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ABSTRACT This paper presents a complete and enhanced description of a parametric characterisation and
an electromagnetic analysis technique in order to simulate complex woven structures for the design wearable
microwave circuits and antennas based on smart textile. On the one hand, the parametric characterisation
consists of achieving the mathematical models which describe the different patterns conformed by the
threads of the woven structures. This characterisation takes into account the possible deformations of the
materials inside the woven structure. On the other hand, the electromagnetic analysis technique consists of
studying the conductive or dielectric parameters which describe the materials from which the threads have
been extruded, and predicting the electromagnetic behaviour of whole woven structures using the already
explained parametric characterisation. For this purpose, three different, although electromagnetically
equivalent, models of the involved materials are needed, which subsequently reduce the computational
resources required in the simulations. As a result, the woven structures can be characterised from the
involved threads and the electromagnetic behaviour can be analysed in order to design wearable antennas
or circuits.

INDEX TERMS Antennas, circuits, electromagnetic analysis, microwave, modelling technique, multifila-
ment yarns, simulations, skin effect, smart textile, threads, woven structures.

I. INTRODUCTION

NEW approaches in the development of textile circuits
and antennas are continually emerging to cope with the

advances in flexible, lightweight and wearable applications
[1], [2]. Therefore, multiple efforts are being made to achieve
the full integration of these circuits and antennas in textile.
Consequently, during the last years, a wide variety of solu-
tions have been developed to design and manufacture textile
integrated circuits and antennas. In the following paragraphs,
a brief overview of the state-of-the-art in textile integration
techniques is presented.

Ink-jet printing is a type of computerised printing which
consists of recreating a pattern by propelling droplets of
ink onto different substrates and a posterior curing process.

Silver nanoparticles can be used for highly conductive inks,
whereas carbon nanotube inks are employed for applications
where the conductivity can be lower. This technique has
been directly employed over substrates [3]–[9] to develop RF
circuits and antennas, although it can be enhanced by printing
over an impermeable coated intermediate layer [10], [11] or
printing multiple stacked conductive layers [12]. Although
this technique presents the advantage of achieving complex
details in the designs, the requirement of interface or addi-
tional layers supposes time during the manufacturing pro-
cess. Besides, the impossibility of developing multilayered
prototypes reduces the variety of implementable designs.

Embroidery is the art of realise patterns by means of
stitches sewn directly onto an existing fabric. The patterns
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can be embroidered using electrically conductive threads,
which provide a wide range of alternatives to develop RF
circuits and antennas. Conductive embroidered lines can be
employed to develop contour antennas [13] or manufacturing
rows of conductive vias for existing circuits [14], whereas
conductive meshes can be used for planar circuits [15]–
[18]. This technique allows the achievement of complex
designs due to the high resolution provided by the stitches.
Nevertheless, in spite of the fact that embroidering does not
allow the realisation of different patterns in both sides of an
existing fabric, two individually embroidered fabrics can be
employed and subsequently connected [19].

Applique processes consist of attaching various textile
materials employing different alternatives leading to a wide
variety of designs to develop RF circuits and antennas.
Different materials can be employed to implement both the
conductive elements and the dielectric substrates of the cir-
cuits and antennas [20]–[25]. In order to attach the textile
materials, sewing procedures [20], [23], [26], adhesives [21],
or eyelets [22] can be employed. Applique processes present
various advantages due to the fact that using different sep-
arate structured layers allows multilayered prototypes [22],
[25], [26]. Nevertheless, these techniques require several
subprocesses to develop a final prototype, leading to a non-
fully textile integrated circuit or antenna.

Non-wovens are fabric-like materials made from short
staple fibres and continuous long fibres, bonded together
by different treatments, leading to materials which are nei-
ther woven nor knitted. Non-wovens typically lack strength
unless densified or reinforced. A non-woven itself is not
a technique, but a material. However, non-wovens together
with one of the previously presented techniques, can lead
to the design of textile RF circuits or antennas. Different
materials can be employed as both conductive [27]–[31]
or dielectric [32] non-woven fabrics. As advantages, non-
wovens provide higher levels of uniformity and consistency
to high temperatures. However, one or more of the before
mentioned techniques must be applied.

