) 

To solve the EM wave equation for an elliptical waveguide under TE mode and TM mode, 

different boundary conditions are set up as following, respectively: 

In TE mode, there is only E field in transverse plane and H field exist in propagation 

direction (Z direction). Therefore, EM wave must satisfy: 

𝜕𝐻𝑍

𝜕𝑛
|𝜕𝐷 = 0…………………………….. (41) 

In TM mode, there is only H field in transverse plane and E field exist in propagation 

direction (Z direction). Therefore, EM wave must satisfy: 

𝐸𝑍|𝜕𝐷 = 0………………………………. (42) 

With equation (41) and (42), EM wave equation could be solved for an elliptical waveguide 

under TE mode or TM mode. Authors in [81] proposed a polynomial method to find out the 

complete solutions to EM wave equation and [82] presented mathematical calculations to 

obtain the normalized cut-off wavelengths of an elliptical waveguide under different 

propagation modes.  

Regarding to propagation mode, the elliptical and rectangular are similar, except one distinct 

difference. The propagation modes of an elliptical waveguide could be classified as: TE 

even mode (TEe), TE odd mode (TEo), TM even mode (TMe), TM odd mode (TMo). This is 

because when an elliptical waveguide is in TE or TM mode, the even and odd angular 

Mathieu functions generated from the EM wave equation will have two different solutions, 

which consequently result in two independent TE or TM modes [83].  
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4.24 Waveguide bends  

 

Normally, waveguide is a straight long rigid structure, except for flexible waveguide. 

Electromagnetic waves are confined within the waveguide and travel to a particular 

destination. If an electromagnetic signal needs to be transmitted in a different direction, 

waveguide bends are usually applied to arrange the waveguides into the required positions. 

Fig.4.241l shows a picture of a 90 degree H-plane waveguide bend (WR90).  

 

Fig.4.241 Picture of a 90 degree H-plane waveguide bend (WR90) [84] 

The investigation of EM wave propagation in a straight metallic waveguide can be traced 

back to 1897, when Lord Rayleigh initiated an early study on waveguide [85]. In 1939, 

Buchholz published the detailed analysis of EM wave propagation mode in a gradual-bend 

waveguide as shown in Fig.4.242 [86]. Since then, numerous researchers have carried out 

studies on this topic.  Different approaches to describe the situation have been proposed, 

including using exact formulations by Morimoto in 1940 [87], presenting expansion 

procedures applied to the defining differential equations by   in 1946 [88], applying Matrix 

theoretic techniques by Rice in 1948 [89] and employing approximate formulations of 

equivalent transmission line theory by Andreasen in 1958 [90]. In 1966, Alan Cochran and 

Robert Pecina from Bell Telephone Lab published the investigation in EM wave inside 

waveguide bends of rectangular cross section [91]. With their numerical computations and 

graphs, fundamental propagation modes of EM wave inside waveguide bends were 

described precisely. According to their results, the waveguide bend with rectangular cross 
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section can be presented in cylindrical coordinate system (r, φ, z) as shown in Fig.4.242. 

The open-end waveguide bend shown in Fig.4.242 has a top at Z = a, bottom at Z = 0, inner 

wall at r = r1 and outer wall at r = r2, respectively.  

 

Fig.4.242 Waveguide bend with rectangular cross section [91] 

Assume that the waveguide bend in Fig.4.242 is made of perfect electric conductor (PEC), 

and filled with non-conducting medium with permeability μ and permittivity ε. The EM 

wave travels along φ direction as 𝑒±𝑗𝑣φ (v is the angular propagation constant) and its time 

variant as 𝑒−𝑗𝜔𝑡 (𝜔 is the angular frequency). According to vector wave equation [79], EM 

wave inside the waveguide bend also obeys equation (43): 

 ∇2𝐹 + 𝐾2𝐹 = 0…………………….. (43) 

Where 𝐾2 = 𝜔2𝜇𝜀 and F is electric and magnetic fields associated with EM wave. 

Two important independent families of vector solutions of (43) are: 

𝑀 = ∇ × (cu)…………………….. (44) 

 𝑁 =
1

𝐾
∇ × ∇ × (cu)…………………….. (45) 



50 

 

Where c is a constant vector which is parallel to z axis in a cylindrical coordinate system 

and u is the Hertz potentials which satisfies the scalar wave. 

Equation (44) and (45) can then be expressed in the general form as: 

𝑀 = {±
𝑗𝑣

𝑟
𝐶𝑣(ℎ𝑟)𝑒𝑟 − ℎ𝐶𝑣

, (ℎ𝑟)𝑒φ} (𝑠𝑖𝑛
𝑐𝑜𝑠

)𝑞𝑧𝑒±𝑗𝑣φ………….. (46) 

𝑁 = {
𝑞

𝑘
[ℎ𝐶𝑣

, (ℎ𝑟)𝑒𝑟 ±
𝑗𝑣

𝑟
𝐶𝑣(ℎ𝑟)𝑒φ] ( 𝑐𝑜𝑠

−𝑠𝑖𝑛
)𝑞𝑧 +

ℎ2

𝑘
𝐶𝑣(ℎ𝑟)(𝑠𝑖𝑛

𝑐𝑜𝑠
)𝑞𝑧𝑒𝑧} 𝑒±𝑗𝑣φ……….. (47) 

Where 𝐶𝑣is a general Bessel function of order v and ℎ = (𝑘2 − 𝑞2)
1

2.  

Under the above assumptions, EM wave inside the waveguide bend shown in Fig. 4.242 can 

be described by originally selecting either M or N as the electric field.  

4.24 a. LE wave (E-plane waveguide bend) 

 

Longitudinal Electric (LE) wave, also known as LE wave, is the field configuration inside 

the waveguide bend when only M (equation (46)) is selected. When only equation M 

applies, the electric fields inside the waveguide bend are: 

𝐸𝑟 = ±
𝑗𝑣

𝑟
𝐶𝑣(ℎ𝑟) sin (

𝑛𝜋𝑧

𝑎
) 𝑒±𝑗𝑣φ……….. (48) 

𝐸φ = −ℎ𝐶𝑣
, (ℎ𝑟) sin (

𝑛𝜋𝑧

𝑎
) 𝑒±𝑗𝑣φ……….. (49) 

𝐸z = 0……….. (50) 

From equation (48) ~(50), it can be seen that there is no electric field component in z 

direction and the entire electric field lies in the bending plane. Therefore, a continuously 

curved waveguide which only supports this propagation mode is referred as E-plane 

waveguide bend. For an E-plane waveguide bend, only magnetic fields are distorted when 

the waveguide is bent. 
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4.24 b. LM wave (H-plane waveguide bend) 

 

Longitudinal Magnetic (LM) wave, also known as LM wave is the field configuration inside 

the waveguide bend when only N (equation (47)) is selected. When equation N applies, the 

magnetic fields inside the waveguide bend are: 

𝐻𝑟 = ±
𝑘

𝜔𝜇
(

𝑣

𝑟
) 𝐶𝑣(ℎ𝑟) cos (

𝑛𝜋𝑧

𝑎
) 𝑒±𝑗𝑣φ……….. (51) 

𝐻φ =
𝑘ℎ

𝜔𝜇
𝐶𝑣

, (ℎ𝑟) cos (
𝑛𝜋𝑧

𝑎
) 𝑒±𝑗𝑣φ……….. (52) 

𝐻z = 0……….. (53) 

From equation (51) ~(53), it can be seen that there is no magnetic field component in z 

direction and the entire magnetic field lies in the bending plane. Therefore, a continuously 

curved waveguide which only supports this propagation mode is referred as H-plane 

waveguide bend. For a H-plane waveguide bend, only magnetic fields are distorted when 

the waveguide is bent.  

Generally, in a straight waveguide, the propagating EM wave can be categorized into TE 

and TM mode as discussed in previous sections. Similarly, the propagating EM wave in a 

waveguide bend can also be categorized into LE and LM waves. According to results in 

[91], The LE (0,1) mode in a waveguide bend corresponds to TE (0,1) in a straight 

waveguide and LM (1,0) mode corresponds to TE (1,0) mode. Moreover, [91] stated that 

the cut-off frequencies of a waveguide bend with a fixed cross section generally depend on 

the bending radius r1 except those for LE (0, n) modes. Fig. 4.243 shows the bending radius 

dependence of cut-off frequency in different types of waveguide bend.  
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Fig.4.243 Bending radius dependence of cut-off frequencies in standard waveguide bends [91] 

In this thesis, WR90 waveguide was the standard waveguide used in both simulation and 

measurement. Therefore, the last two rows in Fig.4.243, which are the WR90 H-plane bend 

and WR90 E-plane bend, are important. For the WR90 H-plane bend, LM (1,0) mode is the 

dominant mode. Moreover, it can be seen from Fig.4.243 that with bending radius r1 

increasing, cut-off frequencies at LM (1,0) mode increases slightly, then remain the same 

after bending radius reaches a certain value (one wavelength). For the WR90 E-plane bend, 

LE (0,1) mode is the dominate mode. From Fig.4.243, it can be seen that with bending radius 

r1 increasing, cut-off frequencies at LE (0,1) mode always remain the same.  
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4.3 Slotted Waveguide Antenna 

 

In this thesis, I also investigated a knitted slotted waveguide antenna. Therefore, it was 

useful to review basics about a slotted waveguide antenna. 

The history of slotted waveguide antenna (SWA) can be traced back to 1943, when John 

Kemp attempted to detail the propagation modes for different types of waveguide, he also 

found out that a metallic waveguide can transform to a radiating antenna if there are some 

slots on the waveguide wall [92]. As this kind of antenna is developed from waveguide, it 

is named as slotted waveguide antenna (SWA). SWAs are easy to fabricate to conform to 

the surface on which they are mounted, as only needs to cut slots on the walls. With the 

advantage of supporting high frequency radiation with a high directivity (For example: 

26.3dBi at 94GHz in [93]) SWA finds its popular applications in radar and aircraft 

navigation systems. Fig.4.321 presents an example of a slotted waveguide antenna. It is a 

metallic rectangular waveguide with four slots on the top wall, where a is the waveguide 

width, b is the waveguide height, c is the distance between the last slot and the end, d is the 

offset that the slots are away from centerline, e is the separation between two adjacent slots, 

l is the slot length and w is the slot width.  
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Fig.4.321 Geometry of a slotted waveguide antenna with four slots 

Recall the analysis for rectangular waveguide in section 4.22, I can assume this SWA is in 

dominant TE10 mode. Therefore, the EM wave travelling inside the waveguide can be 

expressed as: 

𝐻𝑥 =
𝑗𝛽

𝐾𝑐𝑥
𝐴 sin(𝐾𝑐𝑥𝑋) 

𝐻𝑦 = 0 

𝐻𝑧 = 𝐴 cos(𝐾𝑐𝑥𝑋) 

𝐸𝑥 = 0 

𝐸𝑦 = −
𝑗𝜔𝜇

𝐾𝑐𝑥
𝐴 sin(𝐾𝑐𝑥𝑋) 
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                                                                   𝐸𝑧 = 0…………………………………. (54) 

where Kcx = 
𝜋

𝑎
, and A is a constant determined by the SWA input power. 

The H-fields tangent to a conducting surface will induce electric currents on the waveguide’s 

top wall. From equation (54), the current density on the top surface where the slots are 

mounted can be deduced as:  

                                𝐽𝑥  ∝  𝐴 cos(𝐾𝑐𝑥𝑋), determined by Hz……… (55) 

                                𝐽𝑧  ∝   
𝑗𝛽

𝐾𝑐𝑥
𝐴 sin(𝐾𝑐𝑥𝑋), determined by Hz ……… (56) 

From equation (55)~(56), it can be seen that the surface current on the top wall of the SWA 

consists of x-component and z-component. Normally, the slots on a SWA are narrow, with 

a width less than a tenth of wavelength (w <0.1λ). Therefore, if the slots are mounted in the 

way as shown in Fig.4.321, they will only cause the discontinuity of x-component surface 

current flow. Consequently, in this case, the x-component surface current is mainly 

responsible for the antenna’s radiation as it has to travel around the slots. From equation 

(55)~(56), I can also find out that if the slots sit on the centerline of the waveguide (red dash 

line in Fig.4.321) where X = 
𝑎

2
, the cos term in x-component surface current will be: 

                         𝐴 cos(𝐾𝑐𝑥𝑋) = 𝐴 cos (
𝜋

𝑎
×

𝑎

2
) = 𝐴 cos(

𝜋

2
) = 0………………….. (57) 

As a result, there will be no radiation for this SWA as the X-component surface current 

density Jx is zero. Hence, the slots must be offset from the center line of the waveguide and 

the offset distance d will determine the current density and hence determine how much 

power a SWA can radiate.  

For a SWA as shown in Fig.4.321, the waveguide serves as a transmission line and the slots 

on the top surface are formed in a 2 by 2 array acting as the radiating element. The length 

of the slots is associated with antenna’s resonant frequency and l is usually be approximately 

half wavelength in air (λ0/2). The separation, e, between two adjacent slots is chosen to be 

about half of guided wavelength (λg/2), where guided wavelength is the wavelength inside 

a waveguide. According to [19], at a certain frequency, the input impedance of the slots on 

the waveguide is the same when they are spaced approximately half guided wavelength from 
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each other. In this case, all the slots can be viewed as being parallel connected and the 

equivalent input impedance of a SWA can be simply calculated as: [94] 

𝑍𝑖𝑛 =
1

𝑁𝑌𝑠
   …………………….. (58) 

Where N is the number of slots and Ys is admittance of a slot.  

The distance between the last slot and the end of waveguide, c, is always designed to be a 

quarter of guided wavelength (λg/4), so that the terminal can be treated as an open circuit 

according to transmission line theory [94]. The guided wavelength of a SWA can be 

calculated from equation (59):  

                                             Λ𝑔 =
1

√(
1

λ0
)

2
−(

1

λ𝑐
)

2
 …………………………….. (59) 

Where λ0 is the wavelength in air and λc is the cut-off wavelength of waveguide in the SWA.  

Typically, the dimensions of a SWA are shown in Table 4.321.  

Table 4.321 Dimensions of a SWA  

c d e l w 

λg/4 0 < 𝑑 <
𝑎

2
 λg/2 λ0/2 <0.1λ0 
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4.4 Frequency Selective Surface 

 

Periodic structures which consist of repetitive lattices can be widely found in nature. 

Theoretically, most of objects materials are periodic at the atomic scale. At a larger scale, 

the commonest example of periodic structures can be seen is the honeycomb. In 

electromagnetism, according to [95], a frequency selective surface (FSS) is defined as a 

“two-dimensional periodic surface consisting of infinite conducting patch or aperture 

elements”. Basically, the name of FSS reflects its function, it can act as a filter in wireless 

communications system to separate electromagnetic waves of different frequencies. Due to 

its distinct frequency-filtering property, its applications can be found in various fields such 

as microwave ovens, antenna radomes, metamaterials, and stealth materials. FSSs has been 

developed rapidly in the last few decades, from typical narrow band FSS, broadband FSS, 

multi band FSS, compact FSS to curved FSS [96-100]. The study on frequency selective 

surface emerged in late 1960s, when R. Ulrich found the close interrelations between a thin 

metallic inductive grid and its complementary capacitive grid. He also stated that at certain 

frequency region (wavelength > unit cell size), both metallic grids could be described by 

simple transmission line equivalent circuits and had frequency-filtering properties [101]. 

