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ABSTRACT 

Goal of this thesis is to describe state of the art in the field of textile-based microwave 

components and then also author's contribution to research. There are many problems to 

solve in this field of study and thus very specific goals are stated that should form 

complete communication system that would be easily integrable into upholstery inside 

airplane or other vehicle. First chapter is aimed on the relatively low frequency UHF 

circuit application and the RF energy harvester. The simulations are followed by 

practical measurements. Next chapter is characterizing the novel 3D-knitted fabrics and 

their RF proprieties modeling on very high frequencies that are desired to be used as 

communication channels. With textile substrate validated and described for use at SHF 

band novel textile integrated waveguide base on printable artificial magnetic conductor 

structure is presented with practical methodology of design. After validation, the 

waveguide was utilized for basic power divider, two different antennas and two types of 

sensors. All designs were manufactured and tested with satisfactory results. 
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1 INTRODUCTION 

First microwave components were mostly created from waveguides and large dipole and 

horn antennas that dated back to the origins of radar and the public radio in the beginning 

of the 20th century. Those systems were generally designed in relatively low frequency 

bands up-to 500 MHz, approximately. The only usable active components were based 

on vacuum tubes or excited ferrite structures. Later in the 50’s with the discovery of 

semiconductors and transistors, there was ever-increasing demand on the integration and 

miniaturization of electrical systems. With these, microwave substrate-based systems 

became prominent at the higher frequencies of VHF and UHF bands. Microstrip 

transmission lines were ideal for the integration of high-frequency lumped electrical 

components into the microwave circuits, and a lot of new concepts of antennas as well 

as planar equivalents of the already known antennas were introduced. 

For the design of modern microwave circuits and planar antennas, the material of the 

substrate is the most crucial element. For commercial high-frequency electronics, the 

basic glass-reinforced epoxy-based materials are used. For designs with reduced 

electrical losses, more expensive ceramics-based materials have to be used. Those 

materials can offer higher values of the effective permittivity and a much lover dielectric 

losses. 

Recently, a strong trend of the exploitation of novel types of microwave substrates 

has been started. Novel substrates would offer interesting material proprieties while 

preserving electrical parameters of traditional substrates. These unconventional 

substrates promise an easy integration of modern high-frequency systems into almost 

any object of the every-day use. 

The textile substrates belong to promising unconventional microwave materials. 

Textile substrates can be integrated into the wearable cloths or bed sheets, gather and 

relay data from sensors placed in proximity of a human body, etc. These substrates are 

ideal for medical applications. Collecting data from sensors placed near a human body 

and transmitting them wirelessly to the processing unit is quite desirable concept. 

Roughly about the year 2000 there was a very strong trend to design textile-based 

antennas and other wearable microwave systems. Nevertheless, a lot of limitations 

originated from the character of the textile material were evident. Combined with 

a problematic effect of the proximity of the human tissue, usability of those systems was 

rather limited. 

Development of technical knitted textiles used in interiors of vehicles has started 

a new area of RF systems on textile substrates. This thesis is then aimed on new 

possibilities those originate from this new field of use of the textile microwave 

substrates. 
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2  STATE OF THE ART 

A brief introduction to microwave systems on textile substrates is presented in this 

chapter. Basic limitations resulting from used materials are discussed, and attention is 

turned to current systems designed to operate from the UHF band to the EHF band. In 

open literature there can be found broad range of paper dealing with use of several types 

of textiles as microwave substrate for various waveguides, transmission lines, antennas 

and other devices. However, most of work was done either on very basic level or with 

very specialized technologies and materials that tends to be expensive. Also, not a lot of 

attention was given to possibility of uniform systems based on one technology providing 

seamless integration of several microwave components. 

2.1 ENERGY HARVESTING SYSTEMS ON TEXTILE 

SUBSTRATE 

Essential limitation of any electronic system is power supply. Especially if the system 

is to be integrated into large area of technical textile of interior inside car or airplane. 

When considering textile integrated applications, there is usually incentive to eliminated 

need of conventional wires to provide steady power supply to active components or 

sensors. Most simple way is to use small battery, but this is not very seamless neither 

permanent solution. Another way is to utilize harvesting of energy from the environment 

around the device. It is possible to harvest energy in many forms like heat or mechanical 

deformation of the seat, but the most reliable and seamless would probably be harvesting 

of RF energy. Since the area inside the mean of transport is expected to be covered for 

example by WiFi or other ISM bands, it is possible to convert and store small quantities 

of energy for low-power devices.  

Harvesters consist of an antenna, an impedance matching and rectifying circuits. 

Several designs have been proposed [1] − [5], but most of them are limited by expensive 

components or a need of relatively high power received. Also, antennas or microwave 

circuits are quite difficult to be small enough so that the person is not irritated by 

wearing. Moreover, some level of resistance to high-frequency changes of the system 

due to mechanical deformations or humidity inside and in surroundings of the textile 

substrate has to be guaranteed. 

Microwave systems utilizing textile substrate operating in 2.4 or 5.8 GHz are nothing 

new and many papers were presenting simple application for this practical are of the 

microwave spectrum. The textile materials have been prominent especially due to the 

area of wearable technologies. Publications have covered antennas and microwave 

systems integrated into conventional fabrics to work near human body. Nevertheless, 

the field of technical fabrics stayed largely uninvestigated. Technical textile materials 

can increase comfort of passengers in vehicles. When integrating electronics into textile 

substrates, fabrication costs and weight of vehicles can be reduced. And when operating 

at microwave frequencies, data bandwidth can be increased [6]–[9]. 

A limited number of papers deals with the combination of antennas or some 

microwave circuits at EHF bands while using textile materials as a substrate. The 
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thickness of the fabric is the main problem when increasing operational frequency of 

systems on textile substrates. 

Quite commonly, the textiles without the well-organized structure, or very dense 

ones, are about 1 mm thick but have inconsiderable dielectric losses at very high 

frequencies especially. Such materials are used because they are very common, so 

possible integration into wearable cloths can be simulated easily. Also, materials such 

as denim are mechanically sturdy, therefore most of technologies of manufacture can be 

easily applied. On the other hand, cotton-based textiles and especially have very high 

dielectric losses at UHF band, and tent to absorb a lot of humidity, thus their relative 

permittivity can vary a lot. 

Electronics in the interior of vehicles is another quite promising application area. For 

a comfort of the passengers, walls and ceiling are covered up by some sort of a technical 

fabric. Since proximity effects of the human tissue do not need to be compensated, the 

overall efficiency of such systems is significantly higher [10], [11]. Those fabrics are 

usually knitted from polyester in a very organized structure. The 3D-knitted fabrics are 

one of the promising examples of such textile materials. 

2.2 MILIMETER-WAVE TEXTILE APPLICATIONS 

The 3D knitted fabric consists of two thin outer layers of a densely knitted polyester 

with an inner layer of an organized periodic structure of rather few fibers those are 

perpendicular to the plane of the whole fabric and are holding a stable distance of 

surfaces while making the inside mainly empty. 

Most work simple use thin copper foils being glued to the textile. Another approach 

is to use electrically conductive textile. Those are mostly synthetic fibers with very fine 

metallic vires composed into them. Such material can be integrated very well with 

similar mechanical proprieties as surrounding textile as well as being permeable by air 

and humidity. On the other hand, the conductivity itself is significantly lower, especially 

at higher frequencies.  

The 3D-knitten fabrics have lover losses but a larger thickness that is limiting the 

maximal usable frequency of the usual substrate integrated waveguides (SIW). Papers 

like [12] have already proven that SIW lines have good efficiency but the operating 

frequency of those is roughly from 5.8 GHz to 12 GHz. 

In [13], free-space wave propagating at 60 GHz through the textile along the metal 

plane was investigated. The textile was shown to support propagation of mm-waves 

similarly to a dielectric waveguide. 

Some papers have discussed methods of designing SIW waveguides at extremely 

high frequencies [14]. SIW on extremely thin substrates are hard to manufacture. If the 

relatively thick substrates are to be used, the metallic vias must be very close to each 

other to prevent wave leakage.  

Another approach is based on the creation of a periodic structure that is tuned to 

a specific frequency band. This approach can provide good performance even at 
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extremely high frequencies. Periodic structures of all kinds seem to be a promising 

solution for mm-wave and EHF applications. 

Microwave textile-integrated applications simply utilize a conventional concept of a 

textile-integrated waveguide (TIW). At higher frequencies, the precision of 

manufacturing TIW becomes an issue and the sewing increases manufacturing costs. 

Therefore, a concept of the corrugated TIW was designed in to replace metallic vias on 

edges by series of microstrip stubs. This solution provides a narrow band and low 

efficiency. 

The corrugated SIW [15] is another way of creating the textile-integrated 

transmission line. This design is more suitable for automatized manufacturing because 

the waveguide can be printed by a conductive paste without stitching conductive vias 

like in case of a classical SIW. Those concepts have reasonable efficiency but are limited 

by the maximum frequency about 30 GHz, can have small band-width and are not well 

suited for non-straight lines. 

Lately, stubs have been replaced by electromagnetic band gap (EBG) structures 

[16][17]. EBG walls block transversal waves and support the propagation of the 

longitudinal wave. That way, an EBG waveguide can be created. 

Similarly, an artificial magnetic conductor (AMC) can be utilized to support only the 

propagation of desired modes. For example, in [18] this is utilized to limit propagation 

of higher harmonics along common substate of sensitive circuit. In papers like [19] and 

[20] those principles of controlling the propagation in certain areas of substrate is 

utilized to create another type of substrate integrated waveguide. These have limitations 

on terms of band-width and losses but even these rather simple examples prove a lot of 

promise for further development. Especially since such structure can be elegantly 

integrated into the textile later. 

2.3 BASIC MICROWAVE COMPONENTS INTEGRATED INTO 

TEXTILE SUBSTRATES 

Logical addition to system of textile integrated waveguides is implementation of 

antennas, basic power divider, possibly with switching ability added, and sensors. There 

have been some papers presenting possibilities of textile integrated power dividers [16], 

but all of them were based on conventional SIW technology of manufacture and lower 

frequencies. With walls of waveguide geeing embroidered by electrically conductive 

threads it is possible to utilize several methods of switching like mechanically, 

magnetically and electronically driven. [21-23] All of the paper required metallic vias 

so the system could not be applied to textile substrate as fully printable. Also, for desired 

frequency band around 10 GHz, the switching with PIN diodes added to power divider 

seems extremely challenging due to expected manufacture imperfections. Also making 

such arrangement printable would inevitably lead to compromise on efficiency. 
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Another interesting application is to integrate sensory devices into the textile itself. 

Using conventional sensors is of course viable option, but seamless utilizing of printable 

component would be more elegant and easy-to-make solution. There are of course a lot 

of papers describing very basic DC or low frequency conventional circuit-based sensors. 

Such systems could utilize capacitance between two large metallic sheets, open loop of 

wires that would touch if pressed, or some more elaborate polymer-based structures. 

Aim of this work is however to expand utility of EHF band of microwave systems and 

provide monolithic system operating one frequency band and using single manufacture 

technology. 

  There are several approaches to sense physical changes inside and around the 

material used today. Those ranges from waveguides that are deformed, antennas 

receiving signal across the space where some physical propriety is changing or RFID 

system and so on. [24-26] There designs either utilize change of resonance frequency of 

antenna due to change in environment in front of it, or mechanical deformation of either 

resonator or antenna. Both approaches are fairly sensitive and reliable. Many more 

papers were presented with very complex arrangement or utilized custom-made 

specialized components. Such devices achieved very small dimensions and great 

performance, but integration of such system into printable textile solution in not viable.  