In spite of the wide range of approaches presented in the
previous paragraphs, none of these techniques can produce,
simultaneously, multilayered, completely textile-integrated
and available for large-scale production prototypes. For this
reason and with the aim of fulfilling these requirements,
weaving technology is employed in this work. In order to
develop and electromagnetically study complex woven an-
tennas and circuits, a parametric characterisation and cor-
responding analysis are required due to the difficulty of
working with woven structures. As a consequence, a first
approach to study the behaviour of conductive threads has
already been introduced in [33]. Additionally, the authors
have previously presented some partial results of the charac-
terisation and analysis of woven structures using simplified
procedures in [34]–[38]. Finally, in this paper, a complete
and enhanced parametric characterisation and corresponding
electromagnetic analysis are presented and validated using
different examples.

This paper is organised as follows. In Section II, the three-
step modelling to characterise woven structures is introduced.
In Section III, the filament model is thoroughly explained.
In Section IV, the monofilament model is analysed and the
translation from the filamant model to the monofilament
model is explained. In Section V, the layers model is pre-
sented and the corresponding translation from the monofil-
ament model is analysed. In Section VI, different examples
of use are presented for the validation of the characterisation
and analysis. Finally, conclusions are drawn.

II. DESCRIPTION OF THE THREE-STEP MODELLING
In order to achieve a woven structure, two different kinds

of threads can be employed, monofilament or multifilament
threads. The monofilament threads are easier to analyse,
although they lack flexibility. For this reason, the woven
structures are normally manufactured using multifilment
threads, which are more flexible. Additionally, the threads
which compose a woven structure can be divided into two
categories, the warp threads and the weft threads. The warp
threads, which are parallel to the warp direction, are pre-
viously assembled in the loom, whereas the weft threads –
which are parallel to the weft direction– are successively
inserted in the woven structure during the fabrication process.
The herein presented technique is a parametric characterisa-
tion of the textile materials required to compose a complex
and multilayered woven structure.

First, the materials from which the threads have been
extruded need to be analysed, whether they are electrically
conductive or dielectric. For this purpose, the filament model
(FM) is employed. Secondly, the multifilament threads are
translated into electromagnetically equivalent and simpler
monofilament threads thanks to the monofilament model
(MM). Once the equivalent monofilaments are achieved,
a mathematical model of the paths corresponding to the
threads must be worked out. This model takes into account
the possible deformations of the woven structure due to
the forces actuating between the threads. Finally, the MM
can be translated into the simplest model, the layers model
(LM), which emulates the conventional procedure to simulate
circuits or antennas, using homogeneous materials.

In order to work out the electromagnetic analysis of the
whole woven structure, each of the beforementioned models
must be studied. For the dielectric materials, a procedure
based on a rectangular waveguide can be used in order to
translate from the FM to the MM, and from the MM to the
LM, which will be then explained in detail. Nevertheless,
when analysing the conductive materials, the procedure is
more complicated, as the skin effect associated to the con-
ductive filaments which compose the multifilament threads
must be taken into account, in order to translate from the FM
to the LM. As with the dielectrics, the waveguide procedure
can then be used to translate from the MM to the LM. The
different modelling steps and the most important parameters
required to translate between the different modellings are
summarised in Figure 1 and will be described in detail in the
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Figure 1: Three-step characterisation model, corresponding
relative permittivities, loss tangents and electrical conductiv-
ities and required parameters for translation between models.
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Figure 2: Different distributions of the filaments in the cross
section of a multifilament thread. (a) Circular. (b) Pierce’s
elliptic. (c) Kemp’s racetrack. (d) Hearle. (e) Bowshaped.

following sections. Using this modelling, a woven structure
can be electromagnetically analysed before its fabrication.