Later, lots of researchers proposed their mathematical and experimental analyses on FSSs 

and various types of FSS have been demonstrated [102-104]. According to their results, for 

an FSS, its periodic unit cells mainly determines its frequency-filtering property. With 

different unit cells, an FSS can be configured as a low-pass filter, high-pass filter, band-pass 

filter or band-stop filter according to different applications.  

According to [95], An FSS is formed by an infinite array consisting of identical elements, 

and these identical elements are referred as FSS’s unit cells. In [105], Munk described the 

FSS structures operational principle in details. According to his explanation, the incident 

EM wave reaches the FSS structure and produces the induce currents into the unit cell. The 

shape and dimension of the unit cell define the currents which then generate new scattered 

fields on FSS. The resultant EM filed around an FSS is created by the incident fields and 

produced scattered fields. Therefore, the desired frequency-filtering property of an FSS 

structure can be determined by its properly designed unit cells.  

When an incident plane wave (Ei) hits an FSS, transmission and reflection will both occurs. 

The transmission coefficient T and reflection coefficient Γ can be defined as: 
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𝑇= Et/Ei………………………. (60) 

where Et is the transmitted wave.  

Γ = Er/Ei………………………. (61) 

where Er is the reflected wave.  

According to [106], under the hypothesis of a perfect conducting single-resonant 

freestanding FSS and it is designed properly to avoid grating lobe, when the FSS is excited 

by a normal incident wave it can be analysed as a two-port network as shown in Fig.4.41. 

 

Fig.4.41. Two-port model of a freestanding FSS 

FSS plane is assumed to be infinitesimally thin with impedance zfss at the original position 

in Z axis (Z=0). Area to the left (Z<0) and to the right (Z>0) is free space with impedance 

z0 and is defined as port 1 and port 2 in the network, respectively. The incident wave is a 

and reflected wave is b, their relationship is described by scattering matrix S of FSS as: 

b = Sfss a………………………. (62) 

where a = (a1, a2)
T, b = (b1, b2)

T and Sfss = (
𝑆11 𝑆12

𝑆21 𝑆22
) 

Here a1,2 and b1,2 are the amplitude of incident and reflected wave at each port respectively.  
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(
𝑏1

𝑏2
) = (

𝑆11 𝑆12

𝑆21 𝑆22
) (

𝑎1

𝑎2
)………………………. (63) 

At port 1, S11 is the same as the FSS’s reflection coefficient Γ and S21 is the same as the 

FSS’s transmission coefficient T.  

According to the statements in [106],  

𝑏1 = −
𝑧0

𝑧𝑓𝑠𝑠⁄

2+
𝑧0

𝑧𝑓𝑠𝑠⁄
𝑎1 +

2

2+
𝑧0

𝑧𝑓𝑠𝑠⁄
𝑎2………………………. (64) 

𝑏2 =
2

2+
𝑧0

𝑧𝑓𝑠𝑠⁄
𝑎1 −

𝑧0
𝑧𝑓𝑠𝑠⁄

2+
𝑧0

𝑧𝑓𝑠𝑠⁄
𝑎2………………………. (65) 

Therefore, S11 which is also the FSS’s reflection coefficient Γ can be expressed as  

Γ = |−
𝑧0

𝑧𝑓𝑠𝑠⁄

2+
𝑧0

𝑧𝑓𝑠𝑠⁄
|………………………. (66) 

S21 which is also the FSS’s transmission coefficient T can be expressed as  

𝑇 = |
2

2+
𝑧0

𝑧𝑓𝑠𝑠⁄
|………………………. (67) 

Equation (66) and (67) has also been derived by a similar analysis in [107]. Since z0 is a 

constant (free space impedance), the reflection coefficient of a lossless freestanding FSS is 

only related to its impedance, zfss. 

In [108], the authors derived the impedance of an arbitrarily shaped FSS when it is excited 

by a normal incident wave as: 

𝑧𝑓𝑠𝑠 = −𝑗

∑ ∑ 𝐽∗(𝑝,𝑞)𝐺̃̅(𝑝,𝑞)𝐽(𝑝,𝑞)
+∞

𝑞=−∞

+∞

𝑝=−∞

2𝐽∗(0,0)𝐺̃̅(0,0)𝐽(0,0)
, 𝑤ℎ𝑒𝑟𝑒 𝑝 ≠ 0, 𝑞 ≠ 0…………… (68) 

According to [108], the expression of FSS reactance has the same pole-zero properties as a 

passive LC circuit. Therefore, it is possible to approximate an FSS frequency response by 

an equivalent circuit.  

In this thesis, two types of FSS, cross slot FSS and hexagonal loop FSS are involved. I am 

going to discuss them respectively in the following. 
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4.41 Cross Slot FSS 

 

Fig.4.411 presents a single layer, thin metallic cross slot FSS oriented in Z direction. This 

is a freestanding 4 by 4 grid with a thickness less than 0.1λ, where λ is the wavelength at the 

FSS’s resonant frequency.  

 

Fig.4.411 A freestanding thin metallic cross slot FSS  

 

Fig.4.412 A cross slot FSS is excited by a normal incident plane EM wave 
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According to the statement in [95], if a cross slot FSS is excited by a normal incident plane 

electromagnetic wave from Z+ direction as shown in Fig.4.412, its performance can be 

approximately described as a lump parallel LC circuit shown in Fig.4.413 with three 

idealizations: 

1. The cross slot FSS is infinitely thin 

2. The metallic cross slot FSS is perfectly conducting without loss.  

3. The cross slot FSS works at certain frequency range where wavelength > unit cell size 

 

Fig.4.413 Equivalent circuit for a cross slot FSS 

The admittance of the circuit shown in Fig.4.413 can be found out as: 

                                                 𝑍𝑓𝑠𝑠 =
1

1

𝑗𝜔𝐿
+𝑗𝜔𝐶

=
𝑗𝜔𝐿

1−𝜔2𝐿𝐶
 ……………………. (69) 

Substitute (69) into (66), the reflection coefficient of a cross slot FSS is  

Γ = |−
𝑧0

𝑧𝑓𝑠𝑠⁄

2+
𝑧0

𝑧𝑓𝑠𝑠⁄
| = |−

𝑧0

2𝑧𝑓𝑠𝑠+𝑧0
|=|−

𝑧0

2
𝑗𝜔𝐿

1−𝜔2𝐿𝐶
+𝑧0

|……………………. (70) 

From Equation (69), it can be seen that at the resonant frequency, 𝜔0 = √
1

𝐿𝐶
 , zfss is 

infinitesimally large and equation (70) Γ equals 0. It means that the FSS is equivalent to an 
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open circuit at its resonant frequency and the incident wave is able to pass through the FSS 

without reflection. Therefore, this cross slot FSS can be classified as a band-pass FSS, where 

ω0 is the resonant frequency.  

4.42 Hexagonal Loop FSS 

 

Fig.4.421 presents a single layer, thin metallic hexagonal loop FSS. When this structure is 

excited by a normal incident plane electromagnetic wave from Z+ direction as shown in 

Fig.4.422, with the same idealizations listed in section 4.41, this loop FSS can be 

approximately described as a lumped series LC equivalent circuit as shown in Fig.4.423 

[95].  

 

Fig.4.421 A freestanding thin metallic hexagonal loop FSS 
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Fig.4.422 A hexagonal loop FSS is excited by a normal incident plane EM wave 

 

Fig.4.423 Equivalent circuit for the hexagonal loop FSS 

The impedance of the circuit shown in Fig.4.423 can be expressed as: 

                                                 𝑍𝑓𝑠𝑠 =
1

𝑗𝜔𝐶
+ 𝑗𝜔𝐿 =

1−𝜔2𝐿𝐶

𝑗𝜔𝐶
 ……………………. (71) 

Subtitute (71) into (66), the reflection coefficient of a hexagonal loop FSS is  

Γ = |−
𝑧0

𝑧𝑓𝑠𝑠⁄

2+
𝑧0

𝑧𝑓𝑠𝑠⁄
| = |−

𝑧0

2𝑧𝑓𝑠𝑠+𝑧0
|=|−

𝑧0

2
1−𝜔2𝐿𝐶

𝑗𝜔𝐶
+𝑧0

|……………………. (72) 

From Equation (71), it can be seen that at resonant frequency 𝜔0 = √
1

𝐿𝐶
 , zfss is 0 and 

equation (72) Γ equals 1. It means that the FSS is equivalent to a short circuit at its resonant 

frequency and the incident wave is totally reflected at this particular frequency. Therefore, 

this hexagonal loop FSS can be classified as a band-stop FSS and ω0 is known as its resonant 

frequency.  

4.5 Conclusion  

In this chapter, the fundamental basics associated with waveguide, slotted waveguide 

antenna and frequency selective surface were reviewed. Examples and equations were also 

given to help readers to obtain a better understanding of all the theories used in this thesis.  
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Chapter 5. A Knitted Textile Waveguide  

5.1 Introduction  

 

In the last decade, with the fast development of new materials and manufacturing techniques, 

wearable devices for body-centric communications system have attracted significant 

attention due to certain advantages such as flexibility, light weight and high-strength-to-

weight ratio [10]. Moreover, as electromagnetic devices are made with commercial clothing 

materials, they can be integrated seamlessly with garments to support various functions such 

as on-body/off-body wireless communications. For example, lots of research has been done 

on textile antennas [55-60]. The textile antennas gave me the inspiration to make a textile 

waveguide as waveguide is a basic component used to guide the electromagnetic energy 

between its endpoints in communications system.  

This chapter began with the presentation of a knitted textile waveguide with an elliptical 

cross-section [109]. Then, based on the waveguide’s performance, the dielectric property of 

the knitted polyester and the conductivity of the textile sleeve were studied. Since the knitted 

waveguide was flexible and it was difficult to keep the waveguide rigid, its performance 

under distortion conditions were tested [110]. The impact of moisture on the knitted 

waveguide’s performance was also studied [111]. Finally, conclusions were drawn based on 

the agreements achieved between simulation and measurement. 
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5.2 Knitted Waveguide Structure 

 

Fig.5.21 shows a knitted waveguide with an elliptical cross-section designed for X-band. It 

was fabricated by Shima Seiki SWG091N computerized flat-bed knitting machine at NTU 

and was basically a conducting textile sleeve filled with knitted polyester inside. The 

conducting sleeve was knitted with the highest available knitting density (20 stitches/inch 

and 25 rows/inch) to achieve the best conductivity. The approximated dimensions of the 

knitted waveguide are given in table.5.21. 

      

                                        (a)                                                                       (b) 

Fig.5.21 A knitted waveguide: (a) Top view; (b) Side view 

 

Table.5.21 Dimensions of the knitted waveguide 

Major Axis  Minor Axis  Whole Length  Thickness of Sleeve 

27mm 20mm 320mm 1mm  

 

A pair of transitions were designed to feed the knitted waveguide. Fig.5.22 shows the basic 

structure of a waveguide transition. The transition was a metallic open-ended waveguide 

with the same cross section as the knitted waveguide. A commercial 50 Ω N-type connector 

was mounted on the top wall of transition with its Teflon dielectric ending at the inner wall.  

The probe extended about a quarter wavelength (λ/4) into the transition to match the input 

impedance. The distance between the centre of probe and rear inner wall of the transition is 

referred to as the back short length and should be a quarter guided wavelength (λg/4) to 
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ensure that the reflected wave is in phase with the incident wave. The dimensions of the 

transition are given in table.5.22.  

      

                                                               (a)                                                                       (b) 

Fig.5.22 Configuration of a waveguide transition: (a) Side view; (b) Front view 

 

Table.5.22 Dimensions of transition 

Transition Length (t) Black short Length (b) Probe Length (p) 

30mm 7mm 5.6mm 
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5.3 Knitted Waveguide Performance 

 

The input return loss (S11) and forward transmission (S21) of waveguides were measured 

using a vector network analyzer (VNA). Before the measurement, a SMA two-port 

calibration was done. A set of 85052D SMA calibration kits, two SMA cables and two SMA 

to N adapters were used in the two-port calibration process. The measurement setup is 

shown in Fig.5.31. 

 

Fig.5.31. S-parameters measurement for knitted waveguide 

The measured S-parameters of the knitted waveguide are presented in Fig.5.32. From the 

results, it can be seen that there was a distinct cut-off frequency at approximately 7.6GHz, 

where S21reached -10dB. The working frequency of this knitted waveguide was from 

7.4GHz to 10.5GHz while the S11 was just below -10 dB and the average of S21 was about 

-7dB within the working frequency band. It can also be seen that both S11 and S21 showed 

ripples. The ripples were primarily caused by the impedance mismatch introduced by the 

transitions. Since there were SMA to N adapters employed in the calibration process, they 

also introduced the impedance mismatch in measurement. Additionally, the transitions 

cannot be manufactured precisely to the desired dimensions. Therefore, the multiple 

reflections caused by the impedance mismatch from the terminations resulted in the ripples 

in S11 and S21. The cause of ripples in S-parameter plot were studied in the next section. 
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The relatively high S11 and low S21 might not only be caused by the impedance mismatch 

at the transitions, but the poor dielectric property of the knitted polyester or the low 

conductivity of the textile sleeve. Therefore, the dielectric property of the knitted polyester 

and the conductivity of the textile sleeve were determined separately in the following 

sections. 

 

Fig.5.32 Measured S-parameters of the knitted waveguide  
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5.4 Dielectric Property of Knitted Polyester 

 

The knitted sample was manufactured by Nottingham Trent University, I did not know the 

specified permittivity or dielectric loss constant of the knitted polyester. To find out the 

dielectric property of knitted polyester, an aluminium waveguide with a hollow inner which 

had the same dimensions as the knitted polyester was manufactured as shown in Fig.5.41. It 

served as a reference waveguide and the dimensions are given in table.5.41.  

            

(a) (b) 

Fig.5.41 Configuration of metallic waveguide: (a) Top view; (b) Front view 

 

Table.5.41 Dimensions of hollow metallic waveguide  

Width  Height  Major Axis  Minor Axis  Foci Distance  Whole Length 

40mm 30mm 27mm 20mm 18mm 320mm 

 

The same measuring methodology used in section 5.3 was applied to the metallic waveguide 

to determine the relative permittivity εr and the dielectric loss tanδ of the knitted polyester. 