2.4 CONCLUSIONS 

• A lot of work about utilization of textile as microwave substrate was published. 

Absolute majority of papers deals with very basic SIW with metallic vias or 

microstrip line feeding some sort of patch or dipole antenna. Also, most of papers 

were operating in 2.4 or 5.8 GHz bands, which are of course broadly used by many 

devices and physical dimensions are convenient for manufacture on textile. 

• Most of papers deal with textile near human body, while more complex systems 

with several types of devices made on single principle and printable technology 

remain mostly not investigated. 

• There has been some work done in afford to utilize artificial magnetic conductors 

are substitute for more conventional waveguides. Most of these were implemented 

on either fully metallic structures or conventional dielectric microwave substrates. 

No papers dealing with textile integrated AMC without need of metallic vias was 

found. 

• Aim of the thesis is set to investigate perspective technologies of textile integrated 

waveguides on which uniform systems composing of several microwave 

components could be designed, manufactured and measured. 
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3  OBJECTIVES 

As stated, the main focus in the field was oriented to wearable antennas. The systems 

were usually designed for frequency bands from 2.4 GHz to roughly 10 GHz. It will be 

useful to investigate methods of manufacturing antennas and circuits at frequencies as 

low as 900 MHz due to presence of common wireless services in those bands. Then RF 

energy harvesters operating in those bands can be utilized for the future textile integrated 

systems. 

Objective 1: Designing an energy harvester to be integrated into the seat of a car. 

Optimizing the design for inexpensive technology and good efficiency 

at low power levels.  

RF-energy harvesters are a useful power-supply for sensor systems in vehicles. The main 

focus is given to the optimization of efficiency for very low power levels. Chosen bands 

to collect energy from are chosen to be 900 MHz and 2.4 GHz. In combination with 

energy provided by additional mechanical and thermal energy generators, the gained 

power can be stored and used for a periodical short power-supply to any future system 

integrated into the mean of transport. 

Objective 2: Developing high-frequency model of a microscopic structure of 3D-

knitted fabrics and studying their RF behavior in mm-wave bands. 

The 3D-knitted fabric is applicable thanks to its low RF losses at UHF and SHF 

frequencies. However, almost no work has been done at mm-wave frequencies. Due to 

the periodic nature of the inner structure of the fabric, we predicted possible limitations 

of the maximal operational frequency. 

Objective 3: Designing fundamental RF components for mm-wave bands 

integrated into the 3D-knitted fabric. 

Once samples of the 3D-knitted fabric are fully characterized in mm-wave bands, novel 

components for those frequencies can be designed. First, waveguides integrated into the 

substrate have to be optimized for those frequencies. The refence models are to be made 

with the SIW made from vias. Those are expected to have the maximum operational 

frequency about 30 GHz. Next, the periodic structure with vias or EBG (electromagnetic 

band gap) structure with a large operational bandwidth and reasonable losses are desired 

to design. Once the functionality is achieved, the design can be modified to create a basic 

power-divider, antennas with practical feeding structures and basic sensors. 
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4  RF HARVESTER INTEGRATED INTO SEAT 

Power supply of integrated sensor networks belongs to problems which have not been 

satisfactorily solved yet. No matter that several papers have discussed gathering energy 

from radio-frequency (RF) resources, actually usable harvester integrated into the seat 

of a car has not been published in open literature yet. 

The RF harvester operates at the 900 MHz GSM band and the 2.45 GHz ISM band. 

The RF harvester is conceived as a multi-layered one comprising a dual-band antenna 

(the top layer) and a voltage-doubler diode rectifier (the bottom layer). If RF sources are 

in a distance shorter than 1 meter from rectenna, the harvested power levels vary from 

−20 dBm to 0 dBm. All components and materials of the combined harvester have been 

chosen in regards to a low price. 

The RF harvester is located on the back side to minimalize deformations potentially 

changing characteristics of the antenna. Therefore, the RF energy is primarily harvested 

from devices used by persons sitting behind.  

The RF harvester consists of three conductive surfaces (see Fig. 1): 

• On the top layer, the vertically polarized dual-band antenna is created. The antenna 

is excited by the current probe in the middle. Due to the extended current line from 

the central patch to the outer one, dimensions of the patch can be reduced by 10% 

approximately. The width of the central patch is designed to reduce the cross 

polarization. 

• The central layer plays the role of the ground plane. The via separated the signal wire 

and the ground. Diameter of the via is significantly larger than diameter of the signal 

wire (0.3 mm) to eliminate undesired resonances. 

• On the bottom layer, the rectifier is located. The signal wire is connected to the linear-

tapered impedance transformer to match the real part of the input impedance of the 

antenna to the impedance of diodes. Two different L-sections are designed to match 

the imaginary part of the impedance to the input impedance of the diodes for both 

frequency bands. 

The rectifier is conceived as a voltage-doubler. The last L-section matches the output 

impedance of diodes to the load. Inductors and capacitors ensure the separation of the 

radio-frequency (RF) and direct-current (DC sections) of the circuit. The equivalent 

circuit is depicted in Fig. 2. 
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Fig. 1: Configuration of the designed RF harvester. 

Top: dual-band antenna, center: ground plate, bottom: rectifier. 

 

 

Fig. 2: Equivalent circuit of the rectifier. 

 

TABLE I.  DIMENSIONS OF RF HARVESTER 

Symbol Value Unit 

L0 128 mm 

L1 57 mm 

L2 37 mm 

L3 24 mm 

L4 20 mm 

L5 20 mm 

L6 12 mm 
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L7 80 mm 

Lg 158 mm 

W0 230 mm 

W1 60 mm 

Wg 260 mm 

W3 20 mm 

Xs 15 mm 

d0 4 mm 

d1 2 mm 

d2 8 mm 

yg 77 mm 

Lg 153 mm 

Wg 195 mm 

D1 HSMS 286c Model 

D2 HSMS 286c Model 

C1 5,1 pF 

C2 5,1 pF 

C3 5,1 pF 

L1 1,5 nH 

L2 43 nH 

L3 43 nH 

L4 22 nH 

L5 43 nH 

RL 8600 Ω 

 

Conductive surfaces are separated by layers of 3D fabrics that consist of a polyester. 

The bottom layer can be covered by an extra textile layer protecting components. Effects 

of human body are negligible because the antenna and RF circuits are placed at the 

opposite side of the side than person. 

The rectifier was designed with the Schottky diode HSMS 286c with low threshold 

voltage (250 mV) and optimized operating at 950 MHz, 2.45 GHz and 5.8 GHz. All 

conductive surfaces were made from a conductive fabric NI/CU NYLON RIPSTOP 

FABRIC produced by Laird Technology. Electronic components and the current probe 

were fixed by silver conductive glue. 

Photograph of the harvester prototype in shown in Fig. 3. Note that both sides share 

the same ground plane in the middle. 
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a) 

 

b) 

Fig. 3: Prototype of textile-integrated harvester. 

a) Antenna on the top, b) Rectifier on the bottom. 

 

4.1 SIMULATIONS AND MEASUREMENTS 

The rectenna was designed in CST Microwave Studio. The 3D-fabric was of the 

thickness 3.6 mm and relative permittivity 1.2. To verify properties of the rectenna, the 

harvester was fabricated and measured. 
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Fig. 4: Simulated and measured frequency responses of reflection coefficient 

|S11| at the input of the antenna 

 

In order to measure the antenna, the 50-ohm coaxial connector was attached to the 

bottom side before the impedance matching circuit of the rectifier is connected. 

Measured and simulated s-parameters frequency dependences are shown in Fig. 4. 

Agreement is satisfactory given that simulation neglected most of losses in material and 

manufacture imperfections. 

 

 
a) 

 

b) 

Fig. 5: Simulated and measured radiation patterns of the antenna 

a) 0.9475 GHz, b) 2.45 GHz 
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Then the microstrip line to the connector was replaced by the full circuit and the 

harvester was placed into the anechoic chamber. The RF generator was connected to the 

antenna that radiates energy towards the RF harvester. Voltage on the load was measured 

and overall efficiency was calculated. 

Radiation patterns of the antenna are given in Fig. 5. The maximum measured gain 

was 4.3 dBi at 947.5 GHz and 3.1 dBi at 2.45 GHz. The gain at 947.5 MHz matches 

simulated results but the radiation pattern at 2.45 GHz deviates for about 30° from the 

vertical axis. 

The total RF-DC rectenna efficiency is depicted in Fig. 6. In both bands, the measured 

efficiency is for about 5% lower than the simulated one due to imperfections of 

manufacturing. Measuring was done at power levels that are to be predicted at chosen 

bands at very small distance from the source. 

 

 
a) 

 

b) 

Fig. 6: Total RF-DC conversion efficiency of the rectenna: 

Dependency on the input power in a) GSM band, b) WiFi band 

4.2 CONCLUSIONS 

The patch antenna of the rectifier was fabricated from an electrically conductive textile 

with a silver-based glues on a 3D-textile substrate with good bandwidth, reasonable gain 

and balanced radiation pattern. Rectifier is working even at very low input power that 
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can be expected in the proximity of the active devices. 

This system is easy to integrate into the textile parts of the car and can provide small 

amount of power to the wireless sensors or other components. 

Research related to textile-integrated harvesters were published in: 

 

KOKOLIA, Martin, LÁČÍK, J.; RAIDA, Z. RF energy harvesting in GSM and WiFi 

bands. Elektrorevue – Internet Journal (http://www.elektrorevue.cz), 2017, vol. 19, no. 

5. ISSN: 1213-1539. 

 

KOKOLIA, Martin. Textile-integrated RF energy harvester. STUDENT EEICT 

Conference Proc. Brno: Brno University of Technology, 2017, p. 350–355 . ISBN: 978-

80-214-5496-5. 

 

KOKOLIA, Martin, LÁČÍK, J.; RAIDA, Z. Combined energy harvester integrated into 

car. LAPC Proc. Loughborough: IET, 2017. ISBN: 978-1-78561-699-0. 
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5  MILIMETER-WAVES IN 3D-KNITTED FABRICS 

Currently, attention is turned to the development of multi-functional materials to 

increase value and reduce costs and weight of electronics integrated into vehicles. 

Another clear trend is to increase frequency of the communication systems. Novel three-

dimensional (3D) fabrics seem to be promising for both the criterions: 

• The fabrics can play the role of textile upholstery in cars and airplanes providing 

thermal isolation and mechanical attenuation. 

• Thanks to their structure, the fabrics can be used as microwave substrates. Losses are 

low since most volume of the textile structure is filled in by air (see Fig. 7). 

 

 

Fig. 7: 3D knitted fabrics produced by SINTEX. 

 

If the operation frequency exceeds 100 GHz, dimensions of the micro-structure becomes 

comparable to the wavelength, homogenization cannot be applied any more, and the 

micro-structure has to be considered when developing numerical models. 

For numerical experiments, we used 3D knitted fabrics 3D097 blue and 3D041 white 

produced by SINTEX. Both fabrics are manufactured from polyester of a different color. 

Surface layers are knitted densely, and their constant distance is ensured by vertical 

yarns in between. 

During knitting, vertical yarns are formed to periodic rows Studying the rows of yarns 

in a detail, crossed yarns can be identified in 3D097, and non-crossed ones in 3D041 

(see Fig. 7). 