III. FILAMENT MODEL
The FM emulates the real composition of the thread and

represents the most computationally complex problem. It
takes into account the number of filaments which compose
the thread, the dimensions of each filament and the character-
istic parameters of the material from which the filaments have
been extruded, which are the relative dielectric permittivity,
efil, and the loss tangent, tan(δ)fil, for the dielectric yarns,
or the conductivity of the coating, scoat, for the electrically
conductive threads.

During the fabrication process of the multifilament
threads, the different filaments tend to be packed adopting
a circularly-shaped cross section, as generically depicted in
Figure 2a. However, this cross section tends to deform when
the threads are in a woven structure, due to the forces they
experiment. Some approaches to characterise the deformed
cross section of these threads have been widely used such
as the Pierce’s elliptic cross section (Figure 2b), the Kemp’s
racetrack section (Figure 2c), the Hearle’s section (Figure
2d) or the Bowshaped geometry (Figure 2e) [39]. The cor-
responding dimensions to characterise the different cross
sections are summarised in Figure 3.

As a consequence, using the FM, the distribution of the
filaments which compose the complete multifilament yarn
can be analysed and approximated by one of the possibilities
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Figure 3: Dimensions of the cross sections for the differ-
ent distributions of the filaments in a multifilament thread.
(a) Circular. (b) Pierce’s elliptic. (c) Kemp’s racetrack.
(d) Hearle. (e) Bowshaped.

presented in Figure 2. Normally, the procedure to analyse
these cross sections is empirical and is based on the obser-
vation of different samples of the yarns under a microscope.

IV. MONOFILAMENT MODEL
The MM represents an electromagnetically equivalent

textile structure by replacing the multifilament threads with
monofilament threads, and reducing the computational com-
plexity. Depending on the electromagnetic behaviour of the
thread, electrically conductive or dielectric, a different pro-
cedure to translate from the FM to the MM is required. This
model is then used to create the complete parametric woven
structure, which is formed using the mathematical expres-
sions of the paths corresponding to the different threads.

A. DIELECTRIC MATERIALS
Due to the air gaps between the filaments that are forming

the thread, the relative permittivity of its equivalent dielectric
monofilament is reduced and denoted by emon. Correspond-
ingly, a new loss tangent can be defined and denoted by
tan(δ)mon.

To translate the FM into the MM, a theoretical method has
been used. For this purpose, the linear mass density of the
thread, Ldtex, the density of the material from which the fila-
ments have been extruded, δfil, and the geometric parameters
of the thread (cross section dimensions and length: W, H and
L, respectively, as depicted in Figure 4a) must be taken into
account. The linear mass density of the threads is commonly
measured using the dtex unit.

Given a generic thread with an elliptic cross section, its
volume is given by Vo = πWHL/2. The linear mass density
per unit length represents the weight of the thread per unit
length, including the air gaps. If it is specified using dtex,
then it is defined for L = 10 Km. The density parameter
represents the weight of the material per unit volume. There-
fore, given a thread whose volume is Vo, if the value of its
linear mass density is compared to the value of its weight,
the proportion of air inside the thread can be calculated as
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Figure 4: Translation from FM to MM. (a) Parameters in-
volved in the translation from the FM into the MM using di-
electric materials. (b) Overview of the waveguide procedure.

summarised in Figure 4a.
Simulating a rectangular waveguide which has been filled

with filaments (efil and tan(δ)fil), using the same proportion of
air as there is inside the thread, and comparing its electromag-
netic behaviour with another rectangular waveguide which
has been homogeneously filled, the corresponding emon and
tan(δ)mon parameters can be easily extracted from the cut-
off frequency and the insertion losses as summarised in
Figure 4b. Therefore, a dielectric multifilament thread can be
translated into its equivalent monofilament thread as depicted
in Figure 5. As this new monofilament thread represents
an homogeneous material, the computational complexity of
its corresponding electromagnetic simulation is dramatically
reduced.

