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6.1 Introduction

Conductive textile materials have been of great interest during the last decades, mainly due to their 

applications in the ields of human safety and health monitoring. Most of these applications are related 

in one way or another with sensor technology, where conductive textile materials are used in a wide 

range of low-power, low-frequency electronic applications. However, high frequency applications have 

also been proposed recently, mainly in the ield of electrotextile wearable antennas (P.J. Soh, 2011) 

(Y.J. Ouyang, 2008). Wearable antennas could be useful for applications like life-jackets and RFID 

passive tags, although they have strong competition from the wearable, lexible metallic structures. Other 

applications, like electromagnetic shielding, have been successfully applied for the protection of human 

health from hazardous electromagnetic radiation. 

Recently there have been eforts to evaluate the available conductive textile materials as well as to 

study their properties in high frequencies (D. Cottet, 2003) (Y.J. Ouyang a. W., 2007). It is critical 

here to recognize all the basic obstacles when using conductive textile materials in high frequencies. 

Speciically, all high frequency devices are very sensitive to the following properties: -dimensions, 

-geometry, -conductivity, -symmetry, -dielectric characteristics. Unfortunately, it is diicult for textiles to 

have inherently the appropriate properties and therefore be suitable for an HF application. On the other 

hand, how high could the frequency be in order to be used in conductive textiles efectively? Before we 

answer this question we have to discuss the inluence of the frequency range on the operation of a device.
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Actually for frequencies right above 1MHz, the inluence of parasitic capacitance and the coupling 

between inductive elements is evident, while these inluences become stronger as the frequency increases. 

Up to a few hundreds of MHz, passive elements like inductors and capacitors are discrete and can be 

connected to a circuit coniguration as individual components. However, all parasitic and couplings 

should be taken into account, in order to keep the device within its speciications. he use of metallic 

shields is a very common technique in order to avoid undesired couplings in this range of frequencies. 

Furthermore, for frequencies higher than 1GHz, the pc-board with its track for component connections, 

acts as a part of the circuit and its material should have suitable dielectric characteristics in order to 

keep the device in operation. 

Since the RF and microwave (MW) spectrum covers almost all frequencies, from a few hundreds KHz 

up to hundreds of GHz, the electro-textile materials herein are going to be tested and characterized only 

for the lower range of the RF spectrum (VHF and UHF range of frequencies). Practically, this will cover 

frequencies up to 3 GHz which means that the equivalent wavelength will not be less than 10 cm. In 

this range, the dimensions of textiles in use will be large enough for the tests. 

Recently, a thorough work on electrotextile measurements for HF applications has been presented by 

Ouyang and Chappell (Y.J. Ouyang, 2008). herein, the materials under test act as coupling components 

between two high frequency cavities. he shielding properties of conductive textiles are measured through 

the coupling power from one cavity to the other, while the tests have also been extended to microstrip 

resonators. A rather similar method has been described and applied within this chapter, but the textile 

material acts as a resonator itself in conduction with a copper microstrip transmission line. Although 

an extensive characterization method for textile transmission lines has also presented by Cottet et al. 

(D. Cottet, 2003), they focus on the transmission lines parameters, rather than a macroscopic study of 

their ability to conserve electromagnetic energy at a resonance frequency.

On top of the above, textile antennas have been introduced in order to integrate multiple transceiver 

components on textile substrates for HF frequencies applications and above. Textile antennas may consist 

of metallic plates over fabric substrate, but recently antennas fabricated with solely textile materials have 

been also introduced. he development of textile antennas can be traced back to the beginning of the new 

millennium, when wearable antennas partially based on textiles were irst presented. Nowadays, textile 

antennas are considered a novel technology, but having already come up with certain design examples 

and constructions in several frequency bands. he respective research ield is very active and ongoing 

research includes new materials and techniques for robustness, durability and credibility of designs. 
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he scope of this chapter is to present transmission lines and patch antennas layouts for (i) the evaluation 

of electrotextile materials in HF applications and (ii) the evaluation of electrotextile patch antennas in HF, 

RF and MW applications. he relative objectives are on the one hand the analysis of T-resonator devices 

and the experimental setups and measurements, and on the other hand the achieved VSWR, radiation 

pattern and gain of the antenna respectively. he chapter is organized as follows: In section 6.2, an 

elementary theory of transmission lines is roughly presented. his section has been considered necessary 

for the reader, in order to familiarize himself with the basic transmission line terminology. In section 6.3, 

a thorough presentation of coaxial T resonator and the relative measurements are presented, while in 

section 6.4 its microstrip version is presented. Section 6.5 includes a short introduction to antenna 

theory and microstrip antennas in order to familiarize the reader with the respective concepts, while in 

Section 6.6 early measurements results of textile antennas available in the literature are presented. he 

chapter concludes with Section 6.7. 
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6.2 Elementary transmission lines theory

6.2.1 Introduction

A transmission line is a system of conductors that is able to transfer electric power from a source to a 

load (this deinition applies to any frequency range; minimum loss of power over the line is implied but 

not necessary). A typical application of transmission lines is that of the electric power distribution system 

where, the energy source is at a low frequency (eg 50 or 60Hz, without excluding the zero frequency). In 

this case we refer to the transmission of electrical energy produced by large or medium-sized production 

units, for distribution to residential and industrial consumers. 

However, in many other applications, e.g. in telecommunications, the transmission of the electric power is 

carried out at high frequencies and the source should drive a load (e.g. an antenna) through a transmission 

line that has the form of a metallic rectangular waveguide i.e. quite diferent than the two parallel cables 

of the transmission lines in low frequencies. Moreover, at high frequencies, the transmission lines can 

be used in applications where their purpose in not to transfer energy from the source to a load. In these 

cases we exploit the distributed electrical characteristics of lines (distributed inductance and capacitance) 

to construct passive circuits that can not be constructed using discrete components. 

Parallel conductors

Dielectric material

Figure 6.1: A cable of two parallel conductors.

he form of transmission lines used at high frequency applications (i.e. RF and MW), depends mainly 

on the operating frequency and can be categorized into the following cases:

 - Cables with two parallel wires: hey consist of two parallel cylindrical conductors at a 

speciic distance between them, bounded by a low loss dielectric material. hey have been 

used in the past for TV applications (receiver-antenna cable) in the VHF frequency range 

(Figure 6.1).
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 - Telephone and data transfer lines: hese lines consist of twisted pairs of insulated 

conductors (Figure 6.2). By twisting the conductors we avoid electromagnetic interference 

and noise efects from the environment and thus support reliable data transmission in 

local computer networks (like e.g. Ethernet, wherein each cable contains 4 twisted pairs 

of conductors). he twisted pairs of cables are placed inside an insulating cylindrical shell 

which may contain an internal metal cover to shield from external interference. hese 

cables are transmission lines capable of carrying high frequency data signals (typically up to 

100MHz) at distances of up to 100m.

Figure 6.2: Twisted pair telephone cable.

 - Coaxial cables for high frequencies: hese cables (Figure 6.3) are used in a wide range 

of applications such as broadcasting of television signals between antenna and receiver, 

transmission of high-speed data (Ethernet) and many other applications that reach 

microwave frequencies. he basic type of coaxial cable used in practice is the RG type. For 

the purposes of Greek domestic TV cable, the RG-58 / U type is commonly used, while for 

Ethernet applications the RG-8 / U has been used. 

Figure 6.3: Coaxial cable.

 - Microstrip lines (Figure 6.4): hey are used for the connectivity and implementation of 

microwave passive networks that are going to be implemented on a pc-board that is made 

by high frequency, low-loss dielectric materials. With short or open termination, they are 

used as equivalent inductors or capacitors, while by using their self resonance characteristics 

they are applied as high frequency resonators. he pc-board dielectric materials are of great 

importance due to their low losses at high frequencies. For this reason the most common 

substrate materials in use are mainly Telon-based.
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Figure 6.4: Microstrip transmission line.

 - Metallic orthogonal waveguides (Figure 6.5): hey are used in the microwave range of 

frequencies and their typical application is for the transfer of power from the high power 

transmitter to a high power antenna (e.g. a horn antenna). heir use also covers all the 

applications that are mentioned for the microstrip lines. 

Figure 6.5: Microwave metallic orthogonal waveguide.
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6.2.2 Transmission lines characteristics – distributed elements

A transmission line is characterized by four electrical parameters which relect the behaviour at the 

steady state, provided that the construction is uniform throughout its length. hese parameters are:

 - Distributed inductance in series, that is expressed in H/m

 - Distributed shunt capacitance in F/m

 - Distributed ohmic resistance in series, that is expressed in Ω/m

 - Distributed shunt conductivity, that is expressed in mho/m

he transmission lines’ distributed elements can be approximately calculated for the aforementioned 

types of lines. Particularly, for the two parallel wires and coaxial cables, the following formulas for the 

distributed inductance could be used respectively:

) H/m (in    ln
2π
μμ

21

2

r0
//

rr

D
L = ,

where D is the distance between the parallel conductors and r
1
r

2
 their radii.