The height of the textile substrate is not perfectly constant, but the average deviation 

is smaller than 0.05 mm unless serious mechanical deformations occur due to an applied 

pressure. The overall height of 3D097 is 2.59 mm, and the height of 3D041 is 3.41 mm. 

(see Fig. 8). 

Measurements performed at 5.8 GHz show that effective relative permittivity of the 

textile substrate is 1.22 for both materials. Measurement of electrical losses did not 

provide consistent results, however simulations of reference planar structures indicated 

that losses are generally lower than tan  = 0.01. 
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Fig. 8: Periodic rows of polyester yarns of 3D knitted fabrics: 

3D097 (top) and 3D041 (bottom). 

 

Obviously, there is a slight curvature of fibers in one direction in the structure of both 

textile materials. The curvature was approximated by two straight segments. Otherwise, 

the increase in a mashing density would make the complexity of simulation 

unreasonable. Therefore, the knitted textile structure is approximated by straight 

sections of fibers coming to an angled joint in the middle. More segmented structure was 

also simulated and deviation in results was negligible at given frequency range. 

    

                      

Fig. 9: Microstructure of 3D knitted fabrics: 

3D097 (top) and 3D041 (bottom). 
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In Fig. 8 and 9, there is the whole and detailed view of models of knitted substrates. 

Dimensions were measured with high precision by a measuring microscope. In 

simulations, correct values of permittivity of yarns are also crucial. Effective 

permittivity of the textile substrate was measured at frequencies up to 25 GHz. Those 

measurements served as a first estimate for further simulations. Details are given below. 

5.1 SIMULATIONS  

As stated in [27], the expected value of the dielectric constant of polyester varies of from 

3.2 to 4.3. To obtain the best possible approximation, models were necessary to be 

compared with solid-dielectric models of the same effective permittivity at the same 

frequencies and also with the real textile materials measurements. The model was 

realized with fibers in filler only, and surface layers were represented by thin solid 

surfaces. Value of permittivity of the polyester was determined as equal to 4. Surface 

layers of the 3D knitted fabrics were approximated by a solid dielectric layer of the 

thickness 0.5 mm and the relative permittivity 2. These values were chosen as average 

values of polyester and air with the estimated ratio due to density of knitted structure 

observed by microscope. 

For the first simulation, the model of the knitted fabric was cut to narrow strips of the 

width w and the boundaries around the model were set being PEC (Perfect Electrical 

Conductor); and a simple rectangular waveguide was created that way. Evaluating and 

comparing the cut-off frequency of the solid dielectric model and the yarn-based one, 

we obtained the permittivity of individual fibers. 

The knitted fabrics were used as a filler of a rectangular waveguide of the height h of 

the modeled fabrics. The widths w of the model was tuned to get the cut-off frequency 

at 20 GHz, 40 GHz and 60 GHz. Anisotropy of effective permittivity can be also 

observed this way. Due to relatively great thickness of the substrate, it is not possible to 

design waveguide for higher frequency. 

At lower frequencies, the results of computations correspond to actual measurements, 

and no influence of the orientation of yarn rows in the fabric has been identified. At 

higher frequencies, the value of effective permittivity is steadily decreasing and a slight 

influence of the orientation of yarn rows in the fabric can be observed. If the waveguide 

orientation is aligned to the orientation of yarn rows inside the structure the effective 

permittivity is for 4% lower compared to the orientation across the yarn rows. 

In order to model free-space wave propagation through the textile, two feeders 

created by rectangular waveguides were used (the width w = 10 mm and the height 

h = 2.5 mm for 3D097 and h = 3.6 mm for 3D041). For the excitation, the horizontally 

polarized wave was used (electric field intensity vector was perpendicular to the 

orientation of yarns). In the first experiment, a potential cross-polarization created by 

the knitted fabrics was investigates. 

In case of wave propagating along the yarn rows, the linear polarization was 

preserved (axial ratio varying from 59 dB to 75 dB for all frequencies). 

In case of wave propagating across the yarn rows, the linear polarization stayed 

preserved for 3D041 (axial ratio 92 dB), but a strong cross-polarization can be identified 

for 3D097 (axial ratio 17 dB). 
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a) 

 
b) 

Fig. 10: S-parameters for 3D097. 

Wave propagating a) along yarn rows b), across yarn rows. 

 

In Figures 10 and 11, s-parameters of the propagation models of both fabrics are shown. 

In case of both models: 

• If wave propagates along the yarn rows, losses do not vary significantly, and energy 

is transferred in range from 120 to 140 GHz optimally. 

• If EM wave propagates across yarn rows, the periodic nature of the textile structure 

starts to act like a notch filter. Specifically, the propagation losses are increased at 

frequencies at which the wavelength is equal to the distance of free space between 

two rows of the yarns. 

The filler of 3D041 consists of rows made from two very close rows. This configuration 

is responsible for a third notch band and higher propagation losses in those bands. At 

very high frequencies the electromagnetic waves begin to reflect at the transition 

between air and dielectric material of fibers. Top and bottom layer is knitted to thickly, 

that the textile shows dielectric-waveguide-like behavior, even if not very efficiently. 
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a) 

 
b) 

Fig. 11: S-parameters for 3D041. Wave propagating 

Wave propagating a) along yarn rows b), across yarn rows 

5.2 CONCLUSIONS 

In this chapter, we have shown that precise micro-models of 3D knitted fabrics can be 

used to study propagation of electromagnetic waves at millimeter-wave frequencies. 

Micro-models of commercially produced textile materials 3D097 and 3D041 with 

different heights and inner structures were simulated in the frequency range from 

20 GHz to 200 GHz. Measurements at lower frequencies (20 GHz, 40 GHz and 60 GHz) 

approved a reasonable agreement with simulations. 

Studied materials have shown a slight anisotropy even at lower frequencies (40 GHz 

to 60 GHz): effective permittivity for wave propagation along the yarn rows and across 

the yarn rows were different. At higher frequencies (from 140 GHz to 170 GHz), 

frequency responses of the transmission coefficient of wave propagation across the yarn 

rows and along the yarn rows show differences also (see Figures 10 and 11): 

• In case of propagation along yarn rows, the propagation constant is more or less 

independent on frequency. 

• In case of propagation across yarns, significant band gaps can be identified. 

Finally, the studied knitted fabrics were shown to support a significant cross 

polarization in case of wave propagating across the yarns of the textile material 3D097. 

Results were published in KOKOLIA, Martin, RAIDA, Z. Millimeter-wave 

propagation in 3D knitted fabrics. MIKON Conference. 2018.  
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6  MICROWAVE COMPONENTS INTEGRATED INTO 

KNITTED FABRICS 

A logical step forward comprises the design of textile integrated waveguides. The 

principle of the waveguide must be able to utilize mm-wave frequencies with a good 

efficiency even with a relatively thick substrate. It is important for a waveguide to be 

easily manufactured with a satisfactory precision and integrated into the seat or interior 

of the mean of transport. 

In this chapter, two basic principles of the periodic metal-dielectric structures are 

investigated: 

• A structure of metallic vias that forms an electric boundary along the edge of the 

waveguide; 

• A planar structure that forms a magnetic boundary along the edge of the waveguide. 

The simplest way to create a substrate integrated waveguide is to place a row of 

metallic vias in a very tight row on each side of the intended waveguide. This comes 

very close to the behavior of a solid electrically conductive wall, if there is enough 

metallic vias for wavelengths of the desired frequency band. 

The conventional SIW design is limited most notably by thickness of the substrate 

and achievable density of the row of vias. If the width of the waveguide is getting 

comparable to the thickness of the substrate, or the space between the vias is getting 

comparable to the wavelength of the desired frequency, the losses are increasing 

dramatically. This is critical for textile applications, because the substrate tends to be 

rather thick (more than 2 mm) and the conductive vias are created by a conductive thread 

that also has its mechanical limits of accuracy. 

For example, a conductive thread of 1 mm diameter and 2 mm distance between its 

the centers are considered to be the smallest dimensions that can be hand-made with 

a reasonable precision while using a conductive thread as vias and would be very time 

consuming due to the need of good accuracy. If we consider the previously examined 

3D textile with thickness 2.6 mm, the minimum width of the waveguide is about 5.5 mm. 

This would provide band-width from 30 to 50 GHz with losses about 2 dB and rather 

low suppression of the 2nd mode at the higher half of that bandwidth. This approach is 

clearly not well suited for a textile substrate at SHF and EHF bands. 

Another possible way is to design a periodic structure of metallic vias that consist of 

several rows that can have more space between vias. This would increase the maximum 

obtainable frequency or ease the manufacture at the cost of a larger area used. 

 

6.1 DESIGN OF PERIODIC STRUCTURES 

The proposed design is utilizing periodic structure to create artificial magnetic 

conductor. It is important to choose planar structure instead of mushroom-like structures 

as it is intended to design a structure that could be fully printable without any need of 

any sewing of metallic vias. The principle was first presented in [28]. As stated in the 

paper, it is possible to design periodic metallic elements, that in certain frequency bands 

can support propagation of only the magnetic modes and suppress the electric modes. 

Thus, the structure behaves as a perfect magnetic conductor (PMC). This principle of 
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waveguides composed of the transition of the perfect electric conductor (PEC) and the 

PMC is shown at Fig. 12. 

  
Fig. 12: Principle of the AMC waveguide utilizing 

a) virtual electric wall, b) virtual magnetic wall. Adopted from [28] 

 

The path of the waveguide is still composed of the electrically conductive plates at 

the top and the bottom. Around them, there is a periodic structure, that is behaving like 

a magnetic conductor in the desired frequency band. In the paper the waveguide works 

in a rather narrow frequency band about 8 GHz and no further development or proper 

feeding was introduced later.  

Behavior of EBG cells can be described by a dispersion diagram of the smallest 

irreducible periodic Brillouin zone. If there is a space between two mode lines, it is 

called the band-gap. If the band-gap is above the electric and below the magnetic mode, 

the EBG is behaving as AMC in this frequency band. In this band the surface impedance 

is very high and the tangential magnetic surface wave vanishes.  

In [19], a periodic structure was presented that is dampening surface waves 

propagating along the substrate. This is another possible way to prevent the 

electromagnetic waves to propagate outside of the desired waveguide. In the paper, the 

presented periodic cell is 1.5 cm2 with the operating frequency as low as 2.4 GHz. 

Therefore, this would be more practical for very low frequency waveguides, where this 

kind of structure would be still relatively small compared to AMC structures. 
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In papers like [20]−[22], several similar structures utilizing AMC bands were 

designed and measured. None of these were however easy to manufacture, let alone able 

to be integrated into the textile 

With a different shape of the periodic cell, it would be possible to achieve smaller 

dimensions of the Brillouin zone. This means that elements would produce the AMC 

behavior in the frequency band around 10 GHz while the dimensions are still feasible to 

manufacture. The hexagonal shape utilized in previous periodic structures seems 

promising. This shape of cells also provides possibility to construct non-straight 

waveguides or power-dividers, unlike the more usual square-shaped cells. 

At this operating frequency the only viable way is to utilize PEC in the middle with 

the periodic structure forming AMC around. If more than one row of cells were to be in 

the middle, the overall dimensions would get rather large, and also the width of the 

waveguide would get similar or higher than half of the wavelength. This could interfere 

with the desired quasi-TEM mode at the desired frequency resulting in a multi-modal 

transmission. The goal was then to design a cell that will provide AMC functionality in 

the desired frequency band while fully PEC-covered cell of the same overall dimensions 

would serve as the middle section.  