First, the hollow metallic waveguide was simulated and measured, and Fig.5.42 shows the 

simulated and measured S21 for the hollow metallic waveguide. From Fig.5.42, it can be 

seen that the hollow metallic waveguide had a same cut off frequency and transmission loss 

level as expected. In this way, the hollow metallic waveguide was tested and could serve as 

a reference waveguide. 
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Fig.5.42 Simulated and measured S21 of hollow metallic waveguide 

Then, the knitted polyester was inserted into the metallic reference waveguide and the 

waveguide with the dielectric material was modelled and simulated. For the knitted polyester 

in the simulation, its relative permittivity εr determined the waveguide’s cut off frequency 

and its dielectric loss constant tanδ determined the waveguide’s transmission gain level (S21), 

respectively. Therefore, the simulated S-parameters were optimised to match the measured 

results by adjusting εr and tanδ of the knitted polyester. The measured and simulated S21 of 

the metallic waveguide filled with knitted polyester are shown in Fig.5.43 respectively. 
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Fig.5.43 Simulated and measured S21 of metallic waveguide filled with knitted polyester 

Fig.5.43 shows that the metallic waveguide filled with knitted polyester had the same cut-off 

frequency fc in simulation and measurement. The simulated and measured cut-off frequency 

fc of this waveguide was about 5.8 GHz. From the two curves, it can also be seen that good 

agreement was achieved between the measured and simulated S21 within the waveguide’s 

working frequency when εr =1.3 and tanδ = 0.001 were set to the knitted polyester in 

simulation. The simulated and measured S21 both reached -3 dB from 7GHz to 9.5GHz 

which showed that the knitted polyester had an acceptable dielectric property at relatively 

high frequency, and it was suitable for knitted waveguide applications. The simulated E-field 

inside the waveguide is shown in Fig.5.44. 
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Fig.5.44. Simulated E-field of metallic waveguide filled with knitted polyester  

According to [81], Fig.5.44 shows that the metallic waveguide filled with knitted polyester 

was in TEo21 mode. Based on the numerical analysis done in [92], the normalized cut-off 

wavelength (λc/a) for a TEo21 elliptical metallic waveguide with an eccentricity of 0.67 was 

approximately 1.72. The elliptical waveguide had a major axis of 27mm. Therefore, the cut-

off wavelength was: 

λ𝑐 = 1.72 × 27 = 46.44𝑚𝑚 

The previous results showed that the relative permittivity εr of knitted polyester was 

approximately 1.3, so the theoretical cut-off frequency of the metallic waveguide with 

knitted polyester was: 

𝑓𝑐 =
𝑐

λ𝑐√𝜀𝑟

=
300

46.44 × √1.3
≈ 5.67𝐺𝐻𝑧 

The simulated and measured cut-off frequency of the metallic waveguide with knitted 

polyester was about 5.8GHz, which generally agreed with the theoretical value. Therefore, 
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the metallic waveguide was designed and manufactured properly, and the dielectric property 

of knitted polyester was determined correctly.  

Ripple Analysis 

In Fig.5.42 and Fig.5.43, both simulated and measured S21 plots showed ripples. To confirm 

the cause of ripples, following simulations were made.  

First, the metallic waveguide filled with knitted polyester was fed directly by two waveguide 

ports at its ends in simulation as shown in Fig. 5.45. The metallic elliptical waveguide had 

a length of 320mm, and its dimensions are shown in table 5.41. The simulated S21 of the 

direct-fed waveguide was shown in Fig. 5.46.  

 

Fig.5.45 Metallic waveguide with knitted polyester direct fed by waveguide ports in CST 

 

Fig.5.46 Simulated S21 of direct fed waveguide with knitted polyester 
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In Fig.5.46, simulated S21 shows small ripples when it approached 0 after waveguide’s cut-

off frequency. In simulation, the impedance of waveguide port was set automatically 

matched to waveguide’s impedance. Therefore, when the waveguide was directly fed by 

two waveguide ports, there was no impedance mismatch throughout the interconnect. In 

[112], Sareh. T and Mohammadreza. K proposed a Fabry–Perot interferometric method to 

describe waveguide transmission and the transmitted power in a FP cavity was expressed as 

equation (72) 

𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑡𝑡𝑒𝑑 𝑝𝑜𝑤𝑒𝑟

𝑖𝑛𝑝𝑢𝑡 𝑝𝑜𝑤𝑒𝑟
=

𝐼𝑡

𝐼𝑖
=

(1−𝑅2)𝐺

(1−𝐺𝑅)2+4𝐺𝑅𝑠𝑖𝑛2(
𝛿

2
) 
………………………. (72) 

Where R is the reflectivity of waveguide’s internal facets, 𝐺 = 𝑒−𝜕𝐿  is the total loss of 

waveguide of length L, 𝛿 =
4𝜋𝑛𝑔𝐿

𝜆
 is the round-trip phase shift, and 𝑛𝑔 =

𝐶

𝑉𝑔
 is the group 

index of waveguide. From equation (72), it can be seen that in a waveguide, the transmitted 

power oscillates with term 4𝐺𝑅𝑠𝑖𝑛2 (
𝛿

2
) as the rest terms in numerator and denominator are 

all constant in this case. Consequently, waveguide’s S21 oscillated between its maximum 

equation (73) and minimum value equation (74) and small ripples were observed in Fig.5.46.   

(
𝐼𝑡

𝐼𝑖
)

𝑚𝑎𝑥
=

(1−𝑅2)𝐺

(1−𝐺𝑅)2………………………. (73) 

(
𝐼𝑡

𝐼𝑖
)

𝑚𝑖𝑛
=

(1−𝑅2)𝐺

(1+𝐺𝑅)2………………………. (74) 

Next, the same waveguide was fed by two transitions designed in section 5.2 and simulated 

as shown in Fig.5.47. The metallic waveguide filled with knitted polyester had the same 

length of 320mm and its simulated S21 was plotted in Fig.5.48.  

 

Fig.5.47 Metallic waveguide with knitted polyester fed by transitions in CST 
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Fig.5.48 Simulated S21 of transition fed waveguide with knitted polyester 

Fig.5.48 shows that the waveguide’s S21 had larger ripples when it was fed by two 

transitions in simulation. According to the statement in [113], the larger impedance 

difference at the interconnect resulted in the larger dips in S-parameter plot. It means that 

transitions introduced impedance mismatch at the interconnects and caused the large ripples 

in Fig.5.48. [113] also proposed a method to measure the distance between impedance 

mismatch from the S-parameter plot which in this case was the waveguide’s length.   

∆𝑓 =
1

2𝑇
………………………. (75) 

𝐿 =
𝑐𝑇

√𝜀𝑟
………………………. (76) 

Where ∆𝑓 is the frequency spacing between two dips as shown in Fig.5.48, T is the traveling 

time between the interconnect, C is the speed of light, 𝜀𝑟  is the relative permittivity of 

dielectric in the waveguide and L is the length of waveguide.  

In Fig.5.48,  ∆𝑓 was about 0.4GHz on average. Substitute equation (75) into equation (76), 

the waveguide’s length can then be calculated as: 

𝐿 =
𝑐𝑇

√𝜀𝑟
=

𝑐

2∆𝑓√𝜀𝑟
= 328𝑚𝑚 ………………………. (77) 
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Which generally agreed with the simulated waveguide’s length 320mm. The error likely 

came from the average of frequency spacing ∆𝑓. From Equation (77), we can also notice that 

for transition-fed waveguide with different lengths, the frequency spacing between dips ∆𝑓 

in S-parameter plot should become smaller when the waveguide is longer. And it was 

confirmed by the simulated results of waveguide with different lengths in Fig.5.49. The 

longest transition-fed waveguide had the smallest ∆𝑓.  

 

Fig.5.49 Simulated S21s of transition-fed waveguide with different lengths 
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5.5 Conductivity of Textile Sleeve 

 

The textile sleeve was knitted by a conducting yarn formed by embedding silver nano 

particles on the surface of a 235 Denier 34 filament Polyamide 6.6 yarn [114]. To determine 

the conductivity of the textile sleeve, a standard WR-90 waveguide with SMA connectors 

shown in Fig.5.51 was used as a reference waveguide and a solid PTFE bar shown in 

Fig.5.51 was chosen as the filling for the rectangular waveguide. 

 

Fig.5.51. WR-90 waveguide with SMA connectors and PTFE bar 

The dielectric property of the PTFE was determined by applying the similar method 

described in section 5.4. The measured and simulated S21 of the WR-90 waveguide filled 

with PTFE are shown in Fig.5.52.  

 

Fig.5.52. Comparison of measured and simulated S21 of WR-90 waveguide filled with PTFE 
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From Fig.5.52, it can be seen that the simulated S21 agreed the measured result when the 

PTFE was optimized to have εr = 2.04 and tanδ = 0.0003 in the simulation. In simulation and 

measurement, the WR-90 waveguide filled with PTFE had a distinct cut-off frequency at 

4.75GHz and the S21 approached 0 within the working frequency. Therefore, the dielectric 

property of PTFE was determined, and PTFE was proved suitable for waveguide applications. 

Then, the performance of the textile sleeve filled with PTFE shown in Fig.5.53 was measured. 

The Measured S21 of textile sleeve filled with PTFE is shown in Fig.5.54.  

 

Fig.5.53. Textile sleeve filled with PTFE with WR 90 transitions  

 

Fig.5.54. Measured and simulated S21 of textile sleeve filled with PTFE///  

A parameter sweep was taken for the conductivity of the textile sleeve in simulation and the 

simulated S21 was optimized to match the measured S21 when the textile sleeve had a 

conductivity of 4000 S/m as shown in Fig.5.44. Fig.5.54 shows that the textile sleeve with 

PTFE had a distinct cut-off frequency at 4.75 GHz in both simulation and measurement. 

Furthermore, both simulated and measured S21 reached -3dB and achieved an acceptable 
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agreement within the working frequency between 7GHz to 11GHz. Therefore, the 

conductivity of textile sleeve was determined to be approximately 4000 S/m. To confirm the 

above result, the experiment in section 4.5 repeated with the textile sleeve filled with 

ROHACELL 51 foam and the textile sleeve was set to have conductivity of 4000 S/m in the 

simulation. The comparison of measured and simulated S21 of textile sleeve filled with foam 

is shown in Fig.5.55.  

 

Fig.5.55. Measured and simulated S21 of textile sleeve filled with Rohacell foam 

In Fig.5.55, the simulated and measured S21 achieved a good agreement from 9GHz 

to12GHz. With the above results, the textile sleeve could be concluded to have a conductivity 

of approximately 4000 S/m, and it was suitable for the knitted applications.   
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5.6 Kitted Waveguide under Bending 

  

In the previous sections, I investigated a knitted textile waveguide and determined the 

properties of the textile materials. The results showed that this straight textile waveguide 

provided a reasonable waveguide performance. Due to its textile nature, the knitted 

waveguide was flexible and in practice it was difficult to keep the waveguide straight all the 

time. Thus, it was useful to evaluate the knitted waveguide’s performance under shape 

distortions. The knitted textile waveguide was a long linear soft structure. Therefore, the 

most likely shape distortion occur to the waveguide in practice was bending. Bending can 

be in both horizontal and vertical directions. The horizontal and vertical directions 

corresponded to the waveguide’s principle H-plane and E-plane, respectively. To study the 

knitted waveguide’s performance under bending, three different bending conditions were 

set in both bending directions: 90 degree, 180 degree and 180 degree with a sharp corner in 

measurement. Fig.5.61 shows two pieces of wooden board. They were slotted according to 

the different bending conditions and served as the bases. The knitted waveguide was then 

clamped on the wooden board. For both H-plane and E-plane bending, three different 

conditions were achieved by keeping one end of the knitted waveguide fixed while moving 

the other end to the different grooves. The knitted waveguide was fed by two 50 Ω SMA 

cables and the same measuring methodology used in section 5.3 was applied.  
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(a) 

 

(b) 

Fig.5.61 Two pieces of bending boards (a) H-plane bending (b) E-plane bending 
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5.61 H-plane bending 

 

In this section, the effects that principle H-plane bending had on the knitted waveguide 

performance were studied based on simulation and measurement. Since CST 2012 cannot 

support elliptical cylinder bending, a rectangular waveguide (WR-90) constructed with the 

same materials as the elliptical knitted waveguide was simulated instead. 

 

Simulation (H-plane bending): 

 

The waveguide was simulated when it was straight and when it was bent to 90 degree and 

180 degree along H-plane as shown in Fig.5.611 (a,b,c) respectively. The simulated S21 of 

the waveguide under different conditions are presented in Fig.5.612.  

 

(a) 

  

                                     (b)                                                                       (c) 

Fig.5.611. Waveguide under different H-plane bending in simulation 

(a): Straight, (b): Bending angle 90 degree, (c): Bending angle 180 degree 
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Fig.5.612. Comparison of simulated S21s of waveguide under different H-plane conditions 

From the simulated results presented in Fig.5.612, it can be seen that the waveguide had 

almost the same cut-off frequencies under different H-plane conditions in simulation. 

Simulation agreed with the conclusion drawn from waveguide bends in section 4.24. In 

simulation, the waveguide bend was in LM (1,0) dominant mode, and the minimum H-plane 

bending radius was 300/πmm which was greater than the one wavelength 300/7mm at 7GHz. 

Therefore, the cut-off frequency was expected to remain the same under 90 and 180 degree 

H-plane bending in simulation. Moreover, with the bending angle increasing, the average 

S21 decreased slightly, about 0.4dB drop was noticed from a straight waveguide to a 180 

degree H-plane waveguide bend.  

 

Measurement (H-plane bending): 

 

To exam the knitted waveguide’s performance under H-plane bending in practice, it was 

measured by a VNA under different conditions as shown in Fig.5.613. To make the bending 
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condition more severe, two transitions were placed next to each other and a sharp corner 

occurred in H-plane as shown in Fig.5.613(c). The measured S21 of the knitted waveguide 

under different H-plane conditions are presented in Fig.5.614. Fig.5.614 shows that the 

knitted waveguide worked from 8GHz to 10GHz with a S21 gain around -7dB under 

different H-plane conditions. According the statements in section 4.24, the cut-off frequency 

was expected to remain the same when it was straight and under 90 degree or 180 degree 

H-plane bending as the bending radius was always larger than one wavelength, and become 

slightly smaller when a sharp corner occurred as the bending radius was less than one 

wavelength. Measured results showed that the knitted waveguide had almost the same cut-

off frequency at 7.4GHz under different H-plane conditions. In measurement, the knitted 

waveguide’s cut-off frequency was not sensitive to the H-plane bending, even the bending 

radius was smaller than one wavelength as long as the waveguide was in its dominant mode. 

The reason is because the waveguide was made by textile materials and it was flexible and 

robust to the H-plane bending. Fig.5.614 also shows that the S21 of the straight knitted 

waveguide remained almost the same within its working frequency under 90 degree and 180 

degree bending. However, the average S21 of the knitted waveguide dropped about 1 dB 

when the sharp corner occurred. This is due to the fact that internal transmission loss 

increased when the bending radius became very small in H-plane.  