B. CONDUCTIVE MATERIALS
The study of the conductive multifilament threads requires

a more thorough analysis. Conductive threads can be manu-
factured from a conductive material, or can be made from
dielectric materials and subsequently coated with conductive
material. The coating procedure includes three steps. First,
the non-coated threads are knitted into a fabric. Secondly,
the fabric is plated with the conductive material by an
electrolysis process. Finally, the fabric is de-knitted and it
can be guaranteed that every thread has been completely
plated. Consequently, the thickness of the coating and its
composition become relevant, then, the skin effect has to be
analysed.

Figure 6a depicts an example of a multifilament thread,
whereas Figure 6b represents its electromagnetically equiv-
alent monofilaments. The aim of this section is to calculate
the electrical conductivity of the equivalent monofilament,

L

Ldtex
W

H

δfiltan(δ)fil εfil

FM to
MM

tan(δ)mon εmon

Figure 5: Translation from the FM into the MM outline
applied to dielectric threads.

smon, applied to a circular cross section, for simplicity. Nev-
ertheless, this methodology can be extended to the rest of the
already mentioned cross sections.

The skin depth can be calculated from the expression (1),
where δ is the skin effect depth, ρcoat is the resistivity of
the material employed for the coating, f is the operating
frequency and µ is the magnetic permeability. The first step
in the characterisation of the conductive materials is the
comparison between the calculated skin depth, δ, and the
thickness of the conductive coating which has been applied
to each filament, Tc. Two different procedures have to be
taken into account to translate the multifilament thread into
its analogous monofilament, depending on the fact that the
skin depth is less or equal, or greater than the thickness of
the conductive coating applied to each filament. Both cases
are schematically represented in Figure 7.

δ =

√
ρcoat

πfµ
(1)

1) The skin depth is less or equal than the thickness of the
conductive coating

If the skin depth is less or equal than the thickness of the
conductive coating applied to each filament, δ 6 Tc, the resis-
tance per unit length of each filament can be calculated using
(2), where (R/l)f denotes the resistance per unit length of
each filament, ρcoat and scoat are, respectively, the resistivity
and conductivity of the material employed for the coating,
and Sf represents the area of the effective conductive cross
section of each filament.

(R/l)f =
ρcoat

Sf
=

1

σcoat · Sf
(2)

In order to calculate the effective conductive cross section
of each filament, as the δ is less or equal than Tc, the δ param-
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Figure 6: Translation from a conductive multifilament thread
into a conductive monofilament thread. (a) Conductive mul-
tifilament thread cross section. (b) Equivalent conductive
monofilament thread cross section.

eter has to be taken into account instead of Tc. Consequently,
the Sf associated to a single filament whose external radius
(including the coating) is Rf is given by (3).

Sf = π ·Rf
2 − π · (Rf − δ)2 = π · (2 ·Rf · δ − δ2) (3)

Substituting (3) in (2), the resistance per unit length of a
single filament is given by (4). Consequently, the resistance
per unit length of a multifilament thread, (R/l), composed of
Nfil filaments is given by (5).

(R/l)f =
1

σcoat · π · (2 ·Rf · δ − δ2)
(4)

(R/l) =
(R/l)f

Nfil
=

1

Nfil · σcoat · π · (2 ·Rf · δ − δ2)
(5)

With the aim of substituting the multifilament thread by
an electromagnetically equivalent monofilamente thread, the
effective radius of the multifilament thread, RS, must be taken
into account. Therefore, the electromagnetically equivalent
monofilament thread must have the same radius, RS, in order
to keep the same woven structure.

The monofilament thread is provided with a conductive
coating (smon) whose thickness is given by TR, leading to a
corresponding area of the conductive cross section denoted

Tc

δ2Rf

(a)

Tc

δ2Rf

(b)

Figure 7: Different cases in the translation from the multifil-
ament thread into the analogous monofilament thread, using
the magnification of a single filament. (a) δ 6 Tc. (b) δ > Tc.

by Smon. The Smon can be calculated using (6).