First, an EBG cell with simultaneous AMC behavior was designed to cover the 

frequency band from 10 to 12 GHz which can be exploited for various communication 

and sensor applications. The AMC was composed of hexagonal cells to be printed on 

the fabric SINTEX 3D096 of the thickness 3.4 mm with an average deviation 0.1 mm. 

At operational frequencies, the effective permittivity was 1.2 [14]. Conductive parts 

were simulated as PEC. For manufacturing, we used a self-adhesive cooper foil and 

electrically conductive screen-printing. 

Equivalent circuit of generic cell is shown at Fig. 13. 

 
Fig. 13: Generic equivalent model for metallo-dielectric EBG cell 

 

As shown in [23] 

 𝜀𝑒𝑓𝑓 ∙  𝜀0 =  
𝑌

𝑗 ∙𝜔∙𝐷
 (1) 

 𝜇𝑒𝑓𝑓 ∙  𝜇0 =  
𝑍

𝑗 ∙𝜔∙𝐷
 (2) 
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it is possible to achieve combinations of negative and positive permittivity and 

permeability within certain frequency region for periodic EBG cells. Character of the 

cell behavior is then given by the combination of capacitive respectively inductive 

characters of impedance between edges of the cell and between the top and bottom of 

the cell. Since for this design the use of metallic vias through the cell in ruled out, there 

cannot be any significant inductive part of impedance from between the top and the 

bottom. To achieve artificial magnetic conductor behavior of the cell, the resulting 

surface has to suppress TE modes, thus has negative permeability. Since the sign of one 

side of the formula is given by the admittance Y having strictly capacitive character and 

need to achieve negative permeability, the impedance Z must have both capacitive and 

inductive character. In the desired frequency band, the capacitive character of the surface 

impedance is dominant, making the sign of the operand negative as well as effective 

permeability of the AMC cell. Both the top side and the bottom side of the AMC consist 

of the identical conductive patterns. The proposed pattern is given in Figure 14. 

 

 
Fig. 14: Design of AMC cell 

 

The topology of the geometry is given by the desired behavior of the structure as 

described before. Since the EBG structure should have AMC functionality in the desired 

frequency band, another possible point of view for the cell is to form a stop-band filter. 

Since the structure is to be printable, there will be no metallic vias in the middle and 

geometry of the structure is same at both the top and bottom side. 

TABLE II.  DIMENSIONS OF THE AMC CELL 

Symbol Value [mm] 

y1 17.30 

y2 4.50 

g1 0.85 

g2 0.40 

w1 10.00 

w2 0.8 
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Dimensions of the proposed geometry of conductive parts are listed in Table II. 

Dimensions are very similar to the previous design on a conventional substrate. The cell 

was designed for the substrate SINTEX 3D096 with thickness 3.4 mm and relative 

permittivity 1.2. Dimensions are given in mm. Since the geometry has to work as a stop-

band filter, the most convenient equivalent circuits would be the parallel LC filter. The 

metallic parts of each cell are separated by a narrow gap, forming the capacity. To add 

some inductance, a narrow conductive strip is connecting them. Since the cells is 

hexagonal, six conductive strips have to connect each neighbor. The substrate 

parameters are chosen to tune the resonant frequency by varying the size of the cell, the 

gap between cells (the capacitive coupling), the width and the length of the connecting 

strip between cells (the inductive coupling). 

This structure would be rather complex for an exact analytical description due to 

various secondary couplings between all gaps and edges, but those are considered 

insignificant for the early simulations. A simplified equivalent circuit of the designed 

EBG cell is shown in Figure 15: coupling between each cell is basically a notch filter 

that stops E-field in a certain frequency band. 

A similar approach was described in [24] with the use of simple square patches which 

were represented by the array of equivalent circuit elements. Another example can be 

found in [25] where squares are connected by a narrow strip which is acting as 

inductance in between cells. This shows that it is possible to start with the design of the 

conventional circuit as a filter for the desired frequency band and then translate it to the 

cell geometry of conductive parts. 

 

 
Fig. 15: Equivalent circuit of the designed AMC cell 

 

Connections between the centers of cells behave as a notch filter that presents a large 

attenuation of electrical modes. Narrow strips connect cells inductively. A capacitive 

coupling appears on gaps separating cells and between top and bottom surface of each 

cell. Coupling between neighboring cells is represented by a notch filter that suppresses 

electrical field in a prescribed frequency band [26] 
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 𝐿1 =
60𝑙

𝑐0
𝑙𝑛 (

8ℎ

𝑤
+

𝑤

4ℎ
) = 2.4 𝑛𝐻 (3) 

 𝐶1 =
𝜖𝑟𝑙𝑓 ln 𝑞

377 𝜋 𝑐0
= 0.05 𝑝𝐹 (4) 

where: 

 𝑞 = −
2

√1−
𝑠2

(𝑠+2𝑤)2−1
4

(√1 +
𝑠2

(𝑠+2𝑤)2 + 1
4

) (5) 

 𝐶2 =
𝜖0𝜖𝑟𝑆

ℎ
= 0.6 𝑝𝐹 (6) 

Equations (3) and (4) show that the inductance in the equivalent circuit originates from 

the inductance of the narrow conductive strips connecting centers of each cell. Equation 

(6) provides value of capacitance between two parallel conductive strips. 

For the formula 3 the length l of narrow conductive section. This generic value 

corresponds to dimension of y2 as taken from Table II and Figure 14 respectively. The 

w stands for width is that is equal to w2. The capacitance in formula 4 is calculated as 

capacitance between the front faces of two cells. One face is left of the narrow stripe and 

the second is on the right. Separation s is equal to double the g1. The width of the face 

lf is equal to width of middle hexagonal conductive part of the pattern. This value is 

equal to half of the overall width of cell w1, minus width of strip w2 and separation of 

strip g2. The formula 5 shows the value of capacitance between up and bottom 

conductive part of the cell. Values of ε0 and εr are equal to permittivity of vacuum and 

relative permittivity of used substrate respectively. Value of S is given by the surface of 

the conductive part and h is the thickness of the substrate. 

 

 
Fig. 16: Simulated frequency response of transmission coefficient |S21| 

of AMC equivalent circuit. 

 

Figure 16 shows the simulated frequency response of transmission coefficient of an 

AMC equivalent circuit. The circuit has characteristics of the band-stop filter. The 

results do not perfectly match the function of the proposed EBG cell. Nevertheless, the 

periodic structure composed of such cells is shown to be described as a network of band-

stop filters. More parameters could be obtained from the geometry of the cell to match 

the characteristics better, but this result is satisfactory to confirm the principle and 

support a quick design. Also, this circuit only approximates the stopband that is to be 
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used. The simulated equivalent circuit could be therefore easily changed to achieve 

a different desired frequency, within the reasonable range of inductances and 

capacitances. The new AMC cell geometry could be obtained by the formulas shown 

above. 

The simulation provides the phase of the reflected wave. For transversally electric 

(TE) modes (the odd band gap), the desired stop band is related to reflection angles 

ranging within [+90°; 0°; −90°]. Transversally magnetic (TM) modes (the even band 

gap) are located within the reflection angles [+180°; −180°]. 

Usually, the square shaped cells are used, and irreducible elements are conveniently 

aligned with square periodic boundaries. Since the designed cell is hexagonal, several 

levels of periodicity with different shapes are given. Figure 17 shows that: 

• The largest periodic structure is the rectangular one (Figure 17a). 

• Other structures are the hexagonal cell itself, the triangular segment (Figure 17b) or 

the wedge segment (Figure 17c). 

Size of those periodic elements corresponds to a certain stop band of the EBG structure. 

If the center frequency 11 GHz is desired (the effective permittivity 1.2 is considered), 

the longest dimension of the wedge-shaped segment is about 11 mm, and the structure 

can be expected to provide the desired resonance. 

 

     
  a) b) c) 

Fig. 17: Periodic AMC cells on a different level: 

a) rectangular, b) triangular, c) hexagonal wedge 

 

In the first setup, the structure was irradiated by a planar wave from the top. Considering 

recommendations [18], a volume of free space was added above and below.  

As stated in [19], the stop band is denoted by the reflection angle ranging from +90°, 

going uninterrupted thought the 0° and ending at −90° roughly. This works for TE modes 

which are related to odd band gaps. 

Even band gaps correspond to TM modes. Those should again range from +90° and 

−90°. However, later simulations proven that band gaps are much broader. AMC bands 

seem to be roughly between +180° and −180°. 
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Simulation setup is shown in Figure 18, and results are depicted in Figure 19. 

 

 
a) 

 
b) 

Fig. 18: Configuration of simulation boundaries: 

a) reflection, b) transmission 

 

 
Fig. 19: Simulated frequency response of phase of reflection coefficient 

for the designed AMC cell 

 

In the next setup, the structure is irradiated by a planar wave from the side. In this case, 

we found that an extra empty space corresponding to 10× substrate thickness is not 

needed; only 1× substrate thickness above and below was enough. 
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Frequency response of transition coefficient S21 is the output of this simulation. The 

simulation is possible to be run with several modes excited. With the first mode, the 

stop-band should roughly correspond to the first AMC band, and with the seconds mode, 

the second AMC band corresponds. This serves as the confirmation of the simulation 

setup (see Figure 18b). However, lower values of transition coefficient do not mean 

strictly the AMC rejection, but other losses. Thus, this simulation only serves as 

a confirmation of the rejection of electric mode in the desired AMC band and not as 

a method to find AMC bands in a first place. 

The dispersion analysis is performed using an eigenmode solver with periodic 

boundaries. Usually, the square shaped cells are used, and irreducible elements are 

conveniently aligned with square periodic boundaries. Since the designed cell is 

hexagonal, several levels of periodicity with different shapes are given. Problematics of 

finding the Brillouin zone and the dispersion diagram was already investigated in [27] 

which provides the geometry of periodicity as shown in Figure 20. 

 

 

Fig. 20: Geometry of the Dirichlet boundary for hexagonal periodic cell 

 

Contours correspond to resonant frequencies of TE and TM modes propagating under 

different angles. The coincidence angles are placed along lines between nodes denoted 

as Γ, X and M as shown in Figure 20. Accurate angles are not as relevant as the shape 

of the contours and the frequency distance separating them. With respect to the position 

of nodes (Fig. 6), the simulation was performed from 0° to 180° in the y axis and from 

0° to 100° in the x axis with the step 10°. The simulation was run for first 7 modes with 

7 computations for 19 steps in the y axis and 11 steps in the x axis (210 computations in 

total). The setup of periodic boundaries around the element is shown in Figure 22. The 

Dirichlet boundary is set above and below the EBG cell in the distance 4 h (the thickness 

of the substrate). 

Each simulation took about 10 minutes using 2×6 cores at the 3.06 GHz processor 

using about 60 GB of memory. Even with the parallel computation by 8 computers, 

taking about 5 hours for a single configuration of parameters is not still feasible. Without 

the use of this setup of simulation with the wedge-shaped section of the cell, the use of 

the rectangular section will be necessary which was shown before for the planar wave 

irradiation. Such a dispersion analysis was found to take roughly 10× longer time for the 

investigated frequency band (up to 25 GHz). Hence, the necessity of using simplified 

methods in the first stage of the design is shown. In an ideal case, the whole optimization 
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is done by much less time-demanding simulation and the dispersion analysis will only 

confirm the results. 

 

Fig. 22: Boundary configuration for dispersion analysis. 

 

The desired transversally magnetic (TM) forbidden frequency band is located between 

the Fabry-Perot resonance and the array resonance frequency. So, TM modes cannot 

propagate in the frequency bands from the even mode contour to the odd mode contour. 