  

 

(a) 
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(b) 

 

(c) 

Fig.5.613 Knitted waveguide under principle H-plane bending.  

(a): Bending angle: 90 degree, (b): Bending angle: 180 degree,  

(c): Bending angle: 180 degree with a sharp corner  
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Fig.5.614. Comparison of measured S21 of knitted waveguide under different H-plane conditions 

 

 

5.62 E-plane Bending 

 

In this section, the effects that principle E-plane bending has on the knitted waveguide 

performance were studied based on simulation and measurement. The rectangular 

waveguide in section 5.61 was used again for simulation.  

 

Simulation (E-plane bending): 

 

Similarly, the waveguide was simulated when it was straight and when it was bent to 90 

degree and 180 degree along E-plane as shown in Fig.5.621(a,b,c) respectively. The 

simulated S21 of the waveguide under different conditions are presented in Fig.5.622.  

-40

-35

-30

-25

-20

-15

-10

-5

0

6 7 8 9 10 11

S
2

1
(d

B
)

Frequency(GHz)

Measured S21 of straight WG (dB)

Measured S21 of WG with 90 degree

bending angle (dB)

Measured S21 of WG with 180

degree bending angle (dB)

Measured S21 of WG with 180

degree bending angle and a shape

corner (dB)



87 

 

 

(a) 

  

                              (b)                                                                               (c) 

Fig.5.621. Waveguide under different E-plane conditions in simulation 

(a): Straight, (b): Bending angle 90 degree, (c): Bending angle 180 degree 
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Fig.5.622. Comparison of simulated S21 of waveguide under different E-plane conditions 

Fig.5.622 shows that in simulation, the knitted waveguide had a similar cut-off frequency 

when it was straight and when it was bent to 90 degree and 180 degree along E-plane. 

Simulation agreed with the conclusion drawn in section 4.24. For E-plane bending, when 

the waveguide was in LE (0,1) dominant mode, the cut-off frequencies always remained the 

same when the bending radius changed. Moreover, in simulation, with the bending angle 

increased, the average S21 decreased slightly, about 0.4 dB drop from a straight waveguide 

to a 180 degree E-plane waveguide bend.  

Measurement (E-plane bending):  

To exam the knitted waveguide performance under E-plane bending in practice, it was 

measured by a VNA under different conditions as shown in Fig.4.623. Similarly, to make 

the bending condition more severe, two transitions were placed next to each other and a 

sharp corner occurred in E-plane as shown in Fig.5.623(c). The measured S21 of the knitted 

waveguide under different E-plane conditions are presented in Fig.5.624. Fig.5.624 shows 

that the knitted waveguide worked from 8 GHz to 10 GHz with a S21 gain around -7 dB 

under different E-plane conditions. It also showed that the cut-off frequency of the knitted 

waveguide almost remained the same at 7.4 GHz when the bending angle increased even a 
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sharp corner occurred. The measured cut-off frequencies of the knitted waveguide under 

different E-plane conditions agreed with the simulation and conclusions drawn in section 

4.24. Moreover, Fig.5.624 shows that the S21 of a straight knitted waveguide remained 

almost the same within its working frequency under 90 degree and 180 degree bending 

conditions. However, the average S21 of the knitted waveguide dropped about 1 dB when 

the bending condition became severe. This is due to the fact that stretching to the sleeve 

could result in a lower conductivity and compression to the knitted polyester resulted in a 

higher internal transmission loss particular when a sharp corner occurred.  

    

                                     (a)                                                                              (b)  

 

(c) 

Fig.5.623. Knitted waveguide under principle E-plane bending. 

(a): Bending angle: 90 degree, (b): Bending angle: 180 degree,  

(c): Bending angle: 180 degree with a sharp corner  
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Fig.5.624. Comparison of measured S21 of knitted waveguide under different E-plane conditions 

Generally, the knitted waveguide was robust to both H and E plane bending. Its cut-off 

frequency was not sensitive to bending as long as the waveguide bend was in its dominant 

mode. However, when the bending condition became severe and a sharp corner occurred in 

either E-plane or H-plane, it caused approximately 1 dB drop for the average transmission 

gain (S21) of a knitted waveguide within it working frequency.    
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5.7 Moisture effects on knitted waveguide’s performance 
 

In section 5.6, I demonstrated that a bent knitted waveguide can still provide a reliable 

transmission. Therefore, it is possible to not only integrate this knitted waveguide with 

garments, also can be applied to replace conventional solid waveguide bends in 

communications system. However, rain is an inevitable weather factor when dealing with 

the construction of the outfield communications system and textile materials are easy to get 

wet. Thus, it is necessary to study the impact of moisture on the performance of a knitted 

textile waveguide.  

 

5.71 Measurement setup  

 

The same knitted textile waveguide was employed in this section.  Its reflection coefficient 

(S11) and forward transmission (S21) were measured by a VNA at room temperature 

(approximately 20℃). To investigate the moisture effects, a dry sample was measured at 

first as shown in Fig.5.31. Then, 20ml of Evian spring water was poured on the sample as 

shown in Fig.5.711 and the wet sample was measured hourly until it was completely dry 

again.    

 

Fig.5.711 Pour 20ml water on the sample then measure 
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5.72 Results and discussion 

 

The measured S-parameter of a dry knitted textile waveguide is shown in Fig.5.721.  

Fig.5.721 Measured S-parameter of a dry sample 

Fig.5.721 shows that the knitted waveguide had a distinct cut-off frequency at about 7GHz 

and approximately -6dB transmission gain within its working frequency band. Then, 20ml 

water was poured on the knitted waveguide and its S-parameter was measured after the water 

was totally absorbed by the knitted sample. Fig.5.722 shows the measured S-parameters of 

the wet sample. From Fig.5.722, it can be seen that there was no significant transmission 

(S21) and input signal was almost reflected when the sample was completely wet. The 

knitted waveguide stopped working when it absorbed 20ml of water. It may be due to the 

fact that water has a high dielectric constant around 73 from 7GHz to 12GHz at 20℃ [115] 

and it totally reflected the signal when the inner knitted polyester was completely wet. After 

that, the wet sample was drying at room temperature, and measurement was taken at every 

hour. It turned out that the knitted waveguide did not have a significant transmission 

performance until after 24 hours.  

-40

-35

-30

-25

-20

-15

-10

-5

0

5 6 7 8 9 10 11

S
-p

ar
am

et
er

(d
B

)

Frequency(GHz)

Dry S11(dB)

Dry S21(dB)



93 

 

 

Fig.5.722 Measured S-parameter of a wet sample 

Fig.5.723 shows the measured S21 of the wet sample at every time intervals after drying 24 

hours. From Fig.5.723, it can be seen that the S21 reached -20 dB and the knitted waveguide 

started to have reasonable transmission characteristics after 24 hours. Moreover, the half-wet 

sample had the same cut-off frequency as the dry sample while the average transmission gain 

was much lower than the dry sample. This is because water in the knitted waveguide was 

evaporating and after 24 hours, the remained water in the sample was not enough to totally 

reflect the signal and it only attenuated the transmission. Fig.5.723 also shows that the 

transmission gain (S21) of the knitted waveguide increased as time passed. This is due to the 

fact that with less water in the sample, the internal loss of the knitted waveguide was lower, 

which resulted in a higher S21. Fig.5.723 shows that after 51 hours, the S21 of the knitted 

waveguide almost returned to its original value. It proved that water did not damage the 

sample and the knitted waveguide was able to provide almost the same performance after 

completely drying. The slight difference between the S21 after 51 hours drying and its 

original value was mainly caused by the measurement variation as the knitted waveguide was 

disconnected from the VNA for drying after every measurement and the VNA had to be set 

up every time for a new test. Moreover, dimensional changes to the textile sample during the 

water evaporating process also contributed errors. For example, knitted textile will have some 

unexpected crumples on the surface when it gets wet and dries again.  
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Fig.5.723 Comparison of measured S21 of a dry sample and drying sample at different time  

In conclusion, water had significant effects on the performance of the knitted waveguide. 

The results showed that when the sample was completely wet, the knitted waveguide 

stopped working. The knitted waveguide started to work with a low transmission gain after 

drying 24 hours at room temperature and returned to its original performance when it was 

completely dry. Therefore, the knitted textile waveguide needs to be water-proofed 

thoroughly in practise. 
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5.8 Conclusion  

 

In this chapter, a knitted textile waveguide working at X band was presented. To my best 

knowledge, this is the first 3D textile waveguide proposed to the public. It had a typical 

waveguide transmission performance within its working frequency. Properties of the textile 

materials employed in the project were also determined. The knitted polyester was tested to 

have a relative permittivity (εr) around1.3 and a dielectric loss constant (tanδ) about 0.001. 

The conductive textile sleeve was verified to have a conductivity of approximately 4000 

S/m. Both textile materials provided an alternative to the traditional material in waveguide 

design and were tested suitable for transmission application.  

The performance of a knitted waveguide under bending was demonstrated. During the shape 

distortion study, both H-plane and E-plane were involved, and measurement generally agreed 

with simulation. It can be concluded that the knitted waveguide could provide a stable 

performance under H and E plane bending. The waveguide’s cut-off frequency almost 

remained the same as the bending angle increased. However, when a severe shape distortion 

happened and a sharp corner occurred in either E-plane or H-plane, the waveguide’s 

transmission gain decreased slightly, about 1dB drop for S21 within working frequency. 

Therefore, a sharp corner needs to be avoided during the application of knitted waveguide.  

The moisture effect on knitted waveguide’s performance was also studied as the textile 

materials are easy to get wet in practice. The results showed that water decreased the 

waveguide’s transmission gain significantly, even stopped the waveguide from working.  

Thus, the knitted waveguide must be water-proofed completely when it is applied in practice.  

The properties of all the textile materials employed in the project were determined. With the 

above results, the equivalent models of knitted samples manufactured with the same 

materials can be built directly in CST. It was also an early approach to waveguide transition 

design, knitted sample fabrication and measurement. Moreover, the study on knitted 

waveguide’s performance under shape distortions showed that the knitted waveguide was 

able to function well after bending. Therefore, the knitted waveguide not only is an 

alternative to the conventional bent metallic waveguide but provides the possibility to 

develop the knitted slotted waveguide array for wearable applications. 
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Chapter 6. A Knitted Slotted Waveguide 

Antenna 

6.1 Introduction  

 

Waveguide is a structure commonly used to guide signal between its endpoints in a system. 

With the physical constraint of a waveguide, a signal can travel to a long distance with the 

minimum loss. In 1893, J. J. Thomson proposed a very early waveguide structure to the 

public [116].  Due to the rapid development of radar in World War II, waveguide gained 

special attention in the communications industry due to its high-power rating. 

Electromagnetic wave propagating in a metallic waveguide was then analyzed 

mathematically by Lord Rayleigh in 1897 [117]. In 1943, John Kemp detailed the 

propagation properties of waves within rectangular and circular waveguides [92]. In his 

publications, he also stated that the metallic waveguide was able to radiate electromagnetic 

wave into space through slots on the tube wall. According to his statement, it is possible to 

convert a waveguide from a transmission device into an antenna, and this kind of antenna is 

known as slotted waveguide antenna (SWA). The first slotted waveguide antenna was 

introduced by Watson in 1943 [118]. And in 1961, A. Hu presented a slotted rectangular 

waveguide antenna with four slots on its broadside [119]. Their results indicated that the 

four-slot linear array on a rectangular waveguide was able to provide a directional radiation 

characteristic with a directivity of 12dBi. Later in 1963, J. Ramsay published the details of 

mathematical analyses of different slotted arrays based on rectangular waveguide [120]. 

After decades of development, a slotted waveguide antenna is now able to provide either a 

dual polarized radiation characteristic or a dual-band working frequency [121-122]. 

 

In chapter 5, I presented a knitted textile waveguide and investigated its performance under 

shape distortions [109-110]. In [110], the results proved that the knitted textile waveguide 

still functioned well when it was bent. Therefore, I developed a textile slotted waveguide 

antenna based on the knitted waveguide in this chapter. Chapter 6 began with the 

introduction of a knitted textile SWA [123]. Its performance was studied in simulation and 
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measurement, and the structural improvements were also discussed. Then, the knitted SWA 

were tested under shape distortions. Four different bending conditions were set up and 

discussed respectively.  Finally, conclusions were drawn according to the comparison of 

simulated and measured results. 
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6.2 Antenna Structure and Its Performance 

 

This section detailed the design and evaluation of knitted slotted waveguide antennas (SWA) 

with four slots. The reflection coefficient (S11) of antenna was measured by an Agilent 

E5071C network analyzer and the antenna’s radiation characteristic was measured in an 

anechoic chamber in the University of Sheffield. 

6.21 A knitted SWA with four slots  

Antenna Structure (SWA with four stretched slots): 

Fig.6.211 presents the simulated model of a slotted waveguide antenna in CST. The SWA 

was designed to work at 9.15GHz. It had one end short circuited and four thin rectangular 

slots were arranged in a 2 by 2 array on it. The simulated SWA in Fig.6.211 was constructed 

using the same textile materials that I studied in the last chapter, the dark blue part was 

conducting textile and the light red part was knitted polyester. The properties of the textile 

materials are shown in Table.6.211. Using the analysis from section 4.3, the SWA was 

designed to have dimensions as shown in Table.5.212.  

 

Fig.6.211 Simulated knitted SWA with four slots 

 

Table.6.211 Properties of textile materials  

εr of knitted 

polyester 

tanδ of knitted 

polyester 

σ of textile 

sleeve 

1.5 0.001 at 10GHz 4000 S/m 
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Table.6.212 Dimensions of a slotted waveguide antenna 

Major 

Axis 

Minor 

Axis 

Slot length 

(l) 

Slot 

width 

(w) 

Slot 

Separation 

(s) 

Distance 

between the last 

slot and end 

Slot offset 

from SWA 

centreline 

29mm 21mm 13.4mm 3mm 15.4mm 8.7mm 3.6mm 

 

The first prototype of knitted SWA is shown in Fig.6.212. The conducting textile sleeve was 

manufactured using the same conducting yarn and knitting density (20 stitches/inch and 25 

rows/inch) as the textile waveguide in chapter 5. With the method described in chapter 5, 

the relative permittivity εr of the knitted polyester used for knitted SWA was verified to be 

1.5 and the conductivity of textile sleeve was assumed to remain 4000 S/m as shown in 

Table 6.211. The slots were formed during the knitting process and expected to have the 

same size as the simulated models. However, from Fig.6.212, it can be seen that all the slots 

were stretched when the knitted polyester was inserted into the sleeve. These stretched slots 

were referred to as stretched slots and this sample was called stretched sample in the 

following.  

 

Fig.6.212 Photograph of a knitted SWA with four unstitched slots. 
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Results and Discussions (SWA with four stretched slots): 

The measured reflection coefficient (S11) of the knitted SWA with four stretched slots was 

compared with the S11 of the simulated model and the result is shown in Fig.6.213. 