) H/m (in    ln
2π
μμ r0

d

D
Lcoaxial = ,

where D is the outer conductor diameter and d the core conductor thickness. 

Furthermore, their distributed capacitance can be respectively calculated by the following approximate 

formulas: 
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D
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2//
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=
rr

C  and (F/m)in     
D

ln

πε2




=
d

Ccoaxial ,

where ε is the dielectric constant of the dielectric material.

he distributed ohmic loss across the line is a signiicant parameter that determines the power attenuation 

along the line. Although it is well known that the ohmic resistance of a conductor depends on its length, 

its cross section and its speciic resistance, at high frequencies, the skin efect should be considered as a 

stronger contributor to ohmic losses.
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6.2.3 Telegragh equations – Characteristic impedance and transmission constant

Using the distributed parameters of a transmission line, as they are described in section 2.2, we can 

simulate an elementary length Δx of the line through discrete elements at a distance x from the source, 

as it is illustrated in Figure 6.6. In this circuit R, L, C and G are the distributed resistance, inductance, 

capacitance and conductivity, respectively. 

Figure 6.6: Equivalent circuit of an ininite homogeneous line’s elementary length Δχ.

For a sinusoidal steady state, with frequency ω, the equivalent element in series has an impedance of: 

ΖΔx = (R+jωL)Δx, while the equivalent shunt element has an admittance of: ΥΔx = (G+jωC)Δx. As a 

result, the equivalent circuit is that of Figure 6.7, where the current and voltage drop along the elementary 

length of the line could be calculated using elementary circuit laws. 

Figure 6.7: Voltage and current calculation for the equivalent circuit of Fig. 6.6.

By solving the circuit of Figure 6.7 the telegraph equations are deduced for the voltage and current 

along the line:

 (6.2.1.1)

 (6.2.1.2)
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Taking into account the voltage and current initial values at the input of the line (U
0
 and I

0
), the solution 

of the equations (6.2.1.1–6.2.1.2) describe the linear combination between an incident (e-γx) and a relected 

wave (eγx) as follows:

 (6.2.2)

Where, in the space of s=jω, the characteristic impedance is determined by:

 
sCG

sLR

Y

Z
Zc +

+==  (6.2.3)

while the transmission constant is determined by:

( )( )sCGsLR ++=  γ  (6.2.4)
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For transmission lines with a load Z
L
 as a termination, from equations (6.2.2) the following equations 

can be derived: 

  (6.2.5) 

In (6.2.5) the current and the voltage at the termination load have been introduced, while the distribution 

along the line is determined by the distance x΄ from the load.

Using equations (6.2.5), the input impedance at any position on the line is calculated as follows:

 (6.2.6)

6.2.4 Lossy and lossless transmission lines

From equation (6.2.4) it is deduced that the transmission constant γ is in general a complex number that 

can be written in the form: γ=α+jβ where α is the attenuation coeicient and β is the phase constant. 

he attenuation coeicient α is expressed in Np/km, while the phase constant β, which is the imaginary 

part of the transmission constant, is expressed in rad/km. Particularly, the unit Np (Neper) expresses the 

neper logarithm of a ratio of voltages or currents. For a transmission line, the attenuation coeicient α 

is usually expressed in dB of power loss along the line, where the conversion of Np into dB is conducted 

by multiplying the factor 20log
10

e = 8.686.

For lossy transmission lines, both the transmission constant and the characteristic impedance are complex 

numbers, while for lossless transmission lines the transmission constant is purely imaginary (α=0) and 

the characteristic impedance is purely ohmic (a real number). In order to measure both the transmission 

constant and the characteristic impedance of a transmission line, its input impedance for short and open 

termination has to be measured respectively. From (6.2.6) it is easy to derive the following calculation 

formula based on the aforementioned measurements:

 (6.2.7) 

 (6.2.8)
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where D is the length of the transmission line and 
)(oc

inZ , 
)(sc

inZ are the input impedances for open and 

short termination respectively. Although any type of a transmission line should have a non zero 

attenuation constant, for high frequencies, short lengths (usually for a fraction of the wavelegth) 

and low loss dielectrics, are considered as lossless (α=0). Thus, the aforementioned relations 

(6.2.5–6.2.6) could be simplified by substituting the hyperbolic functions with the corresponding 

trigonometric ones.

6.2.5 Relection coeicient and standing waves in transmission lines

he characteristic impedance of a transmission line is of great importance, because it determines 

whether the relective wave is present along the line or not. Particularly, if the termination of the line 

is diferent than the characteristic impedance, then part of the wave that is incident to the termination 

load is relected back to the source. hus, a fraction of the incident power will be transferred to the load, 

while the remaining power travels back to the source. he relective wave is developed along the line 

and interferes with the incident wave. he result of this interference is a standing wave whose amplitude 

depends on the diference between the termination load and the characteristic impedance. 

he standing wave is measured through the standing wave ratio (SWR) or voltage standing wave ratio 

(VSWR), while the relection coeicient p determines the ratio between the relected and incidence 

wave in any position of the line. he relection coeicient at a distance x΄ from the load is calculated 

for lossy lines as follows:

 (6.2.9)

while for lossless lines (2.9) it is modiied as:

 (6.2.10)

he standing wave ratio can be expressed through the relection coeicient for a lossless line as follows:

p

p
S −

+=
1

1
  (6.2.11)

In the event that the line is terminated in its characteristic impedance, the relected wave is zero, the 

standing wave degenerates and the line is considered as a matched line. In Figure 6.8 the amplitude of 

the voltage standing wave is illustrated for a lossy line. In the same Figure, the voltage amplitude is also 

illustrated for a matched lossy line. In both cases, the apparent exponential decay is due to the attenuation 

through the losses along the line.
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Figure 6.8: The amplitude of the voltage standing wave for a lossy line.

Furthermore, in Figure 6.9, the amplitude of the voltage standing wave is illustrated for a lossless line. his 

case is more important for high frequency applications when the length of the line is a few wavelengths 

long. Besides, the standing wave appears to be a periodic signal, with a period of half a wavelength 

(λ/2), whose accurate form is calculated from the assumption that at any point on the line, the voltage 

is V
i
+V

r
=V

i
(1+p), where V

i
 and V

r
 are the incident and relected voltages at this point respectively.
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Figure 6.9: The amplitude of the voltage standing wave for a lossless line. 

Particularly, the voltage amplitude along the line is calculated as follows:

2
21 pcospVV i +ϕ+=   (6.2.12)

where, x′−= βθϕ 2 , 
CL

CL
L

ZZ

ZZ
p +

−∠=∠=θ  and λ
πβ 2= . he expression (2.12) is periodic in x΄ with a 

period of λ/2, while its maximum and minimum values are:

( )pVV i += 1max
 ( )pVV i −= 1min

 (6.2.14)

Moreover, the irst local maximum will be found at a distance: 


 −=′
24

max

k
x π

θλ  from the termination 

load (with ,2,1,0 ±±=k ) and the successive local minimum minx′ is located at a distance of λ/4 from 

the respective local maximum.

6.2.6 Power transfer from source to load

he standing wave along a transmission line is actually created from the interference between the incident 

and the relected waves of voltage or current. Due to this phenomenon, the standing wave traps a fraction 

of the power that is transferred through the incident wave towards the load. As a result, the power that 

the termination load could dissipate is limited from the existence of the standing wave along the line. 

For a lossless line, the power that is dissipated from the load is calculated as follows: 

( ) ( )22

2

11
2

pPp
Z

V
P i

C

i −=−=  (6.2.15)

he expression (6.2.15) determines that the fraction of the power that is trapped in the standing wave 

is 
2
p  and becomes zero when the relection coeicient becomes zero. his is actually the reason why 

a transmission line has to be matched. Apparently, a matched line carries no relective waves and 

consequently the relection coeicient is zero. As a result, the incident power at its input will arrive and 

be dissipated in the load without any loss inside the transmission line due to relections. Herein, it has to 

be clariied that the loss of power due to standing wave trapping, is diferent than the one that is derived 

from the ohmic losses along the line.

http://bookboon.com/


Download free eBooks at bookboon.com

Electronics and Computing in Textiles

129 

RF Measurements and Characterization of  

Conductive Textile Materials

129 

he aforementioned analysis has considered that the internal impedance of the source or the generator 

is equal to the line’s characteristic impedance. his assumption enables the development of a standing 

wave only from the relection at the line’s termination load. However, in many applications, both the 

source’s internal impedance and the termination load could be diferent than the line’s characteristic 

impedance. In this case, the standing wave is developed from successive relections from both the input 

side and the termination load. 