The cell topology provides two periodicity levels, the wedge-shaped part (periodicity 

around points in the triangular lattice) and the whole hexagonal cell (periodicity along 

three symmetry lines mutually rotated for 60°). The second periodicity level creates 

another AMC band at lower frequencies (the AMC 1 in Figure 23). 

 

 
a) 
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b) 

Fig. 23: Dispersion analysis results: 

a) Wedge-shaped cell, b) Hexagonal-shaped cell 

The AMC 1 bandwidth is about 50% which is comparable to results achieved in [18]. 

6.2 DESIGN AND MEASUREMENT OF WAVEGUIDE 

To verify results of the EBG cell design, the desired textile integrated waveguide (TIW) 

is proposed. The conductive path of the waveguide is defined by hexagons of a solid 

conductor of the same dimension as the EBG cells both at the top and at the bottom of 

the structure. Around the structure, at least two rows of the EBG cells are added. 

Technically, even a single row is sufficient to constitute the function of the waveguide. 

More rows will not lower leakage from the desired path of the signal. More rows will 

only attenuate the already leaked waves and lessen the interference to surrounding 

devices. 

Fig. 24 shows the complete TIW fed by a conventional rectangular waveguide WR90. 

This waveguide should provide the usable bandwidth from 8.0 to 12.4 GHz that seems 

to be adequate. This setup is quite realistic, can be manufactured and measured. 

Due to zig-zag edges of the designed waveguide, the distance to cover is a bit shorter 

at the center than at the edge. From the top view, the waves become V-shaped when 

propagating through the hexagonal elements. When the EM wave is propagating from 

the narrow part of the transition line to the wider one in the middle of the waveguide, 

the phase velocity is smaller at the edges than in the middle, and wise-versa. 

Obviously, the phase is the same along the waveguide both in the narrowest part and 

in the widest one. This effect is caused by the nature of the hexagonal cells. If the wave 

propagates along the square EBG cells like in the [18], the wave always propagates at 

the same angle along the EBG cells. This corresponds to the single resonation frequency 

at the single incidence angle of the dispersion diagram and the same phase velocity. In 

the case of the hexagonal EBG, this angle is changing within 30°. This leads to some 

additional leakage along the edge at the straight line but much smaller leakage at the 

turns and dividers. 

When designing the straight section of the waveguide, both effective and practical 

mean of feeding such a structure is necessary to be obtained. A certain compromise is 

needed for the system to be feasible and reasonably inexpensive. 

First, a direct transition from the conventional rectangular waveguide to the straight 
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section of the EBG waveguide is designed utilizing a conventional microwave substrate 

instead of a knitted textile. This construction should be reasonably easy to manufacture 

with low imperfections. Thus, measured results should be comparable with simulations. 

Due to the different thickness and relative permittivity of the substrate, the AMC 

operating frequency band is slightly lower than is the desired frequency band for the 

knitted textile waveguide. In the ideal case of a perfect alignment, the losses should be 

very low.  

 

 

Fig. 24: AMC TIW fed by rectangular waveguide. 

 

Fig. 25: Transition from the rectangular waveguide WR90 to TIW. 
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Fig. 26: U-profile of the waveguide transition. 

 

Fig. 25 and 26 show the cut-views of the transition. For the simplicity of the 

manufacture, well known step impedance matching of widely different waveguide 

heights is used. Also, a slight difference between the width of waveguides is matched 

by a single vertical step. For optimal functionality of the EBG waveguide, the feeding is 

the U-shape ended. 

Actually, the double ridged waveguide end would perform better. For sake of a simple 

manufacture, the compromise construction was chosen. The goal was to increase 

intensity of the E field in the middle for a broader bandwidth. The EBG waveguide will 

always show some leakage on the sides, and this is a simple way to minimalize it. For 

future designs, more feeding mechanisms are to be investigated for more convenient 

integration into the whole system. 

TABLE III.  DIMENSIONS OF THE U-SHAPED FEEDING 

Symbol Value Unit 

w3 10 mm 

w4 5 mm 

h1 0.7 mm 

 

 
Fig. 27: Simulated frequency responses of reflection coefficient |S11| 

and transmission coefficient |S21| of the designed TIW fed by WR90 

 

As shown in Fig. 27, the EBG waveguide with transitions to the conventional waveguide 

-50

-45

-40

-35

-30

-25

-20

-15

-10

-5

0

7 8 9 10 11 12

S
-p

a
ra

m
et

er
s 

[d
B

]

Frequency [GHz]

S11

S21



 

 

35 

 

has usable waveband from 8 GHz to about 10 GHz. In most of this range, the insertion 

loss is better than 1 dB, and is therefore comparable to both the microstrip line and the 

conventional SIW at same frequency, distance and substrate. 

The basic waveguide operating in the second AMC band gap was first prototype to 

be manufactured and measured. This design was manufactured on the conventional 

microwave substrate CuClad 217 of the width equal to 1.52 mm. To keep things simple, 

the design of the EBG cells stayed the same and when used on thinner substrate with 

higher permittivity. 

The operating frequency band was changed slightly. The shift of roughly 2 GHz was 

not significant, because the main goal was to practically confirm the principle and 

functionality of realistic feeding structure. The feeding transition can be attached to the 

substrate by narrow slits and fixed by a non-conductive glue. For future design on 

a textile, transitions have some extrude at the middle, that would cover only the 

conductive hexagons and not the EBG cells. Mechanical stability will be probably still 

an issue even with the use of glue. Preferably on the outside of the conductive part, the 

glue inside the fabric would increase the permittivity significantly. 

 

 

Fig. 28: Manufactured EBG waveguide with feeding transition. 

 

 

Fig. 29: U-shaped feeding end. 
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Fig. 30: Topology of measurement with waveguide feed. 

 

Fig. 28 and 29 show the manufactured prototype of dimensions roughly 100 × 100 mm. 

Two rows of EBG cells considered in simulations are proven to be enough, but the best 

possible performance is desired. 

Both EBG waveguide ports were connected to the waveguide transitions. WR90 

waveguides were fed by coaxial cables connected to the VNA. 

 

 

Fig. 31: Measured frequency responses of reflection coefficient |S11| 

and transmission coefficient |S21| of the EBG SIW designed on Arlon 

and fed by direct waveguide transition. 

 

Fig. 31 shows measured s-parameters; the agreement with simulations is good. Additive 

losses can be contributed to nonperfect transitions from the coaxial cable to the WR90 

waveguide and then to the waveguide transition. 
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When the functionality of the hexagonal EBG waveguide was proven, the design was 

optimized for the desired substrate, the 3D knitted textile. The result of the design is 

shown in Fig. 32. Dimensions of the cells are still the same, but thickness and 

permittivity of the substrate has changed. Therefore, different waveguide transition had 

to be designed. 

Fig. 33 shows that the E-field is propagating the same way as the waveguide is 

operated in the second AMC band (see the previous design at the conventional Arlon 

substrate operated in the first band). This proves that negligible energy is propagating 

further than a single row of the cells from the desired direction. This proves further that 

the EBG structure is in the AMC mode and rejects the electrical mode from propagating 

even if the virtual electric wall boundary is less distinctive at the transition between 

conductive cells and EBG cells. 

Figure 32 shows a slightly updated design of the waveguide transition. The modified 

transition is much more difficult to manufacture. For the larger thickness, the gradual 

transition is better than adding many more stairs. 

 

 
Fig. 32: EBG waveguide on 3D knitted textile. 
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Fig. 33: Absolute value of electrical field intensity 

inside the EBG Waveguide at 10 GHz. 

 

 
Fig. 34: Waveguide adaptor (front and top view). 

 

Fig. 35 shows results of simulations. Obviously, the insertion loss is smaller than 3 dB 

in frequency band from 9.0 GHz to 12 GHz roughly. Therefore, the relative bandwidth 

is slightly larger than the previous design which used the conventional substrate. 
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TABLE IV.  DIMENSIONS OF THE EBG CELL 

Symbol Value Unit 

w3 10.0 mm 

w4 5.0 mm 

h1 0.7 mm 

 

Conductive parts of the design are made from an etched cooper foil with a thin layer of 

glue on it. The waveguide transitions are attached to the nonconductive foil that is placed 

on the top of the waveguide. This solution was chosen to prevent the use of any glue that 

could pour into the 3D knitted textile and change its relative permittivity, even though 

it is still not very practical. 

Fig. 35 shows simulation results of the EBG waveguide fed by a coaxial port. For this 

substrate, the 50 Ohm microstrip line is significantly wider than the SMA connector. 

Moreover, small cuts in the line are needed to fit the connector. Also, the line has to be 

at least 1 wavelength long for the E-field to regain a stable organized form. Therefore, 

0.5 dB of losses are contributed by this feeding structure approximately. This is an 

average value of loss if the feeding structure was connected straight to the other side 

without the EBG waveguide. 

 

Fig. 35: Simulated frequency responses of s-parameters 

of the complete textile waveguide. 

 

 

Fig. 36: Prototype of the complete textile EBG SIW 

fed by the waveguide transition. 
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Fig. 37: Measured frequency responses of s-parameters 

of the complete textile waveguide. 

 

This configuration of feeding was found to be extremely susceptible to the precise 

alignment. Therefore, it is deemed to be not ideal for use, even if the losses should be 

very low in perfect case. 

Another prototype was designed and measured with the transition fed by the coaxial 

connector directly (see Fig. 38). Due to the future implementation of the design with the 

textile substrate, the more practical feeding structure is necessary. The waveguide 

transition has very low losses and is fairly broadband. However, it is also cumbersome 

and hard to fix on a flexible material. For same reason and intended printability of the 

final system, it is also not desirable to use any sort of a current probe feeding or multi-

layer structures. Finally, the most reliable and efficient transition has proven to be 

a simple tapered microstrip attached to the SMA coaxial connector directly. This design 

was manufactured by the same technology as the previous one. Simulation results are 

shown in Fig. 39 and measurement results in Fig 40. 
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Fig. 37: EBG waveguide on 3D096 substrate fed by coaxial port. 

 

 

Fig. 39: Simulated frequency responses of s-parameters 

of the complete textile waveguide fed by SMA port. 

 

The configuration is slightly different than in case of the EBG waveguide on 

a conventional, thinner substrate. Since a short microstrip section is needed for better 

performance, additional imperfections and losses are to be expected at such a transition. 

S-parameters were measured by VNA by Rohde&Schwarz as shown in Fig. 40. 



 

 

42 

 

 

 

Fig. 40: Topology of measurement with coaxial feed 

 

 

Fig. 41: Measured frequency responses of s-parameters 

of the textile waveguide with coaxial ports 

 

Simulation results show that the losses in the EBG waveguide are lower for roughly 

3 dB in the frequency band from 10 GHz to 12 GHz. These results are better than in [16] 

even with the double the electric length of the waveguide. Dielectric losses and losses 

in metallic parts are neglected in the simulation. 

The validity of the simulation methods shown in this paper was proven by practical 

measurement. Prototypes of several microwave components were designed by the 

proposed quick-prototyping design methods are manufactured by simple and 

inexpensive technologies and measured. 