Fig.6.213 shows that the measured S11 of the knitted SWA with four stretched slots 

generally agreed with the simulated results. The SWA presented a dual band behaviour, with 

measured resonant frequencies at 8.63GHz and 9.15GHz compared with the simulated ones 

of 8.61GHz and 9.16GHz. At 9.15 GHz, the antenna had a bandwidth of 80MHz. The slight 

shift between the measured resonant frequencie and simulated one was due to the flexible 

nature of textiles materials as the SWA cannot be knitted exactly the same as the simulated 

model.  

 

Fig.6.213 Simulated and measured return loss of knitted SWA with four stretched slots 

The radiation pattern of the knitted SWA with four stretched slots was measured at 9.15GHz 

and compared with simulated results. Fig.6.214 presents the comparison of normalized H-

plane radiation patterns between the simulation and measurement at same frequency 

respectively. From Fig.6.214, it can be seen that the SWA had a directional radiation 

characteristic. The antenna had a 3dB beam width of approximate 34 degree in H-plane 

compared with its simulated value 27 degree as shown in Fig.6.214. 7 degree difference 

between the measured and simulated 3dB beam width was mainly caused by the deformation 
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of the slots on the knitted sample as they were stretched. Fig.6.214 shows that the measured 

radiation pattern generally matched to the simulated results. 

 

Fig.6.214 Comparison of simulated and measured H-plane radiation pattern (RP) of knitted SWA 

with four stretched slots 
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6.22 A knitted SWA with four stitched slots (2*2 array)  

Antenna Structure (SWA with four stitched slots): 

From section 6.21, it can be seen that the slots on the knitted sample were stretched. They 

became more elliptical rather than rectangular with a maximum slot width of 7mm. In order 

to keep slots at the desired shape and dimensions, all the slots were stitched by a non-

conducting cotton yarn as shown in Fig.6.221. The widths of different slots are compared in 

Table.6.221. From Fig.6.221 and Table.6.221, it can be seen that the slots were almost at 

the desired shape and dimensions after stitching. The slotted sample shown in Fig.6.221 had 

the same geometry with the first prototype shown in Fig.6.212. Tape was used to provide a 

firm connection between the transition and knitted SWA as shown in Fig.6.212. The slots 

with stitches were termed as stitched slots and this sample was named as stitched sample in 

the subsequent discussions.  

 

Fig.6.221 Photograph of a knitted SWA with four stitched slots. 

 

Table.6.221 Comparison of different slot widths  

Simulated slot width  Stretched slot width  Stitched slot width  

3mm 7mm  Approximate 3mm 

 

Results and Discussions (SWA with four stitched slots): 

The measured reflection coefficient (S11) of the knitted SWA with four stitched slots was 

compared with the S11s of the simulated model and the stretched sample in Fig.6.222. 

Fig.6.222 shows that after stitching, the SWA still retained a dual band behaviour with the 
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measured resonant frequencies at 8.69GHz and 9.185GHz. Compared with the simulated 

model and the stretch sample, the resonant frequencies of the stitched sample shifted 

upwards slightly, around 30MHz. At 9.185GHz, the SWA with stitches achieved a better 

impedance matching condition (S11 below -30dB) with a bandwidth of 170MHz. Although 

the stitched slots resulted in slightly higher resonant frequencies, the SWA’s bandwidth was 

doubled and input impedance matched better than the sample without stitches. For the 

knitted SWA with four stitched slots, the shift between the measured and simulated resonant 

frequencies was mainly caused by the fact that previously the slots were stretched, and the 

length of slots became shorter after being stitched.  

 

Fig.6.222 Simulated and measured S11of knitted SWA with four stitched slots 

The radiation pattern of the knitted SWA with four stitched slots was measured at 9.18GHz. 

Fig.6.223 presents the comparison of the H-plane measured radiation patterns between the 

samples with four stretched and stitched slots at 9.18GHz. From Fig.6.223, it can be seen 

that the stitched sample had a similar measured radiation pattern to the stretched sample, but 

more directional. Fig.6.223 shows that for the measured H-plane radiation pattern, the 

stitched SWA had a 3dB beam width of about 26 degree compared with 34 degree beam 

width of the stretched SWA, which was closer to the simulated value 27 degree. According 

to the measurement, the stitched sample had a maximum gain of 2.33dB at 9.18GHz with a 
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front to back ratio more than 10 dB. To conclude, the stitched slots only increased the 

antenna’s bandwidth and improved the input impedance matching condition, also made the 

antenna more directional.  

 

Fig.6.223 Comparison of measured H-plane radiation pattern (RP) between knitted SWA with four 

stitched and stretched slots 
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6.23 A knitted SWA with six slots (2*3 array)  

 

In section 6.22, it was established that stitching the slot can improve the knitted SWA’s 

performance. However, the maximum measured gain of the stitched sample with four slots 

only reached 2.33dB, which was still relatively low. According to basic array factor theory 

[124], the gain of a slotted waveguide antenna can be increased further by adding more slots 

on the SWA. In this section, a SWA with 6 slots was simulated to exam its radiation 

performance against a SWA with 4 slots.  

Antenna Structure in Simulation (SWA with six stitched slots): 

Fig.6.231 presents a simulated model of a knitted SWA with six slots arranged in a 2 by 3 

array. It was constructed with the same textile materials and geometry as the four-slot SWA 

shown in Fig.6.211.  

 

Fig.6.231 Diagram of the simulated knitted SWA with six slots 

 

Results and Discussions of simulation (SWA with six stitched slots): 

The comparison of the simulated reflection coefficient (S11) between the knitted SWA with 

4 slots and 6 slots is shown in Fig.6.232. From Fig.6.232, it can be seen that in simulation, 

with two more slots, the knitted SWA still presented a dual band behaviour. However, its 

resonant frequencies shifted downwards compared with the knitted SWA with four stitched 

slots, from 8.61GHz to 8.58GHz and from 9.16GHz to 9.08GHz. For the SWA, two 

additional slots resulted in a longer effective electrical length of the slots. Consequently, the 

SWA’s resonant frequency shifted 80MHz downwards from its previous value (9.16GHz).  
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Fig.6.232 Comparison of simulated S11s between knitted SWA with 4 and 6 slots  

The comparison of simulated radiation pattern between the knitted SWA with 4 slots and 6 

slots at 9.15GHz is shown in Fig.6.233. From Fig.6.233, it can be seen clearly that in 

simulation, the knitted SWA with 6 slots had a maximum gain of 3.74dB, which was about 

1.7dB higher than that of knitted SWA with 4 slots (2.03dB). Moreover, the 6 slots SWA 

had a 3dB beam width of 17 degree which was 7 degree less than that of 4 slots SWA (24 

degree). For this 2 by 3 array, all the radiating elements were uniformly placed (λg/2 in this 

case). Therefore, increasing the number of radiating elements made the array more 

directional [124]. The radiation characteristics of SWA with 4 slots and 6 slots in simulation 

were compared and presented in Table.6.231. From Table.6.231 it can be seen that, in 

simulation, the knitted SWA with 6 slots had a higher maximum directivity and radiation 

efficiency than the knitted SWA with 4 slots, which consequently resulted in a higher 

maximum gain.    
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Fig.6.233 Comparison of simulated H-plane radiation pattern (RP) between knitted SWA with 4 

and 6 slots  

 

Table.6.231 Comparison of simulated radiation characteristics between knitted SWA with 4 and 6 

slots 

 Maximum Directivity 

(dBi) 

Radiation Efficiency 

(dB) 

Maximum Gain (dB) 

4 slots SWA 11.68 -9.65 2.03 

6 slot SWA  12.92 -9.18 3.74 
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6.3 Antenna Performance under Bending Conditions  

 

Like the knitted waveguide, the knitted SWA is also a long, soft and flexible structure. 

Therefore, bending is still the major type of shape distortions occurs to it in practise.  In this 

section, the performance of the knitted SWA with four stitched slots presented in section 6.2 

was studied under shape distortion. Four different bending conditions were set, including 

both E-plane and H-plane bending. For both planes, the SWA was simulated and measured 

when it was bent to 90 degree and 180 degree. Bending effects on the SWA’s performance 

was studied based on simulation and measurement respectively. Moreover, since the 

resonant frequencies of the SWA shifted after bending, the radiation patterns of a straight 

SWA and a bent SWA were compared at the resonant frequency of the straight SWA. For 

simulation, as CST MW studio cannot support elliptical cylinder bending, a SWA based on 

a rectangular waveguide (WR-90) with a length of 165mm was constructed and simulated 

instead of the knitted sample. For measurement, A piece of ROHACELL 51 foam which 

had a permittivity close to air (εr =1.071 at 10GHz) was employed as the base for the bending 

measurement as shown in Fig.6.314. 
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6.31 E-plane 90 degree bending 

 

Fig.6.311 (a) presents a SWA based on WR-90 waveguide under E-plane 90 degree bending 

in simulation and Fig.6.311 (b) presents the knitted sample under E-plane 90 degree bending 

in measurement.  

      

                                           (a)                                                                                (b) 

Fig.6.311 A SWA with four slots under E-plane 90 degree bending 

(a): A SWA based on WR-90 waveguide in simulation; (b): A knitted sample in measurement 
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Simulation (E-plane 90 degree bending): 

The simulated reflection coefficients of a straight SWA and the SWA under E-plane 90 

degree bending are shown in Fig.6.312. From Fig.6.312, it can be seen that the E-plane 90 

degree bending had significant impacts on SWA’s resonant frequencies. The straight SWA 

had resonant frequencies at 8.93GHz and 9.43GHz. After it was bent to 90 degree in E-

plane, the resonant frequencies shifted downwards, from 8.93GHz to 8.33GHz and from 

9.43GHz to 9.185GHz in simulation. The SWA demonstrated a robust input impedance 

matching ability, as its S11 remained below -20dB at the resonant frequencies after E-plane 

90 degree bending. The shift of resonant frequency was caused by the shape distortion of 

SWA, as the slots were stretched and became longer due to the E-plane 90 degree bending 

in simulation. 

 

 

Fig.6.312 Comparison of simulated S11s of straight SWA and SWA under E-plane 90 degree 

bending. 

Fig.6.313 presents the simulated 3D radiation pattern of this SWA under E-plane 90 degree 

bending at 9.43 GHz. Since the straight SWA had a resonant frequency at 9.43GHz in 

simulation, the H-plane radiation pattern of the E-plane 90 degree bent SWA at 9.43GHz 

was compared with that of the straight SWA at 9.43GHz and Fig.6.314 shows the result. 

From Fig.6.313 and Fig.6.314, it can be seen that the simulated radiation pattern of the SWA 

rotated along the bending direction when the E-plane bending occurred. This was because 

the radiating slots also moved along the bending direction when the SWA was E-plane bent.  

In simulation, the main beam was in boresight when the SWA was straight and moved 70 

degree away from boresight when the SWA was bent 90 degree along E-plane. The 
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simulated maximum gain of the straight SWA was 2.03dB and it dropped to 1.4 dB after E-

plane 90 degree bending. 

 

Fig.6.313 Simulated 3-D radiation pattern of a SWA under E-plane 90 degree bending at 9.43GHz 
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Fig.6.314 Comparison of simulated H-plane radiation patterns of a SWA when it is straight and 

under E-plane 90 degree bending 

 

Measurement (E-plane 90 degree bending): 

Fig.6.315 shows the radiation pattern measurement for the knitted SWA under E-plane 90 

degree bending in an anechoic chamber. To get a good measurement result, the antenna was 

placed by tape as shown in Fig.6.315 (a) and (b) to ensure the slots were facing towards the 

receiving horn antenna. In this way, the main lobe of the SWA was captured. 
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                                      (a)                                                                             (b) 

Fig.6.315 Measurement setup for E-plane 90 degree bending in anechoic chamber: (a) E-plane 

radiation pattern;  (b) H-plane radiation pattern 

The measured reflection coefficients of a straight sample and the sample under E-plane 90 

degree bending are compared in Fig.6.316. From Fig.6.316, it can be seen that instead of 

decreasing in simulation, the knitted SWA’s resonant frequencies shifted upwards slightly, 

from 8.69 GHz to 8.73 GHz and from 9.185GHz to 9.23GHz after bending 90 degree along 

E-plane in practice. The measured reflection coefficient of the knitted SWA still remained 

acceptable (below -15dB) after E-plane 90 degree bending, which agreed with the 

simulation. The difference between the measured and simulated results regarding to the 

resonant frequency primarily was due to the fact that the simulated model was not the same 

as the knitted SWA and the slots were not actually stretched when the sample was bent.  
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Fig.6.316 Comparison of measured S11s of straight sample and sample under E-plane 90 degree 

bending. 

The radiation pattern of the knitted SWA under E-plane 90 degree bending was measured at 

9.185GHz, which was the resonant frequency of the straight knitted SWA. Fig.6.317 

presents the comparison of measured H-plane radiation pattern of the bent sample and 

straight sample at the same frequency. Since the receiving horn antenna in anechoic chamber 

can only capture the main lobe of the bent sample, the rotation of the SWA’s radiation 

pattern due to the E-plane bending cannot be observed from Fig.6.317. From Fig.6.317, it 

can be seen that at 9.185GHz, the knitted SWA remained a similar radiation pattern in H 

planes after E-plane 90 degree bending. The measured maximum gain of the bent SWA 

dropped from 2.23dB to 0.347dB compared with the straight sample. Generally, the changes 

of measured radiation pattern due to the E-plane 90 degree bending agreed with the 

simulated results. 
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Fig.6.317 Comparison of measured H-plane radiation patterns of straight and E-plane 90 degree 

bent knitted SWA 

 

6.32 E-plane 180 degree bending  

 

Fig.6.321 (a) presents a SWA based on WR-90 waveguide under E-plane 180 degree 

bending in simulation and Fig.6.321 (b) presents the knitted sample under E-plane 180 

degree bending in measurement.  
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(a) 

 

 (b) 

Fig.6.321 A SWA with four slots under E-plane 180 degree bending 

(a): A SWA based on WR-90 waveguide in simulation   (b): A knitted sample in measurement 

 

Simulation (E-plane 180 degree bending): 

 

Fig.6.322 presents the simulated reflection coefficients of the WSA under different E-plane 

bending conditions. From Fig.6.322, it can be seen that after E-plane 180 degree bending in 

simulation, the bent SWA still had a dual band behaviour and its resonant frequencies 
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(8.9GHz and 9.46GHz) were closed to that of the straight SWA (8.93GHz and 9.43GHz). 

Moreover, the S11 of E-plane 180 degree bent SWA remained acceptable, which was below 

-15dB at its resonant frequencies in simulation. 

 

Fig.6.322 Comparison of simulated S11s of straight, E-plane 90 degree bent, E-plane 180 degree 

bent SWA.  