Figure 6.10: A doubly terminated transmission line.

For a doubly terminated transmission line (Figure 6.10), the power transfer from the generator to the 

load is now calculated as follows:

( )( ) ( )2

2

1
21

L
C

gdCg

g
p

Z

ppZZ

V
P −−+=  (6.2.16)

where,

 
Cd

Cd
d

ZZ

ZZ
p +

−= , 
Cg

Cg

g
ZZ

ZZ
p +

−=  (6.2.17)

Evidently, with Cg ZZ = , the expression (6.2.16) results to expression (6.2.15).

6.2.7 Quarter and half wavelength transmission lines

Energy trapping along a transmission line due to standing waves is not always a phenomenon that has to 

be avoided. Indeed, high frequency applications can take advantage of the energy trapping phenomena 

in short or open circuited lines in order to develop either inductive or capacitive elements or even more 

commonly, to use them as high frequency resonators.

he critical parameters for the development of high frequency elements using a particular type of a 

transmission line are the length (in wavelengths) and the termination load. More particularly, for a 

line with a length d, less than a quarter wavelength, zero or negligible losses and short circuited end (a 

shorted line also called a stub), the input impedance is calculated as follows:

( )djZZ Cin βtan=  (6.2.18)
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Since the tangential argument is less than π/2 (2πd/λ<π/2) and Z
C 

is a real number, the expression (6.2.18) 

represents an equivalent impedance of a perfect inductor (Figure 6.11).

Figure 6.11: A short circuited transmission line with legth less than a quarter wavelength, is equivalent with a perfect inductor.

For a corresponding line with a length d, less than a quarter wavelength, zero or negligible losses and 

open end, the input impedance is calculated as follows:

  (6.2.19)

Since the tangential argument is less than π/2 (2πd/λ<π/2) and Z
C 

is a real number, the expression (6.2.19) 

represents an equivalent impedance of a perfect capacitor (Figure 6.12).

Figure 6.12: An open circuited transmission line with legth less than a quarter wavelength, is equivalent with a perfect capacitor.

“The perfect start 

of a successful, 

international career.”

CLICK HERE 
to discover why both socially 

and academically the University 

of Groningen is one of the best 

places for a student to be 

www.rug.nl/feb/education

Excellent Economics and Business programmes at:

http://bookboon.com/
http://bookboon.com/count/advert/5e8cd819-4ddd-4941-a6bb-a16900eac393


Download free eBooks at bookboon.com

Electronics and Computing in Textiles

131 

RF Measurements and Characterization of  

Conductive Textile Materials

131 

he properties now of a line with length equal to a quarter wavelength are based on its input impedance 

that is calculated as follows:

  (6.2.20)

If the quarter wavelength line is shorted at its end (Z
L
=0) then the input impedance is ininite, Z

in 
= ∞. 

Consequently, a quarter wavelength transmission line with a shorted end is equivalent with an L//C 

resonator (see Figure 6.13). Furthermore, for a quarter wavelength transmission line with an open end 

(Z
L
=∞), the input impedance is zeroed, Z

in 
=0, and its equivalent circuit is an L,C resonator in series.

Figure 6.13: An open and short circuited transmission line with legth equal to a quarter wavelength, as a resonator.

he resonance properties of the quarter wavelength lines have a wide application in resosnance passive 

structures of RF and microwave networks. However, the standing wave form of Figure 6.13, provides 

resonance condition not only for the fundamental frequency but also for all its odd multiples. he odd 

multiples of the fundamental frequency are the well known overtone frequencies and they are present 

in any application of a quarter wavelength transmission line, which operates as a resonator in high 

frequencies.

Figure 6.14: The standing wave along a shorted line in its fundamental and 3rd overtone resonance.
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he resonance only for the odd overtones could be easily explained through the boundary conditions 

for the voltage at the two line terminations. Particularly, the line’s open and short terminations, require 

maximum and zero voltage at the ends respectively.

In addition to the aforementioned analysis for a quarter wavelength line, similar results can be derived 

for a half wavelength transmission line. For a half wavelength line, the input impedance is equal with its 

load consequently, its self resonance appears when the line is terminated at open or short circuit at both 

ends. he overtones for a half wavelength line are all multiples of the fundamental frequency. 

6.2.8 Smith Chart application on transmission lines

he Smith chart is a graphical method designed to calculate the functional characteristics of a transmission 

line. he need for the use of this method resulted from the complexity of the analytical calculations. 

he method is particularly useful in laboratory applications, where there is a need for fast and accurate 

calculations. he chart was published by the engineer P.H. Smith in 1939 and is designed on the domain 

of the relection coeicient p. hrough the chart, we can extract information about the line’s input 

impedance, the coeicients of relection and the standing wave. On the Smith chart, the relectance at 

any point of the line is considered as a complex number in its cartecian form:

  (6.2.21)

Every point on the chart represents a normalized impedance, i.e. the input impedance of the line, at 

each point of it, normalized in respect to the line’s characteristic impedance:

   (6.2.22)

here is analytical proof that the parameters u,v, r and x, are related to each other with the following 

equations that represent circles:

  (6.2.23)

  (6.2.24)

he equation (2.23) determines circles with centers at the points 
1+=

r

r
u , v=0 and radii 

1

1

+r  (Figure 

6.15). Every point on each circle is characterized by a constant r (r is ohmic part of the normalized 

impedance). All circles are tangent at point u=1, v=0, which represents r=∞, while the outer circle 

represents all points with r=0. he circle r=1 is the matching circle, because it passes from the coordinates 

center, which is the point that represents the characteristic impedance. It is remarkable that all potential 

impedances can be represented by a point inside the outer circle r=0, consequently the Smith chart is 

enclosed by the outer circle.

http://bookboon.com/


Download free eBooks at bookboon.com

Click on the ad to read more

Electronics and Computing in Textiles

133 

RF Measurements and Characterization of  

Conductive Textile Materials

133 

Figure 6.15: Circles that represent points on the chart with equal r.

he equation (6.2.24) determines circles with centers at the points u=1, 
x

v
1=  and radii 

x

1
. he centers 

of these circles lie on the line u = 1, and their arcs that are cut of from the outer circle of the chart, 

represent points with a constant imaginary part of impedance of the line.
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Figure 6.16: Circular arcs that represent points on the chart with equal x.

For x=0 (pure ohmic resistance) the corresponding arc degenerates into a straight line, while for x=∞ 

(an ininite reactive part of the line’s impedance) the corresponding arc degenerates into the point u=1, 

v=1. It is clariied here that the positive values   of x (inductive loads) are placed in the upper semicircle, 

while the negative (capacitive loads) in the lower semi-circle.

he inal version of the chart is that of Figure 6.17, where the bundles of circular arcs and circles are plotted 

in a dense grid. herein, each constant r circle and each arc with constant x can be easily determined. 

Outside the chart’s boundary circle, there is a concentric circle with external and internal ratings. he 

outer scales determine distances that correspond to movement toward generator (clockwise) and are 

expressed in wavelengths, while the internal ratings correspond to movement toward load (anticlockwise).

Figure 6.17: The complete form of the Smith chart.
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For a lossless transmission line with given characteristic impedance ZC and termination load ZL, the 

normalized termination load will be equal to ZL/ZC = r+jx (point A in Figure 6.18); this is the “location 

of the load on the chart”. he circle (0,0A) represents the lossless transmission line (line’s circle). Moving 

along this circle, the line’s input impedance can be determined from the location of each point on the 

circle (corresponding r and x values).

Figure 6.18: (Left)The circle of a lossless line – (Right) Covering distances along the line.

he Smith chart is useful for the study of the input impedance along the line. By covering a distance equal 

to e.g. 0.05λ from the load (see Fig. 6.18 –right side), we meet point B of the line. his point determines 

the input impedance of the line by reading its corresponding r and x values. Moreover, point B provides 

the value of VSWR that is readable on the horizontal axis. Consequently, as the line’s circle gets smaller, 

the standing wave also decreases. Ideally, the perfect match can be achieved if the line’s circle creates a 

single point at the center of the chart. 

6.3 Coaxial cable T-resonator measurements results

A coaxial cable T-resonator (M. Dirix, 2012) (Y.H. Chou, 2008), is a two-port setup that uses two 

50Ω coaxial cables, with a parallel connected coaxial resonating transmission line. his line should be 

either an open-ended quarter wavelength or a short-ended, half wavelength stub. Using a 50Ω Network 

Analyzer (Figure 6.19) and connecting its input and output ports to the ports of the T-resonator setup, 

we can analyze its frequency response for the UHF frequency range. A Network Analyzer (VNA) is a 

very common instrument for frequency analysis response of a passive network in RF. Particularly, the 

instrument’s output operates as a frequency generator that scans a frequency-range deined by the user. 

he produced frequencies are driven through the passive network under test whose output is detected 

by the Network Analyzer’s input. Internally, the instrument compares the input and output signals and 

displays the response of the passive network. 
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Figure 6.19 : Measurement setup using a 50Ω Network Analyzer.