S-parameters were measured by Rohde&Schwarz ZVA110. Results of the 

measurement are shown in Figure 41 right and are in good agreement with the values 

from the simulation. Losses are for about 3 dB higher, but this is within the expected 

range in comparison to the ideal lossless model simulated. 
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6.3 POWER DIVIDER 

The power divider was the first designed microwave component. This divider is essential 

when building any complex waveguide system with several antennas, data transmitting 

units and sensors. Instead of a conventional power divider utilizing metallic pins in the 

middle, the proposed design uses a dividing slot at the top and the bottom instead. The 

model is also simulated with the rectangular waveguide transition to show the 

performance of the waveguide without losses given by a microstrip transition. The 

structure is composed of the same EBG cells and the same feeding structure as shown 

before. The structure of the designed power divider is shown in Figure 42. 

 

 
Fig. 42: Power divider on 3D097 with dividing slot and waveguide ports 

 

 

Fig. 43: Simulated frequency responses of s-parameters 

of the waveguide power divider with waveguide ports 

 

The simulation results are shown in Fig. 43. Simulations show that the insertion loss 

of the divider equals to about 2 dB in the frequency band from 9.9 GHz to 10.8 GHz. 
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This is much smaller frequency range than the original straight waveguide. In 

comparison to it, the additional loss caused by the division of the signal at the same 

frequency is about 1 dB, which is satisfactory. 

This design is still printable without sewing metallic vias. In the next step, the same 

microstrip to coaxial connector transition is used to be simulated and later manufactured. 

 
Fig. 44: Power divider with dividing slot and coaxial ports 

 

 
Fig. 45: Simulated frequency responses of s-parameters 

of the waveguide power divider with coaxial ports 

 

As shown in Fig. 45, the results are quite similar to the previous design. In Fig. there are 

shown simulated results and losses at the range from 8 to 10 GHz are increased, but the 

most useful ones are virtually unchanged in the band from 10 to 11 GHz roughly. 

Proposed designs were manufactured on the 3D041 knitted textile with the use of 

a copper foil as a conductive part. The manufactured prototype is shown in Fig. 46. 
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Fig. 46: Prototype of the proposed EBG SIW power divider 

 

Results of the measurement are shown in Fig. 47 and are in good agreement with the 

values from the simulation. The design is proven to be working and reasonably practical. 

 

 
Fig. 47: Measured frequency responses of s-parameters 

of the proposed EBG SIW power divider 

 

There are still present losses from imperfections at the transition, especially. Also, the 

unused arm of the divider was shortened by 50 Ohm resistor only. If the proper coaxial 

connector transition were used, the results could be somewhat more precise, but the 

result is still satisfactory. 

6.4 ANTENNA DESIGN 

An antenna is the next component of the system to be designed. Several textile-

integrated antennas have been published but the printability is the limitation. Therefore, 

no use of the metallic vias is allowed. Hence, the design of any type of a horn antenna 

is practically impossible to due to the non-constant velocity of propagation along the 

EBG cells which is necessary for this concept of the antenna. 
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For most reliable radiation diagrams, the previous feeding by a coaxial connector 

parallel to the microstrip is not ideal. At 10 GHz, it is reasonably expectable that the 

parasitic radiation of such a transition would interfere with radiated waves. Therefore, 

the AMC waveguide is fed by a short section of the conventional SIW waveguide that 

is fed by a coaxial connector going perpendicularly thought the back side of the 

substrate. Then the undesired radiation can be neglected at the upper half-sphere of the 

surrounding space at least. 

As investigated in [29], the propagation environment inside vehicles is extremely 

complex and challenging. Combination of a TIW waveguide and antennas to bridge 

smaller gaps in a textile seems to be a viable application. 

In [30] or [31] systems for wireless communication inside and around vehicles were 

presented to be integrated into the textile. Solutions were not ideal in terms of 

practicality and overall performance, but a lot can be extrapolated from a such work. In 

[32] and [33], very similar 3D TIW waveguides were investigated and results were again 

not ideal in lower frequency bands. 

Most of published textile integrated antennas were either omnidirectional or patch-

based ones. An antenna radiating forward in the plane of the textile was presented in 

[34] utilizing the 3D textile. The antenna however did not have great performance in 

vertical polarization. When designing, attention was necessarily paid to the variability 

given by the deformation of the textile like in [35]. It is not a simple task to design an 

antenna with robust enough characteristics so bending or change in thickness does not 

deteriorate the antenna beyond a usable state. 

 

 

Fig. 48: Proposed TIW integrated slot antenna 
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The antenna was optimized to radiate perpendicularly to the plane of the substrate. It is 

obvious that feeding by a coaxial-to-microstrip transition introduces an undesired 

radiation. To obtain as clear results as possible, the model is fed by a short conventional 

SIW just for comparison of the ideal case to the conventional SIW antenna later. 

The back wall of the AMC-based TIW was short-circuited by AMC cells to create 

a waveguide resonator. Slot elements of the antenna were etched into the top wall of 

TIW (see Fig. 48). First, the side-by-side separation of radiating slots needs to be 

implemented. The designed AMC-based TIW is narrow compared to the wavelength, 

and the propagation mode is TE00 instead of the conventional TE01. Therefore, the 

operational frequency of TIW does not directly depend on the width of TIW (the width 

of the AMC-based TIW alternates from 10 to 15 mm compared to 25 mm of the 

conventional TIW). Therefore, the part of TIW that forms the antenna was widened to 

3 AMC cells, so the sufficient spatial separation of slots is achieved. 

 

   

Fig. 49: Absolute value of electrical field inside TIW slot antenna at 10 GHz 

 

In Fig. 49, the E-field inside the AMC-based slot antenna is shown at 10 GHz. The 

differences in the propagation velocity in the center and at the edges of the TIW distort 

the wave inside the wider waveguide. This clearly limits the number of slots that can be 

effectively utilized. However, the antenna performance is satisfactory even if compared 

to the conventional TIW antenna (Figures 50 and 51). 

The designed antenna was compared with a conventional SIW antenna of the same 

length and with 3 radiating slots. The SIW for this antenna was 25 mm wide to obtain 

the same impedance bandwidth. 
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The length of the AMC-based slot antenna is about 100 mm. The width of the 

widened waveguide is about 45 mm and is about 70 mm with 2 rows of AMC cells. 

 

Fig. 50: Simulated frequency response of reflection coefficient |S11| 

of the proposed TIW Slot Antenna. 

 

 

a) 

 

b) 

Fig. 51: Comparison between simulated radiation patterns of SIW-based 

and EBG-based slot antennas, a) H-plane, b) E-plane 

 

Simulation results show that the AMC-based antenna is well matched and provides the 

impedance bandwidth about 1%. Radiation patterns of the AMC-based slot antenna 
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show about 2 dB higher gain compared to the conventional SIW antenna. The main lobe 

is narrower. In the H-plane, the undesired radiation on edges of the AMC-based TIW 

corrupts the pattern which is the drawback of the concept. The main lobe is tilted for 

about 10° and the side lobe suppression is significantly worse. 

In the next step, the AMC-based TIW structure was used to design Vivaldi antenna. 

The radiation slot was placed right at the end of the AMC-based TIW and surrounded 

by AMC cells instead of shorting metallic vias (see Figure 52). Since the radiated wave 

is vertically polarized, the antenna can be used for the excitation of waves propagating 

along electrically conductive surfaces. 

 

Fig. 52: Proposed TIW Vivaldi antenna. 

 

 

Fig. 53: Simulated frequency response of the reflection coefficient |S11| 

of the proposed TIW Vivaldi antenna. 
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The length of the radiating slot is 44 mm and the width is 23 mm. The same Vivaldi 

antenna was implemented using conventional SIW technology (the width was 25 mm). 

Fig. 53 shows that the designed AMC-based Vivaldi antenna exhibits satisfactory 

impedance matching in the frequency band of operation. Radiation patterns (Figure 54) 

indicate that the realized gain of the AMC-based Vivaldi antenna is only about 1 dB 

lower but the side lobe suppression is again worse. 
 

 

a) 

 

b) 

Fig. 54: Comparison between simulated radiation patterns 

of SIW-based and EBG-based Vivaldi antennas, a) H-plane, b) E-plane 

In Fig. 55, frequency response of realized gain is depicted for the AMC-based Vivaldi 

antenna and the conventional SIW one. Obviously, responses are similar. 

 

Fig. 55: Comparison between simulated realized gain in the main lobe direction 

of SIW-based and EBG-based Vivaldi antennas, a) H-plane, b) E-plane. 
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  a) b) 

Fig. 56: Manufactured waveguide slot antenna, a) top view, b) bottom view 

 

    
  a) b) 

Fig. 57: Manufactured Vivaldi antenna, a) top view, b) bottom view 
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a) 

 
b) 

Fig. 58: Measured radiation pattern of waveguide slot antenna: a) H-plane, b) E-plane 

 
a) 

 
b) 

Fig. 59: Measured radiation pattern of Vivaldi antenna, a) H-plane, b) E-plane 
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Since all presented structures are utilizing the same AMC periodic cell that can be 

designed to operate at different frequency ranges as far as the Brillouin zone is smaller 

than the operated wavelength. This obviously limits the usable frequency in relation to 

the thickness of the used textile substrate and the precision of manufactured topology. If 

the operated wavelength is getting comparable, there is still series of the stopband 

present at the spectrum. However, this phenomenon is then no longer related to the unit 

resonance cell effect of Brillouin zone dispersion and rather Bragg´s diffraction. 

 

 
 

Fig. 60: Dimensions of the periodic lattice 

 

In case of the proposed EBG periodic structure, hexagonal cells play the role of 

dispersive elements. Inside each hexagonal cell, the wave is dispersing thought the 

triangular wedge elements in the circular direction. The relationship that states the stop-

band is shown below: 

 2𝑑 𝑠𝑖𝑛𝜃 = 𝑛𝜆 (7) 

Bragg´s scattering is a special case of Laue diffraction and gives angles of coherent and 

incoherent scattering on a surface of a multi-layer crystal lattice. Relationship between 

the wavelengths those are suppressed, and dimensions of the lattice are shown in Fig. 60 

and described by the formula 7. Obviously, the center frequency of the stop-band has 

half of the wavelength equal to the thickness of the substrate. At this frequency, there is 

the maximal coherent scattering. The E-field can only reflect perpendicularly to the 

structure and cannot propagate along. In different angles around 90°, other frequencies 

show a less significant effect. Application of the principle is discussed in [28]. 

This phenomenon is most known to appear at x-ray radiation and in atoms of crystal 

structures of different chemical compounds. Analogy of that principle can be found even 

at microwave frequencies in multi-layer periodic structures of cells those are able to 

scatter the wave impacting on the structure. 

Two levels of periodicity are one of the advantages of the proposed EBG cell design. 

The hexagonal cell itself is periodically repeated in a triangular pattern: Moreover, the 

wedge that is one sixth of the hexagonal cell is repeated as well. Therefore, this wedge 

is the smallest irreducible Brillouin zone of hexagonal periodic cells, and has the largest 

dimension about half of the hexagonal cell. This nature can be exploited in a way to 

obtain an extremely large stop band (first two AMC stop bands are placed close together 
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and complemented by the stop band due to the diffraction at higher frequencies). The 

proposed design is shown in Fig. 61. 

 

 
Fig. 61: EBG waveguide with ultra-wide bandwidth 

 

The proposed EBG waveguide is again fed by the waveguide transition. The transition 

is again conceived as the double-ridged profile to suppress higher modes. So, higher 

frequencies can be practically used. As the substrate, the 3D041 knitted textile is used, 

due to slightly lower thickness of 2.6 mm. This is roughly equal to the diameter of 

hexagonal cells which is the key to the use of previously described phenomena. Values 

of effective permittivity were approximated by simulations shown in previous chapters. 

Simulation results are presented in Fig. 60. 