Fig.6.323 shows the simulated 3D radiation pattern of this SWA under E-plane 180 degree 

bending at.9.43 GHz and Fig.6.324 shows the simulated H-plane radiation patterns of this 

SWA under different E-plane bending conditions at the same frequency. From Fig.6.323 

and Fig.6.324, it can be seen that in simulation, the SWA’s radiation pattern rotated further 

along the bending direction under E-plane 180 degree bending. Moreover, the SWA became 

less directional and its gain decreased after bending. Table.6.321 details the effects of E-

plane bending on SWA’s radiation characteristics in simulation.  
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Fig.6.323 Simulated radiation pattern of SWA under E-plane 180 degree bending 

 

Fig.6.324 Comparison of simulated H-plane radiation pattern of straight, E-plane 90 degree bent, E-

plane 180 degree bent SWA. 
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Table.6.321 Simulated radiation characteristics of SWA under different E-plane bending conditions  

 Straight E-plane 90 

degree 

E-plane 180 

degree 

 

Main beam 

direction 

 

 

0 degree 

 

70 degree 

 

150 degree 

 

Maximum 

gain at 

9.43GHz 

 

 

 

2.03dB 

 

 

1.4dB 

 

 

0.78dB 

 

 

Beam width 

 

 

24.5 degree  

 

25 degree 

 

28.4 degree  

 

 

Measurement (E-plane 180 degree bending):  

 

The performance of the knitted sample under E-plane 180 degree bending was measured. 

The measured reflection coefficients of the knitted SWA under different E-plane bending 

conditions are presented in Fig.6.325. From Fig.6.325, it can be seen that the resonant 

frequencies of the E-plane 180 degree bent SWA were 8.69GHz and 9.185GHz, which 

almost the same as that of the straight sample. Moreover, the measured result showed that 

the reflection coefficient of the knitted SWA was always below -15dB under different E-

plane bending conditions.  
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Fig.6.325 Comparison of measured S11s of straight, E-plane 90 degree bent, E-plane 180 degree bent 

sample.  

The radiation pattern of the knitted SWA under E-plane 180 degree bending was measured 

at 9.185GHz. Fig.6.326 presents the comparisons of measured H-plane radiation pattern of 

the knitted SWA under different E-plane bending conditions at the same frequency. From 

Fig.6.326, it can be seen that at 9.185GHz, the E-plane 180 degree bent SWA still had a 

similar radiation pattern compared with the straight sample in H-plane. Table.6.322 shows 

that the measured maximum gain of the knitted SWA reduced further when the E-plane 

bending angle increased to 180 degree and the bent sample became less directional.  
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(b) 

Fig.6.326 Comparison of measured radiation patterns of straight, E-plane 90 degree bent, E-plane 180 

degree bent sample: (a) E-plane; (b) H-plane  

 

Table.6.322 Measured radiation characteristics of knitted SWA under different E-plane bending 

conditions  

 Straight E-plane 90 

degree 

E-plane 

180 degree 

Measured 

max gain at 

9.185GHz 

 

2.23dB 

 

0.347dB 

 

-0.217dB 

 

 

Beam width  

 

 

26 degree 

 

34 degree 

 

27 degree 

 

In conclusion, although I used a different simulated model (a SWA based on WR-90 

rectangular waveguide) rather than the knitted sample in the measurement, the effects of E-

plane bending had on SWA’s performance in measurement generally agreed with that in 
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simulation. E-plane bending had little effects on knitted SWA’s resonant frequencies as the 

slots on the waveguide were not actually stretched. E-plane bending also did not change the 

SWA’s input impedance matching condition and bandwidth significantly. Moreover, when 

E-plane bending occurred, the SWA’s radiation pattern rotated along the bending direction, 

and the main lobe pattern remained similar. Lastly, both simulation and measurement show 

that the SWA’s gain decreased when the SWA was bent along E-plane and it dropped 

significantly as the bending angle increases. 

 

6.33 H-plane 90 degree bending 

 

Fig.6.331 (a) presents a SWA based on WR-90 waveguide under H-plane 90 degree bending 

in simulation and Fig.6.331 (b) presents the knitted sample under H-plane 90 degree bending 

in measurement.  

  

(a) 
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(b) 

Fig.6.331 A SWA with four slots under H-plane 90 degree bending 

(a): A SWA based on WR-90 waveguide in simulation   (b): A knitted sample in measurement 

Simulation (H-plane 90 degree bending): 

The simulated reflection coefficients of a straight SWA and the SWA under H-plane 90 

degree bending are shown in Fig.6.332. From Fig.6.332, it can be seen that in simulation, 

the resonant frequencies of the SWA shifted downwards slightly after H-plane 90 degree 

bending, from 9.43GHz to 9.36GHz and from 8.93GHz to 8.89GHz. This was because the 

slots were stretched slightly longer when the SWA was bent 90 degree along the H-plane in 

simulation. Moreover, in simulation, the SWA still had a reflection coefficient which was 

below -20dB at resonant frequencies after H-plane 90 degree bending. 
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Fig.6.332 Comparison of simulated S11s of a straight SWA and SWA under H-plane 90 degree 

bending 

The simulated 3D radiation patterns of a straight and an H-plane 90 degree bent SWA at 

9.43GHz are presented in Fig.6.333 (a) and (b). Fig.6.333 shows that in simulation, the SWA 

kept a similar radiation pattern after H-plane 90 degree bending, but its radiation pattern was 

rotated approximately 90 degree along the bending direction. Fig.6.334 shows the 

comparison of this SWA’s main lobe in polar form when it was straight and bent 90 degree 

along H-plane. From Fig.6.334, it can be seen clearly that the SWA’s main lobe remained a 

similar pattern after H-plane 90 degree bending in simulation, while the simulated maximum 

gain of the SWA dropped from 2.03dB to 1.2dB.  

 

(a)                                                                              (b) 

Fig.6.333 Simulated 3D radiation pattern of the SWA: (a) straight; (b) under H-plane 90 degree 

bending 
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Fig.6.334 Comparison of simulated main lobes of a straight SWA and a H-plane 90 degree bent 

SWA at 9.43GHz  
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Measurement (H-plane 90 degree bending): 

 

Fig.6.335 presents the measurement setup for the antenna under H-plane 90 degree bending 

in an anechoic chamber.  

  

                                               (a)                                                                           (b) 

Fig.6.335 Measurement setup for H-plane 90 degree bending in anechoic chamber: (a) H-plane 

radiation pattern;  (b) E-plane radiation pattern 

The reflection coefficient of the knitted SWA under H-plane 90 degree bending was 

measured and compared with that of the straight sample as shown in Fig.6.336. From 

Fig.6.336, it can be seen that in measurement, the knitted SWA’s resonant frequencies 

shifted upwards, from 8.69 GHz to 8.73 GHz and from 9.19GHz to 9.23GHz after bending 

90 degree along H-plane rather than shifting downwards in simulation. Additionally, the 

knitted SWA still had a reflection coefficient around -20dB at resonant frequencies after it 

was bent 90 degree along H-plane. The measurement showed a different result compared 

with the simulation for the SWA’s resonant frequency, and this was due to the fact that 

instead of being stretched longer in simulation, the slots were actually compressed and 

became slightly shorter due to the H-plane 90 degree bending in measurement.  
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 Fig.6.336 Comparison of measured S11s of a straight sample and sample under H-plane 90 degree 

bending. 

Like the E-plane bending radiation pattern measurement, the receiving horn antenna in the 

anechoic chamber can only capture the main lobe of the knitted SWA for H-plane bending 

measurement. The simulation demonstrated that when the SWA was bent 90 degree along 

H-plane, its radiation pattern was also rotated approximately 90 degree to the bending 

direction. Therefore, I would expect a cross polarized (CP) transmission in measurement if 

the receiving antenna kept the same orientation as for the straight sample measurement. 

Fig.6.337 shows the measured results when the knitted SWA was bent 90 degree along H-

plane while the receiving antenna kept the same orientation as for the straight sample 

measurement. From Fig.6.337, the measurement shows that the power received by the 

receiving horn antenna was very low due to the cross polarization, which justified our 

expectation. Therefore, the receiving horn antenna was rotated 90 degree to the bending 

direction to be aligned with E field of the knitted H-plane 90 degree bent SWA. Fig.6.338 

shows the co-polarized measured H-plane radiation pattern of the knitted SWA under H-

plane 90 degree bending at 9.185GHz. From Fig.6.338, it can be seen that at 9.185GHz, the 

knitted SWA still remained a similar radiation pattern in H-plane after H-plane 90 degree 

bending. Moreover, there was about 0.4dB gain drop for the H-plane 90 degree bent SWA 
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compared with the straight sample in measurement. Generally, the changes of measured 

radiation pattern due to the H-plane 90 degree bending agreed with simulation.  

 

Fig.6.337 Cross polarized radiation pattern of H-plane 90 degree bent sample at 9.185GHz  

 

 

Fig.6.338 Comparison of measured H-plane co-polarized radiation patterns of straight and H-plane 90 

degree bent sample 
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6.34 H-plane 180 degree bending 

 

Fig.6.341 (a) presents a SWA based on WR-90 waveguide under H-plane 180 degree 

bending in simulation and Fig.6.341 (b) presents the knitted sample under H-plane 180 

degree bending in measurement.  

   

(a)  

 

(b) 

Fig.6.341 Knitted SWA with four stitched slots under E-plane 180 degree bending 

(a): In simulation   (b): In measurement 
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Simulation (H-plane 180 degree): 

 

Fig.6.342 presents simulated reflection coefficients of the SWA under different H-plane 

bending conditions. From Fig.6.342, it can be seen that the resonant frequencies of the SWA 

shifted downwards further under H-plane 180 degree bending in simulation. This was 

because the slots were stretched longer as the H-plane bending angle increased in 

simulation.   

 

Fig.6.342 Comparison of simulated S11s of straight, H-plane 90 degree bent, H-plane 180 degree 

bent SWA.  

The simulated 3D radiation patterns of straight and H-plane 180 degree bent SWA at 9.43GHz 

are presented in Fig.6.343 (a) and (b), respectively. Fig.6.343 shows that in simulation, the 

SWA’s radiation pattern was rotated further (approximately 150 degree) along the bending 

direction when the SWA was bent 180 degree along H-plane. The main lobe pattern of the H-

plane 180 degree bent SWA was plotted in polar form when phi (φ) was set 30 degree (180o-

150o=30o) in simulation as shown in Fig.6.344. From the comparison of simulated main lobe 

of the SWA under different H-plane conditions in Fig.6.344, it can be seen that the SWA’s 

main lobe was able to remain a similar pattern when H-plane bending occurred, while the 

maximum gain of the SWA decreased when the H-plane bending angle increased. Table 6.341 

details the H-plane bending’s effects on the SWA’s radiation characteristics in simulation.   
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    (a)                                                                             (b)                      

Fig.6.343 Simulated 3D radiation pattern of SWA: (a) straight; (b) under H-plane 180 degree 

bending 

 

Fig.6.344 Comparison of simulated main lobes in polar form at 9.43GHz under different conditions   
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Table.6.341 Simulated radiation characteristics of SWA under different H-plane bending conditions  

 Straight H-plane 90 degree H-plane 180 degree 

 

Main beam 

rotation angle 

 

 

0 degree 

 

90 degree 

 

Approximately 150 

degree 

 

Maximum gain at 

9.43GHz 

 

 

 

2.03dB 

 

 

1.204dB 

 

 

-0.56dB 

 

 

 

Measurement (H-plane 180 degree): 

Fig.6.345 (a) and (b) show the measurement setup for the knitted SWA under H-plane 180 

degree bending in an anechoic chamber.  

  

                                                   (a)                                                                (b) 

Fig.6.345 Measurement setup for H-plane 180 degree bending in anechoic chamber: (a) H-plane 

radiation pattern;  (b) E-plane radiation pattern 

The measured reflection coefficients of the knitted SWA under different H-plane bending 

conditions are presented in Fig.6.346. From Fig.6.346, it can be seen that the resonant 
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frequencies of the knitted SWA only shifted upwards slightly due to the H-plane bending in 

measurement. The measured results showed that instead of being stretched in simulation, 

the slots were actually compressed slightly during the H-plane bending in practise.   

Since it was difficult to capture the main lobe of the knitted SWA precisely after it was bent 

180 degree along H-plane in the anechoic chamber, I did not have the measured radiation 

pattern for the knitted SWA under H-plane 180 degree bending. However, with the aid of 

simulation, I had a clear idea of H-plane bending’s effects on SWA’s performance. Similar 

to E-plane bending, the maximum gain of the knitted SWA dropped when H-plane bending 

occurred. Moreover, in practice, H-plane bending caused the knitted SWA to experience 

cross polarized transmission if the receiving antenna remained the same orientation.    

 

 

Fig.6.346 Comparison of measured S11s of straight, H-plane 90 degree bent, H-plane 180 degree bent 

sample.  
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6.4 Conclusion 

 

In this chapter, the design and performance of several knitted slotted waveguide antennas 

(SWA) working at X band were presented. The stitched slots were tested to be able to 

improve the antenna’s performance significantly and the extra slots on the SWA can increase 

the antenna’s gain further. There were good agreements between the simulation and 

measurement. The final knitted SWA presented directional radiation characteristics with a 

maximum gain of 2.33dB at 9.185GHz. Moreover, the working bandwidth of stitched 

sample reaches 170MHz.  

The performances of the knitted SWA with four stitched slots under bending conditions 

were also studied in simulation and measurement. Four different bending conditions 

including 90 degree and 180 degree bending along both principle E-plane and H-plane were 

set up, and the results were concluded as following. 

 

E-plane bending:  

In measurement, E-plane bending didn’t shift the knitted SWA’s resonant frequency 

significantly in measurement as the slots were not stretched or compressed when E-plane 

bending occurred. Furthermore, the SWA’s reflection coefficient remained acceptable, 

which was at least below -15dB at the resonant frequencies. It meant that E-plane bending 

did not affect the SWA’s input impedance significantly. When E-plane bending occurred, 

the knitted SWA’s radiation pattern rotated along the bending direction. The main lobe 

remained a similar pattern, however, the SWA’s gain reduced as the E-plane bending angle 

increased. To sum up, when the knitted SWA is bent along E-plane in practice, it must be 

placed in a position where the slots can face towards the receiving antenna to obtain a good 

transmission. If the knitted SWA and receiving antenna are both fixed in the position, the 

E-plane bending must be avoided.  

 

H-plane bending: 

H-plane bending shifted the knitted SWA’s resonant frequency upwards slightly in 

measurement as the slots were compressed when the knitted SWA was bent along H-plane. 

Furthermore, the knitted SWA was able to remain a good input impedance matching 

condition at its resonant frequencies under H-plane bending. When H-plane bending 

occurred, the knitted SWA’s radiation pattern was rotated along the bending direction. 
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Consequently, the H-plane bent SWA experienced a cross polarized transmission if the 

receiving antenna kept the same orientation. For the sake of a good transmission, the H-

plane bending must be avoided if the orientation of the knitted SWA or the receiving antenna 

cannot be changed.  