If we use a resonating short-ended coaxial cable stub for the half wavelength frequency, as well as for its 

integer multiples, the stub’s input appears to be a short circuit (for a half wavelength line with short-circuit 

termination, the input impedance is zero). he same efect also appears when we use an open-ended 

coaxial cable for the quarter wavelength frequency and its odd integer multiples (for a quarter wavelength 

line with open termination, the input impedance is zero). As a result, for these discrete frequencies, a 

strong attenuation will appear on the Network Analyzer’s input port. 

 

  

 

                . 
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If we assume a lossless coaxial cable, then we can analyze theoretically the proposed T-resonator two-

port frequency response, by using the lossless transmission line theory. he frequency analysis for a 

short-ended stub with 0.5m length and 66.6% propagation velocity, is illustrated in Figure 6.20. Each 

resonance frequency is an integer multiple of the fundamental f
0 
which can be calculated as follows:

  (6.3.1)

where for propagation velocity 66.6% , 5.1=rε  and is the stub’s physical length.

Figure 6.20: The equivalent lossless transmission line circuit.

By considering the instrument internal impedance R
s
=50Ω, the power loss from input to output can be 

calculated as follows:

( )2
1log10)( pdBLoss −= , (6.3.2)

where the relection coeicient is provided by the standing wave along line #1, while line #2 is matched. 

Consequently, the calculation of p for short-ended line #3, is as follows:

cL

cL

ZZ

ZZ
p +

−= , with ( ) ( )( )dtan1

dtan
dtan// β

ββ
j

jZ
jZZZ c
ccL +== .  (6.3.3)

whereas, for open-ended line #3 the relection coeicient p is calculated as follows:

cL

cL

ZZ

ZZ
p +

−= , with ( ) ( )dtan1
dtan/// ββ

j

Z
jZZZ c

ccL +== .  (6.3.4)
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Figure 6.21: T-resonator frequency response for lossless transmission lines with 66.6% propagation velocity and a  

0.5m parallel connected coaxial cable with short termination (dashed line), and open termination (solid line).

In the context of the above described theoretical framework and due to the absence of attenuation 

losses along the lines, the Q factor for each resonance appears to be ininite. Evidently, this result can 

be obtained from the determination of the loaded Q factor ( )dBL BWfQ 3/= , where for a lossless 

resonance, BW
3dB

 tends to a zero limit value (see also Figure 21). Apparently, inite Q factors for lossy 

transmission lines are expected.

6.3.1 Coaxial Cable Experimental Measurements and Results

Next, using the aforementioned setup, we measure the frequency response of two coaxial cable stubs (half 

wavelength) with 0.5m length, the one with a copper shield and the other with an electrotextile shield 

(Vassiliadis, 2011). In Figure 6.22 (a) and (b), the Network Analyzer’s frequency response snap shots are 

illustrated for both the copper shield and the electrotextile shield coaxial cables, respectively. he inite depth 

of the resonance nulls indicates the level of attenuation losses, whereas the 3 dB bandwidth, the Q factor 

value. he basic remark from Figure 6.23 (a) is that the loaded Q for the irst 4 resonance frequencies is 

approximately the same, whereas, in Figure 6.23 (b), the second resonance frequency has an evidently higher 

Q. In particular, from Figure 6.23 (b), we notice that the electrotextile coaxial cable presents a Q comparable 

with that of the corresponding copper coaxial cable, but only for the resonance frequency of 400MHz.
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 Figure 6.22: (a) Frequency response of a coaxial ‘T’ resonator   with a copper shield and  

(b) Frequency response of a coaxial ‘T’ resonator with an electrotextile shield.

In Figure 6.22 (a) and (b) the resonance response arround 400MHz is illustrated for a smaller frequency 

span, in order to measure the 3dB bandwidth and the maximum attenuation level more accurately.
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Figure 6.23: (a) Notch characteristics for a coaxial ‘T’ resonator with a copper shield  

(b) Notch characteristics for a coaxial ‘T’ resonator with an electrotextile shield.

Using the same span settings we measure the relative 3dB bandwidth and the maximum attenuation for 

the irst three resonance frequencies of the T-coaxial resonators. In Table1 the measurement results are 

tabulated, considering that the reference instrument power is 0dBm.

Coaxial cable with copper shield Coaxial cable with textile shield 

f(MHz) L
A
(dB) BW(MHz) Q

L
f΄(MHz) L

A
΄(dB) BW΄(MHz)

F
0

200 -20 +/-2.5 40 250 -12 +/-25

2F
0

400 -21 +/-4.8 41.6 425 -19 +/-7.2

3F
0

600 -22 +/-5 60 620 -12 +/-12

Table 1: Tabulated measurement results for the copper reference cable and the cable with conductive textile shield under test.

Evidently, from Table 1, in the irst three resonance frequencies of the copper coaxial cable, the loaded 

Q slightly increases at higher frequencies, whereas for the electrotextile, the higher Q appears only at 

the second overtone (400MHz). 

Consequently, it is reasonable to examine the attenuation characteristics of the electrotextile coaxial 

cable in this range of frequencies.

6.3.2 Calculation of the electrotextile coaxial cable attenuation constant

From the measurement results of Table 1 we can calculate the unloaded Q factor for the 400MHz 

resonance frequency as follows (M. Dirix, 2012):

for the copper coaxial cable: 3.41
1021

10/0 =×−=
AL

LQQ   (6.3.5.1)

for the electrotextile coaxial cable: 9.29
1021

10/0 =×−
′=′ ′AL
LQQ   (6.3.5.2)
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he unloaded quality factors from expressions (6.3.5) comprise of the loss efect from the conductors 

and the dielectric losses, since radiation losses are negligible:

dc QQQ

111

0

+=   (6.3.6.1)

dc QQQ

111

0

+′=′   (6.3.6.2)

where, cQ  is the quality factor of the conventional cable due to copper conductor losses, cQ′ is the quality 

factor that corresponds to the losses of the cable shielded by an electrotextile, and dQ is the quality factor 

due to dielectric losses, which are common for both cables. From expressions (3.6) the quality factor due 

to electrotextile losses, is calculated through the unloaded Q of both resonators as follows:





′−−=′
00

1111

QQQQ cc

  (6.3.7)

For a smooth copper coaxial cable RG58 C/U, we calculate the quality factor which corresponds to 

copper conductor losses, as follows:

c

r

c

c
aa

Q
02 λ
επβ == ,  (6.3.8)

where 
ca  is the copper conductor attenuation constant which is calculated as follows for a coaxial cable 

(Pozar, 2005) :




 +



=
bb

R
a s
c

1

a

1

a
ln2η   (6.3.9)

In (6.3.9), parameters a and b are the core and shield radii. For the RG58 C/U cable a=1mm and b=4mm, 

whereas 5.1=rε  and 
rε
πη 120= Ω is the impedance of the dielectric insulator. he surface resistivity 

R
s
 of the copper conductor could be calculated by considering the skin efect depth ωµσδ /2=s

from the expression:

σ
ωµ

σδ 2

1 0==
s

sR   (6.3.10)

Considering smooth copper conductor with S/m 10813.5 7×=σ we calculate the attenuation constant 

as dB/m 03.0Np/m 106.3 3 =×= −
ca . he relative cQ that is then calculated from (6.3.8) is 1745≈  

and is valid only for smooth copper conductors. Taking into account the conductor’s surface roughness 

and the woven type of the shield conductor, the aforementioned value of quality factor is signiicantly 

reduced. However, its inal value should be higher than the quality factor of resonators unloaded Q 

( 00 ,QQQc ′>> ) and the following approximation is justiied: 

108
111

00

=′⇒′−≅′ Q
QQQc

  (6.3.11)

As a result, from (6.3.11) and (6.3.8) we calculate the attenuation constant for the electrotextile coaxial 

cable: dB/m5.0Np/m058.0 ==′ca .
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6.4 Microstrip T-resonator measurements results

An alternative measurement setup layout for the evaluation of electrotextile materials in RF frequencies 

is proposed herein. he coaxial lines that have been examined in section 3 of this chapter, are replaced 

by microstrip lines. he proposed layout is illustrated in Figure 6.24 and consists of a copper microstrip 

line that connects the input and output of the Network Analyzer through SMA connectors. In the middle 

of the copper microstrip line, an open-ended line is connected, with its upper conductor consisting of 

a conductive textile material. 

Figure 6.24: A microstrip T-resonator layout (left) and its cross section (right).
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According to the analysis that is presented in the previous section, a similar frequency response using 

the same calculation scheme is expected. Moreover, the proposed layout should be more adequate for 

a measurement setup, despite the expected diiculties of copper-textile connection and the adhesion 

between the textile and the dielectric substrate.