 

 
Fig. 62: Simulated frequency responses of transmission coefficient |S21| 

of the waveguide with ultra-wide bandwidth for first 3 modes. 
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Obviously, the waveguide operates satisfactory from 40 to 80 GHz. Losses are mostly 

between 2 and 3 dB in the whole operated bandwidth with some dips. The most obvious 

dip lies between the first AMC band and the second one (about 35 to 38 GHz). Other 

dips can be found at frequencies where the Bragg diffraction slowly gains prevalence 

(about 57 to 58 GHz). Obviously, the higher modes are heavily suppressed. 

This design demonstrates the maximum range of the proposed EBG cell. The 

structure would be rather difficult to manufacture on the textile for such a high 

frequency, but the potential of the concept is demonstrated. For now, only the lower 

frequency range at the second AMC frequency band is to be used. 

6.5 TEXTILE INTEGRATED SENSORS 

In the last decade, a lot of attention has been given to the integration of various 

electronics and sensors into the textile materials. This approach promises seamless 

blending of functionality and comfort in both wearable applications and technical 

textiles, typically inside vehicles. Generally, there are three frequency ranges of sensors, 

each having own typical sensed values and phenomena. Those are DC and low 

frequencies, microwaves & high frequencies and optical ones. 

This chapter is focused on the RF sensing. There are several approaches to sense 

physical changes inside and around the material used today. Those approaches range 

from waveguides being deformed, antennas receiving signal across the space of 

changing physical propriety, RFID-based systems etc. [36]-[38]. Some work in this field 

was presented but most of devices are either complex to manufacture or being single-

purpose only. 

This chapter is aimed to utilize an EBG-based waveguide designed in the previous 

chapters. This waveguide is intended to be used in upholstery inside cars or airplanes at 

the ceiling or seats. The core idea is hidden in the conversion of the straight section of 

the waveguide into a practical sensor with minimal changes while preserving the ease 

of manufacture, low cost and communication frequency bands. Thus, the dual-purpose 

structure is created. 

As an example, two types of sensors were designed, manufactured, and tested in 

a controlled environment. The first sensor measures the physical change of the textile 

related to the variation of the thickness. Such a sensor can either register the presence of 

a person on a seat or serve as a push button of the user interface. 

The second sensor identifies the change of relative permittivity. Such a device could 

sense a liquid or increased humidity inside the textile. 

Operational principles and the design procedure of the AMC-based TIW were 

described in [12]. Side walls of the AMC-based TIW were created by hexagonal cells. 

At the desired frequency, the virtual electric wall is created at the AMC/PEC transition. 

The waveguide was optimized to operate in frequency range from 10 GHz to 12 GHz 
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roughly. In order to create a reference waveguide, layout of the TIW was etched in a 

self-adhesive copper foil to be fixed to the 3D knitted textile SINTEX 3D097 

(h = 3.4 mm, r = 1.2). Proprieties of this material were investigated in [13]. Obviously, 

the manufactured TIW shows additional losses in comparison with the simulation of the 

lossless structure. A significant part of losses is due to the undesired radiation and 

dispersion at edges of AMC cells at the transition from the feeding section to the straight 

section of TIW. The structure itself has another working frequency band from 5.5 GHz 

to 7 GHz roughly, but this band is more difficult to be fed properly. Anyway, there is 

a band between 7 and 10 GHz that has high losses to be practical for data communication 

but this band can be used for other purposes. 

Fig. 63 shows a slight modification of the TIW with two slots feeding the cavity filter 

that is to be placed on the top. 

The highest possible frequency is necessary to obtain reasonable sensitivity and 

resolution of a RF signal-based detector. Let us consider technology and measurement 

limitations of the chosen 3D knitted textile 3D096 and the frequency band 8 GHz to 

12 GHz. In such a frequency band, the components would be reasonably small for 

a precise manufacture. Also, a good resolution of such a sensor is to be expected. 

The proposed 3D knitted textile is made of polypropylene in a very organized 

structure that forms tightly knitted top and bottom surfaces with a middle filling being 

formed by rows of fibers. The fibers ensure the constant distance between surfaces while 

keeping the space in between quite empty. This composition promises low dielectric 

losses at microwave frequencies. 

 

 
a) 

 
b) 

Fig. 63: Simulated model of simple pressure sensor, 

a) unpressed state, b) pressed state 

 

The proposed system is based on the dual layer substrate integrated waveguide that 

consists of a resonator cavity filter with stopband frequency being shifted by a sensed 

mechanical deformation of the resonance cavity. If the middle section with the cavity at 
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the top layer is pressed, the proprieties of the stopband filter will change (see Fig. 63). 

If there is a control signal at the frequency which is blocked by the filter at the default 

state, the change of the resonant frequency would be detected as the control signal 

arriving at the other end of the waveguide. 

A similar shift in resonant frequency could be caused by the change in effective 

permittivity inside the waveguide. Such a disturbance would be caused by water. Hence, 

the sensor should be installed at a place where random spillage could be avoided. 

The resonator cavity is coupled to the main waveguide line by two slots perpendicular 

to the waveguide as shown in Fig. 65. The length of the cavity on the top of the 

waveguide is equal to quarter of the wavelength at 10.5 GHz. Each transition through 

the slot causes a phase shift 90°. Therefore, two waves interfere with the phase difference 

180° at the other side. 

 
Fig. 65: Dimensions of the proposed sensor. 

 

After proving the basic concept in an ideal case, the design was changed to utilize 

realistic metallic vias. Creating conductive vias in a textile substrate is not simple. Either 

thin wires (preferably copper) or electrically conductive threads have to be necessarily 

used. Those are usually composites of synthetic threads with thin copper or nickel wires 

winded around. Those materials are either hard to work with due to mechanical stiffness 

of wire or suffers the deterioration of conductivity. Another issue comprises the 

fabrication. An automated machine sewing was attempted but the error in placement of 

vias was increasing rather quickly due to mechanical starching of the textile substrate. 

The hand-sewing can be reasonably precise, but it is extremely time-demanding. 

TABLE V.  DIMENSIONS OF THE EBG CELL 

Symbol Value Unit 

L1 19.0 mm 

L2 10.00 mm 

D1 3.00 mm 
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D2 1.0 mm 

W1 15.0 mm 

 

The proposed sensor is compact. The sensor has footprint of about 15  19 mm 

completed by 20 mm of waveguide at each side for the proper feeding. For a quick 

design, the simplified model of TIW is used. Thickness of the substrate is 3.4 mm and 

relative permittivity 1.2. The dielectric is simulated as lossless and TIW is realized by 

solid walls of perfect electric conductor. This way the effect of the mechanical 

deformation can be visible without other undesired disruption (see Fig. 64b). 

 

     
   a) b) 

Fig. 64: Amplitude of electrical field inside simple sensor. 

 

In range of reasonable deformations, a very narrow (about 3%) stopband is shifted for 

about 7% due to the high-quality factor of the resonance filter (see Fig. 64b). That is the 

core principle of the proposed system. Necessarily, even a relatively small deformation 

of the upper textile would cause significant and predictable change in the frequency 

characteristics of the filter. Sensitivity of the button is then determined as the minimum 

pressure deformation at which the insertion loss at the control signal frequency is 

changed at least by 20 dB. 

The simulated model still uses lossless dielectric substrate, because the exact values 

are not known. Electrically conductive parts are made of copper wire and copper foil. 

Thickness of the wire was 0.5 mm with 1 mm distance between vias. Those values are 

smallest that are practically reasonable. In a realistic design containing metallic vias, the 

quality factor of the resonator filter significantly diminished (see Fig. 66). So, the desired 

20 dB difference in the insertion loss is not achievable. 
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Fig. 66: Simulated frequency responses of s-parameters 

of the simple pressure sensor. 

 

This extremely simple design proves functionality of the concept. In the next iteration, 

the sensor was requested to operate outside the pass band of the previously designed 

TIW in 10 to 12 GHz roughly. If the sensor is composed of a narrow stop band filter 

operating somewhere between two AMC bands (between 7 and 10 GHz roughly), the 

sensor disturbs functionality of datalink connections in a very limited way. Such concept 

requires a small change in the original waveguide design only (see Figure 67). 

Both types of sensors were manufactured and tested in a controlled environment. The 

sensors measured the physical change of thickness of the textile. Such sensors can either 

register presence of a person on a seat or can work as a button of passenger’s interface. 

6.6 AMC-BASED CAVITY FILTER SENSOR 

Two types of sensors have been designed, manufactured, and tested in controlled 

environment. The first sensor detects physical changes of the textile, namely its 

thickness. Such a sensor can either register the presence of a person on a seat, or can act 

as a small sensing patch playing the role of a button for a passenger. 

The second sensor detects the variation of relative permittivity. Such a device could 

sense the presence of the water inside the textile (a spilled liquid or a leakage). 

Obviously, the manufactured TIW shows additional losses in comparison with the 

simulation of the lossless structure. A significant part of losses is due to the undesired 

radiation and dispersion at edges of AMC cells at the transition from the feeding section 

to the straight section of TIW. 

In the frequency band from 7 and 10 GHz, the TIW shows a high attenuation of 

communication data. Therefore, another use of TIW is proposed for this band. As 

depicted in Fig. 67, two slots are etched to the top of TIW in order to excite the cavity 

of the sensor. 
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Fig. 67: Simulated AMC waveguide with feeding slots to feed sensor 

 

The cavity composed of a single hexagonal cell can be understood as a cavity resonator. 

The physical length of the cell is 17.4 mm but the effective length is smaller, since the 

virtual electrical wall is not perfectly thin. The effective resonance length of the cavity 

is about 16 mm and the expected resonance frequency is about 8.6 GHz. The AMC-

based waveguide operates with the TE10 mode and the cavity resonator with the TE001 

mode. Therefore, the system can be smaller than respective dimensions of 

a conventional rectangular waveguide. 

 

 

Fig. 68: Dimensions of feeding slots 

 

The feeding is implemented by transversal slots in the top wall of the waveguide (see 

Fig. 68). Those slots are bended at an angle corresponding to the V-shaped E-field at the 
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frequency of operation. The absolute value of the E-field is shown in Fig. 69 to 

demonstrate the operation of the sensor at the frequency of interest. The progressively 

changing shape of the wave traveling in the waveguide is caused by the changing speed 

of waves propagating under different angles (see Fig. 69a). 

At frequencies between 10 and 12 GHz, the TE002 mode is excited inside the cavity 

resonator with static minims above the feeding slots. Thus, the minimal energy returns 

to TIW and interferes with the wave. 

TABLE VI.  DIMENSIONS OF COUPLING SLOTS 

Variable Value Unit 

A1 12.5 degrees 

D1 5.8 mm 

W1 2.0 mm 

L1 1.5 mm 

L2 6.0 mm 

 

At each transition thought the feeding slot, the phase shifts for 90°. The distance between 

the centers of feeding slots is about /4 at 8.6 GHz. Thus, the backward wave at 8.6 GHz 

is shifted for 1.5  in total, making a destructive interference and a sharp notch stop 

band. On the other hand, there are additional losses at frequencies that should not be 

affected by the resonator (dispersion losses at the feeding slots and edges of the 

resonator). 

    
 a) b) 

Fig. 69: Amplitude of electrical field inside AMC sensor 
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The precise alignment of feeding slots and the cavity resonator inside the top layer of 

the textile is critical for an efficient operation of the system. In real situations, random 

stop bands or a slight frequency shift of the main stop band might appear. The negligible 

influence on the communication within the band at 10 to 12 GHz is the main objective. 