Overall, bending has little effect on the knitted SWA’s resonant frequency, but it can affect 

the knitted SWA’s radiation characteristics significantly, particularly when a severe shape 

distortion occurs to antenna.  

 

Chapter 6 followed the research descried in chapter 5 and developed further. At this stage, 

the design and evaluation of knitted textile waveguides and knitted slotted waveguide 

antennas had accomplished. Moreover, shape distortion study was taken for all the knitted 

samples. Finally, conclusions were drawn regarding to the suitability’s of applying knitted 

textile waveguides and knitted slotted waveguide antennas in practise, respectively.  
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Chapter 7: Knitted Textile Frequency 
Selective Surface 

7.1 Introduction 
 

Traditionally, electromagnetic devices are manufactured with hard materials such as metals 

and printed circuit boards. However, with the fast development of new materials and 

manufacturing techniques over the last few decades, electromagnetic structures can now be 

fabricated with commercial conducting textiles. It provides a lightweight and flexible 

alternative to conventional structures based on circuit board technology. For example, 

computerized textile manufacturing techniques can be applied to create various 

electromagnetic structures with periodic patterns such as frequency selective surface (FSS). 

Chapter 7 started with the evaluation of several knitted slot FSSs working at WLAN band. 

The knitted slot FSSs exhibited a band-pass frequency-filtering property. A new concept for 

manufacturing electromagnetic textiles using a commercial computerized flat-bed knitting 

machine with laser ablation technique was discussed. The samples were knitted to have a 

double layer structure: a continuous conducting surface and a dielectric substrate backing. 

Laser ablation was then applied to slot the textiles to form the patterns of FSS. The serrated 

edges created during laser ablation process were modelled, and their impacts on FSS 

performances were also studied in simulation and measurement. Then, four knitted textile 

FSSs with hexagonal loop structures were presented. They were ultra-light weight as they 

only had a single layer structure formed by ultra-light yarns. These knitted hexagonal loop 

FSSs presented a high-pass response at various microwave frequencies. In the end, 

conclusions were drawn on this computerized knitting technique regarding its feasibility.  
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7.2 Knitted Cross Slot FSS 
 

Traditionally, the starting point for manufacturing FSS was to take a single or double-sided 

sheet metal and patterned the surface by photo-lithographic/chemical etching or mechanical 

milling techniques [125]. In this new approach, I created the textile equivalent of a blank 

PCB metal with computerized flat-bed knitting techniques and applied laser ablation to slot 

the surface. Compared with the established manufacturing process, the new approach was 

more environmentally friendly as there was no chemical involved during the process. 

Moreover, it permitted a creation of large area structures with slotted patterns at high 

production rates and reduced cost. 

All the knitted slotted FSS samples were manufactured using a Shima Seiki SWG091N 

computerized flat-bed knitting machine. The conducting textile was fabricated using a silver 

loaded nylon yarn (shieldex110f 24 dtex z turns) with the highest knitting density (the 

smallest stitch size of 25 stitch/inch) and the substrate was a knitted polyester which was 

similar to the one in textile waveguide in Chapter 5. 

The first sample to be investigated was a knitted FSS with a grid of 10 by 10 cross slots.   

Fig.7.21 shows the geometry of a unit cell of the knitted cross slot FSS in simulation. 

Photograph of the knitted sample is presented in Fig.7.22. The manufacturing process of the 

knitted cross slot FSS started from a knitted double layer blanket as shown in Fig.7.23. The 

knitted blanket had a conducting surface and knitted polyester base. The conducting layer 

served as the textile equivalent of a conventional metallic sheet and the dielectric layer was 

to form a robust but flexible structure. Then, 10 by 10 cross slots were patterned on the 

knitted blanket with laser ablation technique to get the final sample. Before proceeding to 

measure the knitted cross slot FSS, a metallic FSS shown in Fig.7.24 was manufactured 

using a computerized milling machine and measured first. The metallic FSS shown in 

Fig.7.24 was made of aluminium and had the same unit cell as the simulated model shown 

in Fig.7.21, only without the dielectric base. It served as a reference to the knitted cross slot 

FSS. The normal incident, free-space reflectivity (S11) of the metallic reference FSS was 

measured by a fully calibrated NRL arch utilizing computer-controlled HP 8720D Vector 

Network Analyser as shown in Fig.7.25.  
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(a) 

 

 
 

(b) 

Fig.7.21 A unit cell of the knitted cross slot FSS in simulation: (a) Front view; (b) Side view 
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Fig.7.22. Photographs of the knitted cross slot FSS with a 10 by 10 grid:  
 

    
 

Fig.7.23 A knitted double layer blanket with a conducting surface and a substrate base 
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Fig.7.24 An aluminium cross slot reference FSS  

 

Fig.7.25 Reflectivity measurement system 

 

Fig.7.26 presents the simulated normal-incident free space reflectivity response (S11) and 

transmission response (S21) of the reference aluminum FSS. The metallic 10*10 cross slot 

FSS demonstrated a distinct band-pass frequency-filtering performance with an 

approximate 700MHz passing bandwidth (-3dB for S21) in simulation. Fig.7.27 shows the 
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comparison between the simulated and measured normal-incident free space reflectivity 

response (S11) of the reference aluminum FSS. From Fig.7.27, it can be seen that this cross 

slot FSS had a band-pass frequency-filtering property with a resonant frequency at 4.37GHz 

in both simulation and measurement. The band-pass characteristic shown in Fig.7.27 also 

agreed with the result I obtained from the equivalent circuit built for cross slot FSS in section 

4.41. Moreover, the good agreement achieved between the measured and simulated S11 

showed that the simulation can predict the FSS’s performance and the arch measurement 

system was able to provide an accurate measurement.  

 

Fig. 7.26 Simulated S11 and S21of the metallic reference FSS 

 

 

Fig.7.27 Simulated and measured S11 of the metallic reference FSS.  
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The knitted cross slot FSS was measured by the same procedure. The measured, reflectivity 

of the knitted cross dipole FSS was compared with the simulated results as shown in 

Fig.7.28. Two traces shown in Fig.7.28 corresponds to the knitted cross slot FSS responses 

illuminated by vertical (V) and horizontal (H) polarization, respectively. Fig.7.28 shows that 

the simulated and measured results did not agree with each other. The knitted cross slot FSS 

with vertical polarized illumination had a slightly higher resonant frequency (3.62GHz) than 

it was illuminated by the horizontal polarization (3.56GHz), and its simulated model had 

the highest resonant frequency (4.03GHz). The main reason for the disagreement between 

simulation and measurement was because for an “ideal” cross slot dipole FSS (such as the 

metallic reference and the simulated model), its response to both H and V polarization was 

identical. However, the knitted cross slot FSS had a different stitch structures in H and V 

directions due to the knitting technique. And the laser ablation resulted in serrated edges for 

the cross slots in both H and V directions as shown in Fig.7.29. From Fig.7.29, it can be 

seen clearly that the thread was burned by the high-temperature laser along the slots in both 

H and V directions. And the parallel laser cutting gave a better-defined edge to the slots than 

the perpendicular cutting. The parallel and perpendicular cut slots were referred to as 

“smooth” and “rough” slots, respectively in subsequent discussions. Consequently, the 

smooth and rough slots resulted in different resonant frequencies when the sample was 

illuminated vertically and horizontally as they had different effective slot circumference. 

Therefore, the unit cell shown in Fig.7.21 cannot predict the knitted cross slot FSS’s 

performance correctly in simulation. In the following sections, I managed to build an 

equivalent simulated model for the knitted cross slot FSS with aid of CST. 
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Fig.7.28 Comparison of simulated and measured S11s for the knitted cross slot FSS 

 

Fig.7.29 Photograph of a unit cell of the knitted cross slot FSS 
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7.3 Knitted Single Slot FSSs 
 

To study the effects that the smooth and rough slots have on the knitted slotted FSS’s 

performance, two more knitted samples with single slots were manufactured by the same 

knitting technique with the same textile materials: one with the slots cut parallel to the 

knitting direction and one with slots cut perpendicular to the knitting direction.  Fig.7.31 

presents the original model for a unit cell of the knitted single slot FSS in simulation. This 

original simulated model had perfect-defined slots. Fig.7.32 (a) and (b) show the knitted 

FSSs with smooth single slots and rough single slots. Fig.7.33 (a) and (b) present the 

photographs with high magnification. Two knitted single slot FSSs were measured by the 

same procedure. Fig.7.34 shows the measured reflectivity of the sample with smooth slots 

and the sample with smooth slots. The measured results were compared with the reflectivity 

of the original simulated model that had the perfect-defined slots in Fig.7.34. Fig.7.34 

presents a similar result as Fig.7.27, the original simulated model with perfect-defined slots 

had the highest resonant frequency and knitted sample with smooth slots had a slightly 

higher resonant frequency than the knitted sample with rough slots. From Fig.7.34, it can be 

also seen that both smooth and rough slots had significant impacts on FSS’s performance, 

and the rough slots reduced FSS’s resonant frequency further than the smooth slots. Fig.7.33 

shows that for the FSS with smooth slots, the laser cut the sample in parallel with the knitting 

direction. Therefore, only a small part on one side of the stitch was melted by the high-

temperature laser. It resulted in small burnt spots along the smooth slots and increased the 

electrical length of the slots. While for the FSS with rough slots, laser cut the sample 

perpendicularly to the knitting direction. The threads were cut into half and melted at their 

ends. Consequently, numbers of large burnt spots were created along the rough slots and 

resulted in a longer electrical length than the smooth slots. This was the primary cause of 

resonant frequency differences between the ideal samples and two knitted samples.   
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(a) 

 

 

 
 

(b) 
 

Fig.7.31 Original model for a unit cell of the knitted single slot FSS: 

(a) Front view; (b) Side view 
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(a)    

 

 
(b) 

 

Fig.7.32 Photographs of knitted single dipole slots FSSs: 

 (a) Sample with smooth slots; (b) Sample with rough slots. 
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                                                   (a)                                                       (b) 

Fig.7.33 High magnification photographs of knitted single slots FSSs. 

 (a) sample with smooth slots; (b) sample with rough slots. 

 

 
Fig.7.34 Measured S11s of two knitted single slot FSSs and simulated S11 of the original model  
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To build a simple geometrical model to simulate the knitted FSS with serrated slots 

effectively, it was assumed that the burnt spots created by the laser ablation followed a block 

profile and the smooth and rough slots can be modelled as a periodic structure with different 

block dimension as shown in Fig.7.35. According to careful measurement, the average block 

dimensions for each side of smooth and rough are approximated and listed in Table.7.31. 

However, the block width of the slots was difficult to measure. Therefore, with the aid of 

CST, the block width was optimized in simulation to provide a best match simulated results 

to the measurement. The optimization gave a block width of 0.3mm and 0.38mm for the 

smooth and rough slots respectively. 

Table.7.31 block dimensions for smooth and rough slots in simulation 

 block number block gap (mm) block length (mm) 

smooth slot 18 0.5 1.5 

rough slot 36 0.5 0.5 

 

Fig.7.36 presents the comparison between the measured S11 of the knitted sample with 

smooth slots and its simulated model with a block width of 0.3mm. Fig.7.37 presents the 

comparison between the measured S11 of the knitted sample with rough slots and simulated 

S11 of its simulated model with a block width of 0.38mm. From Fig.7.36 and Fig.7.37, it 

can be seen that the measured results showed good agreements with the simulated results. 

Two knitted slot FSSs demonstrated a band-pass frequency response with co-polarized 

incident wave and reflected the cross-polarized incident wave. The predicted resonant 

frequencies for the knitted FSSs with single smooth slots and rough slots were 3.328GHz 

and 3.276GHz compared with the measured values of 3.32GHz and 3.28GHz, respectively. 

It showed that the periodic block model with optimized parameters built in simulation can 

predict the knitted single slot FSS’s performance correctly. Fig.7.38 and Fig.7.39 shows the 

simulated normal-incident free space reflectivity response (S11) and transmission response 

(S21) of the knitted FSS with smooth slots and rough slots respectively. From Fig.7.38 and 

Fig.7.39, it can be seen that both knitted slot sample presented a band-pass frequency-

filtering performance in simulation. They all had an approximate 400MHz passing 

bandwidth (-3dB for S21).  
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Fig.7.35 A periodic block model for a unit cell of the knitted FSSs with single serrated slots. 

 

 

 

Fig.7.36 Comparison between the measured S11 of the knitted sample with smooth slots and its 

simulated model with a block width of 0.3mm. 
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Fig.7.37 Comparison between the measured S11 of the knitted sample with rough slots and its 

simulated model with a block width of 0.38mm 

 

 
Fig.7.38 Simulated normal-incident free space reflectivity response (S11) and transmission response 

(S21) of knitted FSS with smooth slots 
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Fig.7.39 Simulated normal-incident free space reflectivity response (S11) and transmission response 

(S21) of knitted FSS with rough slots  
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7.4 Optimized Model for Knitted Cross Slot FSS 
 

 

Based on the model established for the serrated slots, an attempt was made to simulate the 

knitted cross slot FSS with the block dimensions obtained in section 7.3. Fig.7.41 presents 

a unit cell of the original periodic block model for the knitted cross slot FSS. For the smooth 

slots, there were 16 blocks with a gap of 0.5mm, length of 1.5mm and width of 0.3mm at 

each side.  For the rough slots, there were 32 blocks with a gap of 0.5mm, length of 0.5mm 

and width of 0.38mm at each side. Fig.7.42 shows the comparison between the measured 

S11 of the knitted cross slot FSS and the simulated S11 of its original simulation model. 

From Fig.7.42, it can be seen that the resonant frequencies of the original simulated model 

were slightly higher than that of the knitted sample in both vertical and horizontal directions. 

It showed that the parameters obtained from the single dipole slot FSSs were not directly 

transferable as the knitted cross slot FSS had a thinner substrate base than the knitted single 

slot FSS. Parameter optimization for block width was made to establish the correct 

simulated model for knitted cross slot FSS.  

Table.7.41 presents the block dimensions for the optimized model of the knitted cross slot 

FSS in simulation. The block depths were optimized to 0.34mm and 0.43mm for the smooth 

slots and rough slots, respectively. Fig.7.43 shows the comparison of normal incident 

reflectivity between the knitted cross slot FSS and its optimized simulated model. From 

Fig.7.43, it can be seen that the simulated S11 of the optimized simulated model achieved a 

good agreement with the measured S11 of the knitted cross slot FSS for both vertical and 

horizontal polarizations. The predicted resonant frequencies for the knitted sample were 

3.62GHz and 3.564GHz compared to the measured values of 3.62GHz and 3.58GHz. 