6.4.1 Design and analysis

he characteristic impedance of a microstrip line depends on the thickness and the dielectric constant 

of the low-loss dielectric substrate; the width of the upper conductor; as well as the thickness of 

the conductive material. he pc-board material is selected with ε
r
=10 and thickness t=1.2mm, while 

the copper microstrip line is 5mm wide (d=5mm) and 30cm long (ℓ=15cm). he calculation of the 

characteristic impedance for the aforementioned data, gives an approximate value of Z
c
=20Ω. Although 

for matching with the Analyzer’s ports’ impedance the characteristic impedance should be 50Ω, this 

is not always achieved. In order to increase the characteristic impedance Z
c
 the thickness t should be 

increased or the width d should be decrease. However, due to practical limitations, Z
c
 could be diferent 

than the matching impedance. 

Regarding the open-ended line under test, its width D=1cm and its length L=15cm. hese dimensions 

have been considered as suitable for the evaluation of conductive textile pieces in RF frequencies. 

However, precautions should be taken, in order to keep the conductive item stick on the pc-board. For 

this reason, a double sided tape could be used, or another adhesive method that keeps the item in contact 

with the substrate. Using the aforementioned dimensions and considering initially a copper conductor, 

the characteristic impedance should be approximately 12.5Ω.

As far as the analysis is concerned, we adopt the circuit that describes the problem, if R
s
=R

1
=50Ω, 

the characteristic impedance of lines #1 and #2 is 20Ω and the characteristic impedance of line #3 is 

12.5Ω with its termination open. In the event that the calculation takes into account the connection 

cables without any calibration procedure that compensates their involvement, then the formulation of 

expressions (6.2.16–6.2.17) is required. 
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Figure 6.25: T-resonator frequency response (see details in the text).

However, the VNAs can be calibrated either manually or automatically. he calculations could be 

simpliied and based on the procedure that is described through expressions (6.3.2–6.3.5). As a result 

of the application of the latter procedure, the frequency response is illustrated in Figure 6.25.

It is evident from the analysis, that the frequencies of resonance are independent from the characteristic 

impedance of lines #1 and #2. he fundamental frequency of resonance, is at approximately 170MHz 

for copper conductors and lossless dielectric materials, and also supports all odd overtone frequencies. 

6.4.2 Experimental Measurements and Results

he aforementioned layout has been prepared and tested with a high frequency Network Analyzer 

within the 0 to 1.5GHz frequency range. he test is conducted for a copper open-ended line in order to 

register the measurements as reference. It is necessary to calibrate the instrument for the measurement, 

in order to isolate any discrepancies from the connections through the test cables. he calibration 

procedure could be conducted either manually or automatically (electronic calibration) for the new 

generation of VNAs.
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he frequency response is illustrated in Figure 6.26 and it is evident that there is a good agreement 

with the theoretical results. However, a drit of frequency toward higher frequencies is observed (the 

theoretical fundamental frequency is 170MHz, whereas the measured is 205MHz). his drit is justiied by 

the imperfect way the copper open-ended line has been positioned on the dielectric substrate (a copper 

strip on a double sided tape has been used). Speciically, areas where the copper leaves a void between 

its surface and the substrate, reduce the efective dielectric constant ε
r
. herefore, the fundamental and 

the overtone frequencies will drit upwards, as it is predicted by expression (6.3.1). As it will appear 

later on, this discrepancy will be more intensive for the textile conductor, because its texture enhances 

the aforementioned efect. Although, this is an inconvenient remark for the measurement setup, it will 

not afect the measurement of the quality factor (as described in section 6.3).

Figure 6.26: Frequency response for copper open-ended line under test.

In Figure 6.26 supplementary information about the transmission line circuitry has been provided. 

Speciically, the Smith chart for the input impedance is illustrated. here is no line crossing the center 

of the chart and the input is not matched at 50Ω, as conirmed theoretically. However, for the resonance 

frequency (see marker 1) the input impedance is close to the ininity point of the chart.
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Figure 6.27: The Smith chart for the input impedance with copper open-ended line under test.

In Figure 6.27, the Smith chart for the input-output impedance is illustrated. Since the output 

impedance that is seen from the instrument’s port at the resonance frequencies is approximately 50Ω, 

the corresponding instrument port is matched (notice that 2ℓ=λ/2). Consequently, three lines are 

crossing the center of the chart and correspond to the three resonance frequencies that are captured by 

the instrument’s frequency span. 
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Next, the copper conductor is replaced by a conductive textile material with the same dimensions. he 

frequency response is illustrated in Figure 29. herein, six diferent lengths (15, 14, 13, 12, 11 and 10cm) 

have been tested and their fundamental frequency corresponds to markers 1 to 6 respectively. 

Figure 6.28: The Smith chart for the input-output impedance with copper open-ended line under test.

Evidently, and due to the aforementioned efect, the frequencies are found higher than the copper and 

quite higher than the theoretical. However, the Q factor can be easily measured through the bandwidth 

and the center resonance frequency.

Figure 6.29: Frequency response for textile open-ended line under test and 4 diferent lengths.
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6.5 Antenna fundamentals

6.5.1 Radiation mechanism

In essence, antennas are devices that transform an electric current or voltage on a conductive material to 

an electromagnetic wave propagating in the air, or vice versa. he IEEE deinition of antennas includes 

the transmission or reception of electromagnetic waves (S.P. Savvaidis, 2011). Nevertheless, antennas 

may also transmit and receive electromagnetic waves in the vacuum or other dielectric environments, 

as illustrated in Figure 6.30.

Figure 6.30: A simpliied diagram of an antenna connected to a transceiver.

Figure 6.31: Concept of operation of an antenna device (Balanis, 2005).
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More speciically, the antenna illustrated in Figure 6.30 above is a so-called dipole antenna and consists 

of two wires positioned in parallel on the same axis. he voltage or current coming from the generator 

through the transmission line creates a current low on the antenna, and then electromagnetic waves are 

generated in free space due to the well-known Maxwell equations (Mitilineos, 2006).

he concept of operation of an antenna is further illustrated below using Figure 6.31 (Balanis, 2005). 

Consider a thin dipole antenna with a sinusoidal current lowing on its surface, i.e. a current of the form 

Ι=Ι
ο
sin(2πt)= Ι

ο
sin(2πt/T), Ι

ο
 being the amplitude, f being the frequency and T being the current’s time 

period. he current low direction on the antenna is indicated by arrows. During the irst quarter time 

period, the electric ield induced by the antenna to the nearby free space environment is indicated by the 

curves in Figure 6.31(a), covering a region of up to a quarter wavelength in distance. During the other 

quarter time period, newer electric ield lines are introduced in the free space, while the previous ones 

have propagated another quarter wavelength in distance. Note that the direction of current and electric 

ield is inverted during this time frame. Interestingly enough, at the time where t=T/2, the current on 

the antenna surface is equal to zero; thereupon, the electric ield lines are detached from the antenna 

surface and conigure closed loops, as indicated in Figure 6.31 (c). 

he aforementioned procedure is repeated ininitely for as long as there is a current lowing in the 

antenna. Electric ield lines are propagating further and further away from the antenna, reaching distant 

targets or other antennas acting as receivers. 

he speciics of antenna theory and the respective equations and analysis comprise a scientiic ield 

with extreme breadth and depth, and will not be analyzed here for the sake of brevity and readability. 

he interested reader is referred to the referential work of C.A. Balanis, where a complete list of further 

literature can also be found (Balanis, 2005). Furthermore, the concept of smart antennas has been 

recently introduced in order to describe antennas that dynamically adapt to environmental conditions. 

his ofers adaptive radiation patterns and input impedance, as well as a series of other speciications 

and applications, such as the estimation of the direction-of-arrival of the incoming signal; the aid in 

developing multiple-access information schemes; the advancement of the channel capacity; and others. 

Smart antennas consist of a number of simple antenna elements, that when combined with a smart 

processing circuitry, conigure the smart antenna system. Further literature on the ield can be found 

in (Mitilineos, 2006). In the following, a brief introduction to the main terminology and concepts of 

antennas and antenna arrays is cited in order to aid the interested reader in familiarizing with antenna 

fundamentals, including radiation patterns, gain and directivity, bandwidth and polarization. 
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6.5.2 Antenna radiation patterns

Perhaps the most important characteristic of an antenna is the way it converts the power delivered from 

the generator to electromagnetic waves propagated to various directions in space. he antenna radiation 

pattern is deined as “a mathematical function or a graphical representation of the radiation properties of the 

antenna as a function of space coordinates. In most cases, the radiation pattern is determined in the far-ield 

region and is represented as a function of the directional coordinates. Radiation properties include power 

lux density, radiation intensity, ield strength, directivity, phase or polarization” (Balanis, 2005). Oten, ield 

and power patterns are normalized with respect to their maximum value, yielding normalized patterns. 