Moreover, the change of losses in the desired main stop band should be consistent across 

the whole range of deformation (consequently, the change of permittivity). 

 

 

Fig. 70: Simulated pressure sensor on waveguide 

 

Fig. 70 shows the simulated model of the pressure sensor. The sensor is depicted in the 

state of the maximum deformation. When simulating, the maximum variation in 

thickness was 2.0 mm out of 3.4 mm overall. A larger deformation would probably 

deform the conductive parts of the device permanently. 

 

Fig. 71: Simulated frequency responses of transmission coefficient |S21| 

of the pressure sensor with several levels of deformation. 
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Fig. 71 shows simulated losses between ports of the waveguide in the initial state and 

the maximum deformation. Obviously, several peaks are formed and changed between 

7.5 and 10 GHz. In comparison to losses when the sensor is pressed, the most prominent 

peak is identified at 8.65 GHz. In the simulated range of deformations, this peak only 

diminishes with no nearby peaks to be misinterpreted as the stop band at frequency of 

interest. 

 
Fig. 72: Simulated humidity sensor on waveguide 

 

Fig. 72 shows a sensor working as a humidity detector. The light-blue region is a textile 

with an increased relative permittivity. Water gets inside the cavity through gaps in 

AMC cells. Slots in the top conductive layer do not degrade performance significantly 

while providing a reasonable variation for water to get inside the sensing cavity. When 

simulated, the difference between losses in the communication frequency band (10 to 

12 GHz) is changing for less than 1 dB at this configuration. 

 

 
Fig. 73: Dimensions of slots at the top of sensing cavity 



 

 

64 

 

Fig. 73 shows a detail of a slots in the top layer of the cavity resonator. Dimensions are 

a compromise between the reasonable variation of a fluid getting inside the sensing 

cavity and low losses given by an undesired radiation upwards from the cavity. 

TABLE VII.  DIMENSIONS OF SENSING SLOTS 

Variable Value Unit 

D2 2.50 mm 

L2 12.00 mm 

W2 2.50 mm 

 

Fig. 74 shows simulated losses between ports of the waveguide with the humidity 

detector. The difference between frequency characteristics of the initial state with the 

dry textile and an expected threshold humidity inside the textile is obvious. The most 

significant and reliable variation in the range of parametric analysis can be seen at 

8.65 GHz. In the simulated range of relative permittivity inside the cavity, the peak of 

the stop band at this frequency was only diminishing with no other peak that could be 

misinterpreted. 

 

 
Fig. 74: Simulated frequency responses of transmission coefficient |S21| 

of the pressure sensor with several values of effective relative permittivity 

 

Both the designed sensors were manufactured according to [4]. An adhesive copper foil 

was attached to the 3D knitted textile of the thickness h = 3.4 mm. Two SMA ports were 

soldered to the microstrip transition to feed the structure. Manufactured prototypes are 

shown in Figures 75 and 77. 



 

 

65 

 

 
Fig. 75: Manufactured prototype of pressure sensor 

 

When testing the pressure sensor, the button part was pressed by a single finger. 

Deformation of the textile thickness was roughly 2 mm. A higher pressure would 

probably lead to the permanent deformation of the conductive foil. The S21 parameter 

was continuously measured from the base state without any deformation to the point of 

the maximal pressure. Results are shown in Fig. 76. 

 
Fig. 76: Measured frequency responses of transmission coefficient |S21| 

of the pressure sensor. 

 

Results show that the desired stop band is less pronounced and appears at a slightly 

lower frequency 8.25 GHz. When pressed, the losses at 8.25 GHz are lessened by 20 dB, 

making this change quite significant (at very narrow frequency band). For example, the 

change is only about 10 dB at 8.2 GHz. On the other hand, the communication band 

from 10 to 12 GHz is not disturbed at all. 
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Fig. 77: Manufactured prototype of humidity sensor 

 

When operating the humidity detector, a certain threshold of water amount inside the 

textile is detect. So, a quite simple test is sufficient. A tested waveguide with a coupled 

detector was again measured by a vector network analyzer. Transmission losses were 

measured from the initial state to the point when the humidity appeared. Results are 

shown in Fig. 78. 

 
Fig. 78: Measured frequency responses of transmission Coefficient |S21| 

of the humidity sensor  

 

Few drops of a pure water were dropped at the central element of the detector to test the 

functionality. Results show that the real response of the humidity detector is very similar 

to simulation. Roughly at 8.2 GHz, there is a pronounced peak of losses at the initial 

state. When the humidity was present, the losses at this frequency significantly 

diminished and the stop band disappeared. This makes the effect of the humidity hard to 

-40

-35

-30

-25

-20

-15

-10

-5

0

8 9 10 11 12

S
2
1
 [

d
B

]

Frequency [GHz]

Wet Textile

Base State



 

 

67 

 

mistake and proves the concept of the sensor. The communication band from 10 to 12 

GHz is visibly disturbed in its lower part, and there is a reasonably small increase in 

losses from 10.8 to 12 GHz. This could be contributed to water getting into the 

waveguide in the lower layer of the textile. 

The tested prototype was dried naturally and tested again. When enough water was 

added to be detectable clearly, the results were similar. This could be mitigated with the 

design modification: the resonator cavity should be 2 or more cells long, so that the 

feeding slots and opening at the top of resonator are further away. 

6.7 CONCLUSIONS 

In this chapter, the concept of the pressure sensor and the humidity detector coupled 

to the textile integrated waveguide is presented. The AMC-based waveguide was used 

for the communication in the frequency band from 10 to 12 GHz. For sensing and 

detection, a lower frequency band from 8 to 10 GHz was used. 

Hence, a dual-purpose system was designed. At lower frequencies, sensor 

applications were implemented while minimizing effects on the frequency band for data 

transmission. The design comprises a small waveguide section to be put on the top of 

the waveguide. This coupled waveguide section is going to form a cavity filter. Resonant 

frequency of this filter is varied by change of thickness of the substrate (in case of the 

pressure sensor) or by change of effective permittivity (in case of the humidity detector). 

The sensors were manufactured and tested in realistic conditions. Waveguide transitions 

were measured by a vector network analyzer while the sensed physical factor was 

applied. 

The pressure sensor was used as a button. The realistic maximal deformation was 

about half of the thickness of the textile without the permanent damage. Due to higher 

losses in the communication band, the stop band used for sensing is very pronounced. 

At 8.25 GHz, there was a stop band peak very pronounced – completely absent, when 

the sensor was pressed. 

Results provided by testing of humidity detector are also somewhat different from 

the expected response since the control of the precise distribution of the water inside the 

desired sensing section is difficult. This could be mitigated in further development. 

Nevertheless, the detection capability at 8.2 GHz was very strong and reliable. 
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7  CONCLUSION 

The first goal was to design RF energy harvester combined with additional energy 

generators. This design is well optimized for inexpensive technologies and components 

as well as for very small power levels that can be expected at the desired GSM and ISM 

bands. Several prototypes with a different technologies and discrete components were 

designed and measured. 

The results were presented in the papers: 

[1] KOKOLIA, Martin, LÁČÍK, J.; RAIDA, Z. RF energy harvesting in GSM and WiFi 

bands. Elektrorevue – Internet Journal (http://www.elektrorevue.cz), 2017, vol. 19, 

no. 5. ISSN: 1213-1539. 

[2] KOKOLIA, Martin. Textile-integrated RF energy harvester. STUDENT EEICT 

Conference Proc. Brno: Brno University of Technology, 2017, p. 350–355 . ISBN: 

978-80-214-5496-5. 

[3] KOKOLIA, Martin, LÁČÍK, J.; RAIDA, Z. Combined energy harvester integrated 

into car. LAPC Proc. Loughborough: IET, 2017. ISBN: 978-1-78561-699-0. 

After few prototypes, the initial requirements are deemed satisfied. The harvester is easy 

to implement into a seat without any inconveniences for a person. Circuit is functional 

from power levels as low as -20 dBm and can be used to periodically power supply 

remote sensors in the interior of a vehicle. 

The next goal was to further investigate proprieties of the 3D-knitted fabric that was 

utilized before. It was expected that some limitations at extreme frequencies originated 

from the periodic structure of the fabric. 3D models of two structures of the knitted 

fabrics were used at several simulations to observe severe proprieties of the 

electromagnetic wave propagating through the fabric. All relevant variables of this 

material were simulated and described. 

The results were presented in the paper: 

[4] KOKOLIA, Martin a Zbynek RAIDA. Milimeter-wave propagation in 3D knitted 

fabrics. In: 2018 22nd International Microwave and Radar Conference (MIKON) 

[online]. Warsaw University of Technology, 2018, s. 660-663 [cit. 2021-6-28]. 

doi:10.23919/MIKON.2018.8405319 

The results show that the 3D-knitted fabric can be used up to at least 90 GHz which is 

more than enough for any practical applications. Models of textile used in simulations 

can be further used as basis for any precise high-frequency designs. 

The next goal is a logical consequence of the previous chapter; to actually design 

fundamental microwave components, that utilize the beneficial proprieties of the 3D 

knitted fabrics. Several principles and technologies of substrate integrated waveguides 

were compared in terms of maximal usable frequency, efficiency and integrability into 

the textile components of the means of transport. 

The waveguide utilizing artificial magnetic conductor is most promising concept. 

This type of a waveguide does not require any metallic via and can be fully printed on 

the textile substrate. Both simulations and measurements on a conventional substrate 

showed promising results. 

The EBG waveguide was designed and manufacture on the Arlon 217 substrate. The 

prototype was measured with satisfactory results that are in a good agreement with 

simulations, thus proving the concept. Next, the design was optimized for the utilization 
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of the 3D097 knitted textile and measured with both the conventional waveguide feeding 

and the coaxial port. Frequency bandwidth is comparable while the losses are slightly 

larger, as expected. 

The results were presented in the paper: 

[5] KOKOLIA, Martin. Hexagonal-cell artificial magnetic conductor waveguide. 

Proceedings of COMITE. Pardubice: IEEE, 2019. p. 24-28. ISBN: 978-1-5386-

9336-0. 
After the confirmation of those designs, the power divider and two types of antennas 

were designed, manufactured and measured. One antenna is designed to radiate in the 

direction of the waveguide (Vivaldi antenna), that could be used to bridge gaps in the 

path of the waveguide. Another antenna was designed to radiate perpendicularly to the 

plane of the textile substrate (waveguide slot antenna), that could be used to 

communicate with external devices. 

The results were presented in the paper: 

[6] KOKOLIA, Martin; RAIDA, Z. AMC-based textile-integrated antenna. 

Proceedings of MIKON. Warsaw: Warsaw University of Technology, 2020, p. 338-

342. ISBN: 978-83-949421-6-8. 

The last publication was focused on the topic of the optimized design methodology for 

hexagonal AMC periodic structures. 

The methodology was presented in the paper: 

[7] KOKOLIA, M.; RAIDA, Z. Textile‐integrated microwave components based on 

artificial magnetic conductor, International Journal of Numerical Modelling-

Electronic Networks Devices and Fields. 2021, DOI: 10.1002/jnm.2864 

The last chapter deals with the design and testing of basic sensors of pressure and 

humidity integrated into the textile. The design used the second layer of the textile to 

couple the sensor onto the waveguide with reasonably small disturbance on the original 

communication frequency band of the waveguide and good sensitivity for the observed 

phenomena. The chapter was submitted to a book Advances in Smart Clothing and 

Wearable Devices to be published by Cambridge Scholars Publishing. 
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