Fig.7.44 shows the simulated normal-incident free space reflectivity response (S11) and 

transmission response (S21) of the knitted cross slots FSS. It can be seen that the knitted 

cross slot FSS showed a band-pass frequency-selecting performance for both H and V 

illumination with an approximate 400 MHz passing bandwidth (-3dB for S21).  
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Fig.7.41 A unit cell of the original periodic block model for the knitted cross slot FSS 

  

Fig.7.42 Comparison between the measured S11 of the knitted cross slot FSS and the simulated S11 

of its original simulation model 
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Table.7.41 Optimized block dimensions for slots of cross slot FSS in simulation 

 block number block gap (mm) block length 

(mm) 

block width 

(mm) 

smooth slot 16 0.5 1.5 0.34 

rough slot 32 0.5 0.5 0.43 

 

 

 

Fig.7.43 Comparison of reflectivity between the knitted cross slot FSS and its optimized simulation 

model 
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Fig.7.44 Simulated normal-incident free space reflectivity response (S11) and transmission response 

(S21) of knitted cross slots FSS 

 

 

 

To conclude, the effects that the serrated slots had on knitted cross slot FSS’s performance 

were studied and a simple simulation model was established successfully to predict the 

knitted slot FSSs’ performance. 
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7.5 Ultra-light Weight, Knitted Loop FSSs 
 

In the previous sections, computerised knitting with laser ablation technique has realized 

the fast manufacture of large area textile slot FSSs. The computerized knitting technique 

itself can also permit the fast creation of textile FSSs with complex periodic surface patterns. 

Four experimental textiles hexagonal loop FSSs were knitted and presented in this section. 

During the knitting process, only a single layer structure was created, which made these 

textile FSSs ultra-light weight. The conducting unit cells were created with a silver loaded 

nylon yarn (shieldex110f 24 dtex z turns) and the substrate base which separated the ECA 

(electrically conducting area) was knitted by an ultra-light weight non-conducting yarn 

(monofilament 1/75nm 75%polyester 25% nylon). Fig.7.51 shows the photographs of four 

knitted samples. It can be seen that they shared a similar periodic structure, just with 

different unit cell dimensions. Fig.7.52 shows the hexagonal loops of each sample. I 

numbered four samples based on their hexagonal loop sizes, from small to large as shown 

in Fig.7.51 and Table.7.51. The weights of each sample were also measured and shown in 

Table.7.52. Fig.7.53 presents the weight measurement for sample 1 as an example. All the 

knitted loop FSSs were ultra-light, each sample had an approximate size of 300mm by 

200mm only with a total weight (including border) around 9g as shown in Table.7.52.  
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(a) Sample 1 

 

(b) Sample 2 
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(c) Sample 3 

 

(d) Sample 4 

Fig.7.51 Four ultra-light weight knitted loop FSSs: 

(a) Sample 1; (b) Sample 2; (c) Sample 3; (d) Sample 4 
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Table.7.51 Dimensions of hexagonal loops of four knitted samples 

Sample 1  Sample 2 Sample 3 Sample 4 

7mm*10mm 8mm*12mm 10mm*15mm 10mm*20mm  

 

  

(a) Sample 1                                                  (b) Sample 2 

  

(c) Sample 3                                                  (d) Sample 4 

                            Fig.7.52 Magnified photographs for the hexagonal loop of four samples: 

(a) Sample 1; (b) Sample 2; (c) Sample 3; (d) Sample 4 
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Fig.7.53 Weight measurement for sample 1 

 

Table.7.52 Weights of four textile samples 

Sample 1 Sample 2 Sample 3 Sample 4 

8.941g 9.574g 9.101g 8.4g 
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According to the careful measurement, four textiles hexagonal loop FSSs were simulated in 

CST. Fig.7.54 presents a simulated unit cell for sample 1 as an example. In simulation, the 

permittivity of the substrate base was assumed as 1, which was the same as air and the 

conductivity of ECA was initially set as 4000 S/m. The simulated normal incident, free 

space reflectivity (S11) and transmission responses (S21) of four samples illuminated by 

vertical polarization are shown in Fig.7.55. Fig.7.55 shows that the four textile hexagonal 

loop FSSs all exhibited a good transmission with a rejection band in simulation. At certain 

frequencies, the S11 of four samples approached to 0 and S21 dropped below -10dB, which 

proved that the textile loop FSSs acted as band-stop filters when illuminated by vertical 

polarization. Fig.7.56 shows the comparison of simulated S11s of four samples. From 

Fig.7.56, it can be seen that the four simulated FSSs had multiple resonances. To analysis 

them, only the first resonant frequency of four samples was considered. In simulation, 

sample 1 with the smallest hexagonal loop size had the highest response frequency and vice 

versa. The simulated result of the hexagonal loop FSSs agreed with the theoretical result 

obtained from the equivalent circuit built in section 4.42. 

 

Fig.7.54 a unit cell of sample 1 in simulation 
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(a) 

 

(b) 

 

(c) 
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(d) 

Fig.7.55 Simulated S11 and S21 of four samples illuminated by vertical polarization with 

conductivity of 4000 S/m : (a) sample 1; (b) sample 2; (c) sample 3; (d) sample 4 

 

 

Fig.7.56 Simulated S11s of four samples illuminated by vertical polarization with conductivity of 

4000 S/m   

The knitted loop FSSs were inherently flexible structures, but to characterize them they were 

arranged and measured as flat planar surfaces. To facilitate the measurement, all the samples 

were gently stretched in both linear dimensions to equalize any shape distortion and to 

produce a flat surface with a symmetrical surface pattern. Their normal incident, free space 

vertical polarized reflectivity (S11) and transmission response (S21) were measured and the 

measured results are shown in Fig.7.57 and Fig.7.58. From Fig.7.57 and Fig.7.58, it can be 

seen that all four knitted loop FSSs exhibited a high-pass frequency response in 

measurement instead of a band-stop characteristic in simulation. Fig.7.57 also shows that 
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four textile samples demonstrated a frequency selective characteristic which presented the 

same trend as the simulated results. Textile sample 1 with the smallest hexagonal loop size 

had the highest response frequency. And textile sample 4 with the largest hexagonal loop 

size had the lowest response frequency. However, the measured responses of the textile 

samples did not present multiple resonances. From Fig.7.56, it can be seen that in simulation, 

multiple resonances and the first frequency-rejecting band of hexagonal loop FSSs appeared 

at high frequency (above 10GHz). While in measurement, textile samples only presented a 

good transmission performance with single resonance at high frequency as shown in 

Fig.7.57 and Fig.7.58.  

 

Fig.7.57 Measured S11s of the four knitted ultra-light weight hexagonal loop FSSs illuminated by 

vertical polarization 
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Fig.7.58 Measured S21s of the four knitted ultra-light weight hexagonal loop FSSs illuminated by 

vertical polarization 

The difference between simulated and measured results was due to the fact that, in 

simulation the hexagonal loop FSSs were constructed by continuous conducting solids with 

a constant conductivity. However, in practice, all the ECA on textile loop FSSs was knitted 

by a conducting yarn. From Fig.7.52, it can be seen that there were air gaps between adjacent 

conducting stitches. When frequency increased, air gaps became more significant and the 

textile loop FSSs turned into an inhomogeneous structure which consisted of conducting 

stitches and air gaps. Precise calculation of the ECA’s conductivity on textile samples was 

very difficult. But according to effective medium theory [127], its effective value can be 

approximated by Bruggeman's unsymmetrical effective medium model [128]. Based on 

Bruggeman's model, the effective conductivity of ECA of textile loop FSSs can be 

calculated from equation (64): 

𝜎𝑒 = (1 − 𝛼)
3

2𝜎𝑜  …………………. (64) 

Where 𝜎𝑒 is the effective conductivity of ECA, 𝛼 is the fraction of air gaps in ECA and 𝜎𝑜 

is the original conductivity of ECA.  
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In this case, the original conductivity 𝜎𝑜 of ECA was assumed to be 4000 S/m and the 

fraction of air gap 𝛼 increased when frequency became higher. The relation between the 

effective conductivity 𝜎𝑒 and the air gap fraction 𝛼 is described in Fig.7.59. It can be seen 

that the effective ECA’s conductivity on the textile loop FSSs dropped quickly when the air 

gap fraction increased. 

 

Fig.7.59 Effective conductivity of ECA against air gap fraction  

To study the effects of low ECA conductivity on knitted FSS’s performance, Sample 4 was 

selected as an example. Sample 4 was simulated with different ECA conductivities from 

4000s/m to 15s/m and the results were compared in Fig.7.57. Fig.7.57 indicates that FSS’s 

selectivity increased with a higher conductivity. When the ECA’s conductivity dropped to 

a very low value, for example 15s/m in this case, sample 4 almost stopped function. Similar 

statement was also reported in [126].  

To conclude, when frequency increased, air gap between conducting stitches became more 

significant and ECA’s effective conductivity dropped. At high frequency, the ECA’s 

conductivity was too low to cause the rejection or multiple resonances of a knitted FSS in 

practise. This was the primary reason why the textile samples demonstrated a different 
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performance at high frequency in measurement compared to simulation with a constant ECA 

conductivity of 4000s/m. 

 

Fig. 7.60 Comparison of simulated S21 of sample 4 with different ECA conductivity 
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7.6 Conclusion 
 

Chapter 7 began with the presentation of a knitted textile FSS with a 10 by 10 cross slot 

grid. The textile FSS was knitted by the same knitting technique described in the previous 

chapters and demonstrated a typical slot FSS performance. It had a band-pass frequency 

response, and the resonant frequency was 3.62GHz and 3.58GHz for vertical and horizontal 

polarization, respectively. Laser ablation, which is a fast efficient and economical technique, 

was successfully applied to create slot FSSs from knitted textile blankets. During the laser 

ablation, serrated cutting edges were produced on the textiles in both vertical and horizontal 

directions. And the “roughness” of the serrated edge depended on the orientation of the 

stitch structure relative to the cutting direction of the laser. The parallel cut resulted in 

smooth slots and perpendicular cut resulted in rough slots, respectively. The serrated slots 

on the knitted samples acted to reduce the FSSs’ resonance frequency significantly and 

rough slots had a bigger effect than smooth slots. A periodic block model was established 

to describe the performance of knitted slot FSSs correctly in simulation. The optimized 

dimensions for the smooth and rough slots were presented respectively.  

In this chapter, I also introduced four experimental ultra-light weight FSSs with hexagonal 

loops. These knitted loop FSSs showed a high-pass response with a frequency selective 

characteristic. The resonant frequency of the knitted loop FSS was determined by the size 

of hexagonal loop. The sample with the smallest unit cell size had the highest response 

frequency and vice versa. According to the equivalent circuit I built, a loop FSS was 

expected to have a band-stop frequency response, however the knitted loop FSSs presented 

a high-pass response in measurement. The difference between simulation and measurement 

was caused by the fact that the knitting density of the ECA on textile loop FSS was not high 

enough. When frequency increased, the air gaps between stitches became more significant, 

which resulted in a lower effective conductivity of ECA. Consequently, the textile loop FSS 

was not able to demonstrate rejection at high frequency.  This is an on-going project and I 

are still developing an equivalent model based on Bruggeman's approximation to predict the 

knitted textile hexagonal loop FSS’s performance accurately in simulation.  
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Chapter 8. Conclusion and Future Work 

8.1 Conclusion 
 

This research focused on the investigation of textile electromagnetic structures 

manufactured by a computerized knitting technique. A commercial flat-bed knitting 

machine was employed to fabricate various types of textile RF device including waveguides, 

slotted waveguide antennas and frequency selective surfaces. These textile electronics were 

studied based on simulation and measurement.  

1. In this contribution, I firstly proposed an original 3D knitted textile waveguide [109]. I 

also studied performance of knitted waveguides under different shape distortion 

conditions, both in simulation and measurement [110]. The knitted textile waveguide 

demonstrated a stable transmission performance at X-band under E and H plane bending.   

2. In this thesis, I also presented a 3D knitted textile slotted waveguide antenna (SWA) 

[123] developed from the knitted waveguide in [109]. It provided a directional radiation 

pattern with a maximum gain of 2.33dB at 9.2GHz in measurement. Special attention 

was required when using this knitted SWA in practice as transmitter or receiver because 

it was a soft structure and bending could cause poor or cross polarized transmission.  

3. I extended our research interests to textile frequency selective surfaces (FSS). Various 

types of textile FSS were investigated including cross slot and hexagonal loop. Laser 

ablation which is a fast and efficient technique was applied to create the periodic cross 

slot patterns. During the laser ablation, serrated cutting edges were created on the textiles 

in both vertical and horizontal directions. A simple and effective model was developed 

in simulation to describe the performance of textile cross slot FSSs. The textile cross 

slot FSS was sensitive to illuminating polarization as the laser cutting process resulted 

in different effective slot lengths in different directions. Measurement showed that the 

knitted textile FSS with a 10 by 10 cross slot grid demonstrated a band-pass frequency 

response, and the resonant frequency was 3.62GHz and 3.58GHz for vertical and 

horizontal illumination respectively.  

4. Lastly, I also reported four experimental hexagonal loop FSSs. They were knitted in a 

single layer structure to have an ultra-light weight (about 150g/m2). Measurement 
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showed that these ultra-light weight knitted FSSs all exhibited a high-pass response with 

a frequency selective property. This is an ongoing project and I are attempting to develop 

an effective simulation model to predict the knitted textile hexagonal loop FSS’s 

performance accurately. 
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8.2 Future Work  
 

In this research, computerized knitting has been tested to be an effective alternative to the 

traditional textile RF device manufacturing techniques. It can realize an environmental-

friendly fast production of large area textile electronics with complex structures. Various 

types of textile electromagnetic component were knitted and studied. While there are still 

some aspects which are not covered in this thesis and further research listed below needs to 

be performed in the future.  

• The knitted slotted waveguide antenna described in chapter 6 was linear polarized.  

When H-plane bending occurred, its radiation pattern rotated along the bending 

direction. The measurement showed that the H-plane bent SWA would experience a 

cross polarized transmission if the receiving antenna was kept the same orientation. 

Consequently, H-plane bending must be avoided in practice if the orientation of the 

knitted SWA or the receiving antenna cannot be changed. However, if I can manage to 

develop a knitted SWA with a circular polarized radiation, H-plane bending will no 

longer to a problem.  

• In this thesis, to characterize the textile FSSs, knitted samples were all arranged and 

measured as flat planar surfaces. However, knitted textile FSSs are inherently soft and 

flexible. They are likely to be stretched, compressed and curved when applied in 

practise. When a textile FSS is under these conditions, it will no longer have uniform 

cell size. Therefore, the deformed textile FSS can no longer be analysed and modelled 

as a single unit cell and its performance will be different. Further research needs to 

focus on the study of the textile FSS’s performance under different deformations.  

• The study on the textile hexagonal loop FSSs showed that when the ECA (electrically 

conducting area) was fabricated with a low knitting density, its conductivity 

demonstrated inconsistency at different frequencies. The air gaps between conducting 

stitches became more significant at high frequency, which resulted in a lower effective 

conductivity of the knitting conducting patterns and affected the FSS’s performance. I 

aim to develop a simple equivalent model to predict the knitted textile electronics’ 

performance accurately at high frequency in the future. 
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