Regardless the speciic antenna type, the radiated power attenuates inversely proportional to the square 

distance to the transmitter. hereupon, antenna radiation characteristics may be summed up to the way 

a speciic antenna radiates towards directions in space, (θ,φ). In this sense, a radiation pattern may be 

calculated using (all of the following correspond to a closed curve or surface at a distance R):

 - the received power W
r
(θ,φ) (Watt)

 - the Poynting vector, P
av

 (Watt/m2)

 - the radiation intensity U(θ,φ)=R2P
av

 (Watt/sr)

 - he respective normalized patterns may be calculated as in the following:

maxmaxmax ),(

),(

),,(

),,(

),,(

),,(
),( φθ

φθ
φθ
φθ

φθ
φθφθ

U

U

RP

RP

RW

RW
P

av

av

r

r === , (6.5.1)

where “max” igures correspond to maximum values regardless the angle ),( φθ  where they are observed.
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Radiation patterns are three dimensional; nevertheless, it is very common to use only one or two two-

dimensional patterns over a predeined closed line at a distance R, e.g. for constant θ or constant φ. he 

most widely used 2D patterns are the ones referring to the so-called E- and H- planes (principal patterns). 

Figure 6.32 displays some of the most interesting antenna characteristics related to radiation patterns:

 - radiation lobes are included between directions of minimum radiation. Lobes are 

designated as Main lobe, side lobes and back lobe. he main lobe includes the maximum 

radiated power direction. All other lobes are designated as “side lobes”, while the back lobe 

radiates towards the opposite direction with respect to the main lobe. 

 - the half-power or 3-dB radiation points, correspond to the angles where the radiated power 

is exactly the half with respect to the maximum one. he aperture between the let and right 

3-dB points is called the 3-dB beamwidth.

 - Null points are angles at which the radiation is minimized (not necessarily dropping to zero). 

 - Side-lobe level is the ratio of power radiated from side lobes with respect to the power 

radiated from the main lobe. 

Figure 6.32: Normalized polar power pattern (S.P. Savvaidis, 2011).

In order to better understand the aforementioned terminology, consider an example of an antenna with 

a gain equal to 100, or equivalently 20dBi (see sub-section 5.1.2 for a deinition of antenna gain). What 

does it take to read on such an antenna’s radiation pattern? In the following we take a closer look to the 

most commonly used pattern types, namely the polar, the dB-, and the Cartesian patterns. 
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6.5.2.1 Polar radiation pattern

Figure 6.34 displays an example of a polar power radiation pattern. he speciic antenna has a direction 

of maximum directivity towards 22.5°. For any given angle, φ, the normalized value of the gain is equal 

to the distance between the origin of the coordinates system and the respective point on the pattern. 

E.g., for Figure 6.34 and an angle equal to φ the normalized gain is equal to 0.8.Given a gain of 100, it 

is concluded that the gain at angle φ is equal to 80. 

Furthermore, the 3dB-beamwidth is graphically calculated using the directions at which the respective 

length equals 0.5. For the speciic igure, the 3dB-beamwidth is designated as Δ3dB. 

Figure 6.33: Polar radiation pattern example (S.P. Savvaidis, 2011).

6.5.2.2 Polar radiation pattern in dB

Figure 6.34 displays an example of a polar power radiation pattern in dB. 

Figure 6.34: Radiation pattern of Figure 6.33, transformed in dBi (S.P. Savvaidis, 2011).

In contrast to Figure 6.33, the above igure is characterized by that:
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he minimum gain value in dB is deined by the user, and in this example is equal to -15dB (most 

inner circle in igure). Evidently, the gain value of -15dB is selected so as no direction corresponds to 

a smaller gain. 

A normalized polar pattern range of values is between 0 and 1. Correspondingly, the values of the pattern 

in dB range between ∞−  and 0, respectively. 

 - he pattern in dB seems to be somewhat more stretched out with respect to the natural 

pattern. 

Finally, in contrast to the previous procedure, the gain value at a given angle is calculated using the 

distance towards the most outer circle. E.g. for the angle φ in the igure, the distance towards the most 

outer circle is -2dB, thereupon the normalized gain at this angle is equal to -2dBi. Given the maximum 

gain to be equal to 20dBi, it turns out that the gain at this angle is equal to 20dBi -2dB = 18dBi = 63.1.
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6.5.2.3 Cartesian radiation pattern in dB

Figure 6.35 displays an example of a cartesian power radiation pattern.

Figure 6.35: Radiation pattern of Figure 6.34 in Cartesian coordinates (S.A. Savvaidis, 2011).

he Cartesian pattern is the easiest to read, but the least used in practice nevertheless. Its use is 

straightforward, with every angle corresponding to a normalized gain indicated on the vertical axis, as 

in Fi.

6.5.3 Antenna gain and directivity

he Antenna Gain is a characteristic igure of antennas that corresponds to the antenna’s capability of 

aiming a narrow solid angle, or, similarly, of an antenna’s capability of collecting electromagnetic waves 

from narrow solid angles. he higher the antenna gain, the larger the current induced to a receiving 

antenna for a given distance and angles of transmission and reception. Moreover, it is empirically proven 

that the higher the antenna gain, the narrower the 3dB-beamwidth, and vice versa. 

he isotropic radiator is used as a reference antenna in order to deine gain. he isotropic radiator does 

not exist in nature but is rather a conceptual deinition; it is supposed to be a radiator that radiates 

uniformly towards all directions, and its radiation pattern is a sphere. Furthermore, it is noted that since 

the gain of an antenna is compared to that of an isotropic radiation, the notation used in dB dictates 

that the antenna gain is given in dBi, “i” standing for “over isotropical”.
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he gain of the isotropic radiator is deined to be unity, i.e. equal to 1. he gain of any antenna towards 

a given direction, (θ,φ), corresponds to the ratio of the Poynting vector of the ield generated by the 

antenna at a distance R, versus the Poynting vector of the ield that would have been generated by the 

isotropic radiator at the same distance and with the same input power. Given that the isotropic radiator’s 

gain is unity, the latter is calculated to be equal to 24/ RWin π . hereupon, the antenna gain at any given 

angle (θ,φ) is given by 
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where inW  corresponds to the power that enters the antenna (not the power that is incident to the antenna, 

since a fraction of the latter is relected back to the source; neither the power transmitted by the antenna, 

radW , since part of inW  is dissipated by the antenna producing mostly heat that is represented by lossW ). 

It is usually implied that the “gain” corresponds to the maximum gain, regardless the direction where it 

appears. hereupon, the “gain” in most textbooks is deined by 
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In order to discriminate inW  to radW , directivity is deined similarly to gain, but now the calculations are 

referenced back to the radiated rather than the fed power, i.e. 
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and, again, directivity is usually described as the maximum directivity, i.e. max),( φθdD = . 

Moreover, the eiciency of an antenna is deined as 
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Finally, another metric of gain or directivity is indirectly given by the efective area of an antenna that 

is deined by 
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6.5.4 Antenna bandwidth 

Antenna bandwidth is usually deined in terms of the respective relection coeicient’s bandwidth. More 

speciically, an antenna may be considered as a load connected to a transmission line. Following the 

analysis of earlier sections on transmission lines, the antenna bandwidth is usually deined as equivalent 

to the corresponding relection coeicient’s bandwidth. And, the relection coeicient’s bandwidth is 

deined as the frequency range within which the coeicient’s amplitude remains within the limit of at most 

3dB larger than its minimum value. A more loose but certainly most popular deinition of bandwidth 

that is more usually used by ield and development engineers is one that uses a maximum value of the 

relection coeicient’s value. E.g., the most widespread corresponding value is -10dB, which means that 

the bandwidth of the antenna is deined as the frequency range within which the relection coeicient’s 

amplitude is smaller than -10dB. 

Another deinition of antenna’s bandwidth relates to the antenna’s gain or directivity, and states that the 

antenna’s bandwidth is the frequency range within which the gain remains within the limit of at most 

3dB smaller than its maximum value.

Finally, a deinition of antenna bandwidth that is unique for this class of devices is one that relates to the 

antenna’s radiation pattern. More speciically, the antenna bandwidth may be deined as the frequency 

range within which the antenna’s 3dB-beamwidth remains within certain limits with respect to its value 

at the central frequency (e.g. not varying more than 10%). 
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6.5.5 Antenna polarization

Finally, antenna polarization is deined according to the direction of the propagated electric ield vector 

with respect to the horizontal plane (x-y plane, or ground plane) or a plane that is characteristic to 

the speciic antenna type (e.g. dipole axis, larger side of a horn antenna, etc.). In this sense the terms 

horizontal or parallel, and vertical or perpendicular are used.

More speciically, if the lines of force of the electric ield are in right angles with respect to the Earth’s 

surface, then the wave is vertically polarized, whereas if the lines of force are parallel to the Earth’s surface 

then the wave is horizontally polarized. For any other reference surface diferent to Earth, the respective 

deinitions are “perpendicular” and “parallel” polarization respectively.

At times, the electric ield’s lines of force are neither horizontal neither vertical, nevertheless do have a 

constant direction; this is a linear polarization. Nevertheless, it is very usual that electric lines of force 

rotate; in such cases there may exist either the circular or elliptical polarization schemes, which are not 

further discussed herein. 

6.5.6 Microstrip patch antennas

As long as textile antennas are concerned, it can be easily igured out that there are certain limitations 

on the available designs due to inherent limitations of the material on which such antennas are crated 

(i.e. textile material). More speciically, due to the fact that textile antennas are actually intended to be 

used as wearable antennas, it happens that all the available designs and constructs in the literature refer 

to textile patch antennas. hereupon, a short discussion on patch antennas is given below. 

Microstrip patch antennas were irst introduced during the second half of the twentieth century and are 

based on the observance that microstrips may radiate electromagnetic waves efectively given certain 

limitations (Mitropoulos, 2005). An example of a patch antenna is depicted in Figure 6.36. In the let side 

of the igure, the width and length of the patch are illustrated, together with the feeding transmission 

line (the line is connected to the source). Also, there is a substrate of thickness h, and a ground plane. 

he substrate has a relative permittivity equal to rε , while the thickness of the patch is equal to t. 

Figure 6.36: Patch antenna design example (Angle and side views).
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Due to inherent design limitations, patch antennas usually radiate most efectively towards the direction 

that is perpendicular to the substrate surface and opposite to the ground plane. Diferent patch layouts 

are proposed in the literature, yielding rectangular, circular, ring, or other complex patch layouts. More 

speciically, there are analytic expressions yielding the appropriate width and length of a rectangular patch 

like the one in Figure 6.36 according to the desired frequency of operation; nevertheless the simple shape 

of the patch in Figure 6.36 results in a narrow bandwidth and linear polarization. In order to achieve 

circular or other polarization schemes, various patch shapes are introduced, like the circular ring patch 

in Figure 6.37(a). Other shapes that are more appropriate in order to achieve higher bandwidths include 

asymmetric patch corners and metal cut-outs at the point where the transmission line enters the patch, 

like in Figure 6.37(b).

Furthermore, a patch antenna may be fed using a microstrip or coaxial probes (see ), or even using 

sophisticated techniques of induced ields due to proximity to nearby transmission lines etc. (Balanis, 

2005) (Mitropoulos, 2005). Feeding a patch antenna also plays an important role on the achieved 

polarization, i.e. asymmetric feeding may result to circular or other polarization according to design 

requirements. 

Figure 6.37: Various patch shapes and feeding techniques.

he length and width of a patch usually range between λ/2 and 3λ/2, while the relative permittivity ranges 

between 2 and 12. Large thickness values and lower permittivity values are in general more eicient, in 

that they yield larger bandwidth and eiciency antennas (Mitropoulos, 2005). In the following Section, 

a more detailed discussion on textile patch antennas is given. 
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6.6 Textile antennas

6.6.1 Textile antennas in the literature

Research and technology development on textile antennas followed the introduction of the smart textiles 

concept in the nineties. Smart textiles are a generic term implying textiles with advanced functionality 

(mainly with respect to certain electrical-related characteristics) that can be applied to any industry from 

home to automotive and industrial applications; on the other hand, wearable smart textiles and thereby 

wearable sensors, antennas, chips etc. correspond to a speciic applications area related to clothing and 

clothing materials. In recent years there has been an extensive research activity on the ield of wearable 

computing, with passive and active components sewn on fabric and ofering the means for developing 

wearable communications modules.

he main idea behind this concept is that smart textiles may be used as a platform carrying smart sensory 

and actuator systems, mainly for developing applications around a person or groups of persons. Smart 

wearable textiles are being made available today due to the availability of micro-electronics on the one 

hand and of new textile materials on the other, and according to Hertleer are classiied as passive, active, 

and smart textiles. Passive textiles host sensors that collect data regarding biological, environmental and 

other data, active textiles may on top of passive actuate external switches and functions, and smart textiles 

may adapt their behavior according to the environmental and other circumstances (Hertleer C. , 2009). 

One particular area of research on the ield is the design and development of antennas and antenna 

arrays on conductive fabric surfaces (textile antennas), i.e. using the cloth itself as the communication 

module rather than as a module host.
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A wearable textile system will ideally comprise several components, like sensors, actuators, processing 

units, energy supplies, and a communication system. Ongoing research aims at developing circuit 

components and, eventually, integrated data processing and communication units out of clothing 

material. Up to day and to the best of our knowledge, only sensors and antennas have been successfully 

implemented using solely textile materials. Moreover, out of all the available design approaches, planar 

patch antennas are the most suitable, when using textile materials for antenna development, since they 

allow an easy integration with conventional clothing. hereupon, textile antennas available in the literature 

currently solely employ planar patch designs. 

It is widely considered that the development of textile antennas will be greatly beneicial to end-users 

like civil protection units, irst responders etc., elderly users or patients in hospitals, or even everyday 

users for widespread commercial applications and smart networking. Indeed, textile antennas will greatly 

leverage performance and comfort of smart textile systems, by ofering higher gain and operability with 

respect to integrated antennas while at the same time ofering comfort and ease of use with respect to 

external but rigid antennas. 

he feasibility of higher-than-normal antennas is also legitimate, mainly due to the large area of 

deployment that is available on the cloth surface giving the designer many choices and large margins 

from an antenna design point of view. Actually, the available area on a cloth’s surface allows possibilities 

like using co-planar structures and/or planar arrays with antenna elements that may be selected from a 

wider set of diferent antenna types, as well as employment of diferent diversity schemes. However, the 

wearable character of the antenna obliges the designer to also examine the physical and physiological 

properties of the end product in order to avoid comfort problems which would potentially limit the 

success of the wearable textile based antennas. 

Research and technology development regarding textile antennas can be traced back to the beginning 

of the new millennium, when wearable antennas partially based on textiles, were presented by Salonen 

et al. (P. Salonen, 2004). In particular, Salonen et al. dealt with the match performance and radiation 

characteristics of the antenna, as well as with the power absorbed by the human body. In consequent 

publications, Salonen et al. presented a dual-band E-shaped patch textile antenna, as well as speciic 

studies on the behavior of an antenna under certain circumstances like bending etc. Furthermore, hybrid 

antennas using both metallic parts and fabrics were presented by Klemm, Santas and Nurul (M. Klemm, 

2006), (J.G. Santas, 2007) and (H.M.R. Nurul, 2010). 
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On the other hand, pure textile microstrip antennas have been investigated for employment in various 

frequency bands. Hertleer et al., as well as Vallozzi et al. reported 2.4GHz antennas for ire ighter garments 

that are made purely of textile-material (Hertleer, 2009) (L. Vallozzi, 2010). Santas et al. introduced a textile 

antenna for UHF-VHF bands (J.G. Santas, 2007b), while discussed the efects of variations in material 

property on a textile antenna performance. Dierk et al. proposed a textile patch antenna suitable for the 

GPS L1 band at 1.57542GHz in (A. Dierck, 2010). Furthermore, Alomainy et al. provided a parametric 

study of wearable antennas on various distances from the body (A. Alomainy, 2007). Distance from the 

bearer’s body may have a substantial efect on an antenna’s performance; backwards radiation may be 

suppressed using ground planes, but then additional elements need to be used in order to cover the entire 

azimuth plane. Dual-band textile antennas have also been reported, like an antenna for the 2.4GHz and 

5GHz bands on EBG substrate by Zhu and Langley (S. Zhu, 2009) he efect of bending and crumpling 

has been also investigated by Bai and Langley that made an extensive study on the efects that bending 

may have on an antenna’s eiciency, radiation pattern, gain and matching (Q. Bai, 2009). 

Other research results towards the development of textile antennas include certain research projects, 

like an undergoing ESA project aiming at developing textile antennas for Iridium operating frequencies 

that require antennas with circular polarization. Furthermore, the European project ProeTex aims 

at developing smart electro-textile garments for ireighters and irst responders at security missions 

(http://www.proetex.org/). he SFIT cluster is a European initiative and comprises a cluster of EU funded 

research projects, aiming to bring together projects addressing the area of Smart Fabrics, Interactive Textile 

(SFIT) and lexible wearable systems (http://csnej106.csem.ch/sit/). Furthermore, SYSTEX is a coordination 

and support action project aiming at enhancing the research on wearable microsystems and e-textiles 

(http://www.systex.org).

Evidently, textile antennas despite comprising a relatively new technology have already come up with 

certain design and development examples, in several frequency bands, while various issues have been 

studied or confronted, like bending, textile substrate electrical characteristics robustness, dual band 

and wide band operation etc. Nevertheless, textile antennas are still an immature technology, and there 

are certain issues of particular interest that an interested designer needs to take into account, on top of 

concerns related to classical antenna design and development. 
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First of all, it is still unclear what are the electrical characteristics and properties of woven, knitted, sewn 

or embroidered conductive and dielectric fabrics. It is important to test and evaluate market-available 

conductive fabrics of various types, with respect to their electrical characteristics and their eligibility 

to be used as a basis for antenna development, as well as with respect to their properties as clothing 

materials. Speciic and detailed models are needed, since the aforementioned characteristics are subject 

to change with respect to fabric density, waving techniques used, moisture absorbed by the fabric etc. 

hen, an antenna design should be tested in simulation regarding its behaviour under various bending 

and crumpled conditions, as well as change of electrical characteristics due to moisture and sweat 

absorption by the material. 

Furthermore, conductive fabrics should posses a low and stable electrical resistance in order to suppress 

non-radiative losses i.e. Ohmic or reactive losses. A fabric with a resistance less than 1 Ohm/sq.m is 

considered as a rough limit for feasible operation (I. Locher, 2006). Furthermore, the fabric should be 

lexible enough to provide wearing comfort while at the same time the mechanical properties should 

allow a reasonably low degree of deformation of the antenna shape and, consequently, of its radiation 

properties. On the other hand, dielectric fabrics may be used as a substrate material. Electrical permittivity 

and permeability of the dielectric fabric should be carefully measured and apparently the dielectric fabric 

should exhibit the lowest possible conducting losses, i.e. a low loss tangent, in order to increase the 

antenna’s eiciency. Furthermore, low permittivity is desired since it generally provides better eiciency 

and better bandwidth (Balanis, 2005) (I. Locher, 2006). Finally, a thickness of a few millimetres is desired, 

whereas the anticipated thickness variation of typical clothing materials should be kept as low as possible. 
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Besides the electric properties of the conductive and dielectric fabrics, additional fabric properties –

depending on the role of the fabric and its contribution in the inal garment's structure – must be taken 

into account: a) Mechanical properties (Tensile, tearing, etc.) b) Comfort properties (hand evaluation, 

thermal properties, water vapour permeability, etc.), c) Appearance properties (colour stability, shrinkage, 

etc.). he inal design and fabrication decisions should consider implementation parameters in the 

garment, making sure that it will conform to rules of industrial scale production and ensuring that 

multifunctional garments will be available under feasible cost conditions and in adequate quantities.

6.6.2 Numerical and measurements results

In order to demonstrate the feasibility and applicability of textile antennas design and development, two 

test cases are presented herein that can be found in the literature. he irst is a rectangular-ring shaped 

antenna for ireighter garment introduced by Hertleer et al. (Hertleer C.V.-L., 2007), and the second is 

a linear polarization patch antenna on felt substrate for 2.4 GHz communications introduced by Locher 

et al. (I. Locher, 2006).

6.6.2.1 A rectangular-ring shaped antenna for ireighter garment (Hertleer C.V.-L., 2007)

In this work, Hertleer et al. presented a textile antenna developed on aramid fabric with the purpose of 

integrating it on a ireighter’s garment for short range communication to transmit the ire ighter’s life signs 

to a nearby base station. he antenna’s shape was that of a rectangular ring (see Figure ) and it was optimized 

for operation within the entire 2.4-2.4835 GHz frequency band. More speciically, a bandwidth of return 

loss lower than -10dB was required, while the antenna gain should be maximized for the aforementioned 

frequency band. 

he proposed antenna in realistic operational conditions was supposed to be covered with several layers 

of textile material (comprising the protective garment of the ireighter) that would afect the antenna’s 

characteristics. Furthermore, the antenna should operate in the presence of a body, which further afects 

the antenna. According the Hertleer, the proposed antenna provides enough robustness to preserve its 

characteristics under these circumstances. 

Reproduction and Original Electrical 

Characteristics
Reproduction Results Original Results

Substrate thickness 1.73 mm Gain 3.6 dBi Gain

Ground plane 10cm x 10cm
-10dB return loss 

bandwidth
125 MHz

-10dB return loss 

bandwidth

rε 1.85 3-dB beamwidth 66° 3-dB beamwidth

δtan 0.015

Table 6.2: Electrical characteristics and results comparison between  

reproduction and the antenna reported in (Hertleer C.V.-L., 2007).
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In order to verify Hertleer’s allegation, we reproduced the proposed antenna in a commercially available 

simulator and extracted numerical results regarding its return loss and gain radiation pattern. Herein, by 

“reproduced” we mean that we extracted the patch dimensions and electrical characteristics, designed a 

similar patch in the simulator and analyzed the proposed antenna in order to get the numerical results 

that are presented herein. 

he dimensions and electrical characteristics of the reproduction were based on data included in the work 

of Hertleer. he former are illustrated in Figure 6.38 (upper let), while the latter are included in Table 

6.2. According to our results, the antenna gain is equal to 3.6 dBi at boresight, with a 3-dB beamwidth 

equal to 66° and a -10dB return loss bandwidth equal to 125 MHz (the band 2.4-2.4835 GHz included). 

he corresponding results of the original antenna were reported as in the following: gain equal to 4.36 

dBi and 3.83 dBi (antenna uncovered or covered with protective garment respectively), -10dB return 

loss bandwidth slightly over 100 MHz, and 3-dB beamwidth equal to 71.1° and 70.2° (uncovered and 

covered respectively). Furthermore, the antenna gain measured in proximity to a human body was found 

to be equal to 3 dBi. According to the above, it is concluded that (i) the reproduced antenna’s radiation 

characteristics are similar to the ones reported for the measured prototype and (ii) the proposed antenna 

is suitable for 2.4 GHz ISM band applications. 
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Figure 6.38: Reproduction and simulation results of a textile antenna  

for ireighter garments at 2.45 GHz (Hertleer C. V.-L., 2007).

6.6.2.2 A linear polarization patch antenna on felt substrate for 2.4 GHz communications 

(I. Locher, 2006)

In this work, Locher et al. presented a detailed study on the design and characterization of purely textile 

patch antennas, including characterization of the electrical properties of several substrate materials available 

for the development of textile antennas. In this context, four textile antennas are presented, based on various 

substrates and with diferent polarizations. All antennas are fed via a microstrip line and are designed to 

operate in the 2.4 GHz ISM band. According to the authors, a microstrip feed not only guarantees a lat 

structure, but also allows the assembly of electronic components directly on the fabric in antenna proximity. 
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Out of the four antennas presented in this work two of them are circularly polarized, and two of them are 

linearly polarized. Furthermore, two of them are developed over a felt substrate with a thickness of 3.5 

mm, and two of them are developed over a spacer substrate with a thickness of 6 mm. For comparison 

purposes, we have reproduced the linear polarized antenna over a felt substrate, using a commercially 

available simulator, and numerical results are presented herein. 

Figure 6.39: Reproduction and simulation results of a textile antenna  

with felt substrate and linear polarization at 2.4 GHz (I. Locher, 2006).

Reproduction and Original Electrical 

Characteristics
Reproduction Results Original Results

Substrate thickness 3.5 mm Gain 6.3 dBi Gain

rε 1.45 3-dB beamwidth 58° 3-dB beamwidth

δtan 0.02

Table 6.3 : Electrical characteristics and results comparison between reproduction and the antenna reported in (I. Locher, 2006).

In order to verify Locher’s design, we reproduced the linear polarized antenna case over a woolen felt 

substrate and extracted numerical results regarding its return loss and gain radiation pattern. Again, by 

“reproduced” we mean that we extracted the patch dimensions and electrical characteristics, designed 

a similar patch in the simulator and analyzed the proposed antenna in order to get numerical results.
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he dimensions and shape of the antenna are illustrated in Figure 6.40 (let), while the electrical 

characteristics of the patch and substrate are tabulated in table 6.3 above, together with numerical 

and compared measurements results. According to our results, the antenna gain is equal to 6.3 dBi at 

boresight, with a 3-dB beamwidth equal to 58°. Correspondingly, the original antenna was measured 

with a gain of 5.5 dBi in the case where a conductive fabric was used, and 9.0 dBi in the case where a 

copper foil was used, while the 3-dB beamwidth when using the conductive fabric was measured equal 

to 57° and 78° under lat and bent conditions respectively. Again, it is concluded that the reproduced 

antenna’s radiation characteristics are similar to the ones reported for the measured prototype, while at 

the same time the proposed antenna is suitable for 2.4 GHz ISM band applications. 
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