Smon = π ·RS
2−π ·(RS−TR)

2 = π ·(2·RS ·TR−TR
2) (6)

In order to guarantee the electromagnetic equivalence
between the multifilament thread and the proposed monofil-
ament thread, the resistances per unit length must be the
identical. For this purpose, the resistance per unit length
of the monofilament thread, (R/l)mon, can be calculated
using (7). Alternatively, the resistance per unit length of the
multifilament thread, (R/l), has been previously calculated
in (5).

(R/l)mon =
1

σmon · π · (2 ·RS · TR − TR
2)

(7)

The condition of achieving the same resistance per unit
length with both threads, leads to the equation presented in
(8).

1

σmon · (2 ·RS · TR − TR
2)

=
1

Nfil · σcoat · (2 ·Rf · δ − δ2)
(8)

Nevertheless, the electromagnetic field penetrates a dis-
tance given by the skin depth in the monofilament, therefore,
it must be calculated. The skin depth in the monofilament
thread is denoted by δmon and can be calculated using (9).
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Consequently, TR = δmon.

δmon =

√
1

σmonπfµ
(9)

Substituting the expressions (1) and (9) in (8) and simpli-
fying, the value of the electrical conductivity of the equiv-
alent monofilament, smon, can be calculated using (10),
where smon depends on the cross section of the equivalent
monofilament (RS), the frequency (f), the number of filaments
which compose each multifilament thread (Nfil), the magnetic
permeability (µ) and the electrical conductivity of the coating
(scoat).

σmon · (2 ·RS ·
√

1

πfµσmon
− 1

πfµσmon
) =

= Nfil · σcoat · (2 ·Rf ·
√

1

πfσcoat
− 1

πfµσcoat
)

(10)

Once the smon is calculated, the electromagnetically
equivalent monofilament threads can be simulated using the
same radius, RS, and the smon. The beforementioned transla-
tion procedure from the multifilament conductive thread into
its equivalent monofilament thread is summarised in Figure
8.

2) The skin depth is greater than the thickness of the
conductive coating

Nevertheless, the calculated skin depth in (1) may have
been greater than the thickness of the conductive coating
applied to each filament, δ >Tc. In this case, the resistance
per unit length of the multifilament thread can be calculated
using (11), where the parameter δ has been substituted with
Tc in comparison to the expression in (5).

(R/l) =
1

Nfil · σcoat · π · (2 ·Rf · T c − T c
2)

(11)

As a result, the value of the electrical conductivity of the
equivalent monofilament, smon, can be calculated using (12),
where smon depends on the cross section of the equivalent
monofilament (RS), the frequency (f), the number of filaments
which compose each multifilament thread (Nfil), the magnetic
permeability (µ), the electrical conductivity of the coating
(scoat) and the thickness of the conductive coating applied
to each filament (Tc). The already mentioned translation
procedure from the multifilament conductive thread into its
equivalent monofilament thread is summarised in Figure 9.

σmon · (2 ·RS ·
√

1

πfµσmon
− 1

πfµσmon
) =

= Nfil · σcoat · (2 ·Rf · T c − T c
2)

(12)

Comparing the expression in (10) with the expression in
(12), there is an important difference. While in (10) the thick-
ness of the conductive coating does not appear in the equation
due to the fact that it is sufficiently thick, in (12), this thick-

ness, Tc, is determinant in order to calculate the equivalent
electrical conductivity, smon. With the aim of summarising
the employed notation in the previous paragraphs, Table 1
presents the parameters and their corresponding meanings.

3) Example of Application and Validation
The aforementioned methodology to obtain the equivalent

conductive monofilament has been validated in simulations.
For this purpose, a multifilament thread has been introduced
in a rectangular waveguide, parallel to the orientation of
the electric field, ~E, and the scattering parameters have
been calculated. The simulated thread is composed of Nfil
= 19 filaments, whose radius –including the coating– is Rf
= 31 µm. The employed thickness of the silver coating of
each filament is Tc = 0.5 µm. These filaments compose a
multifilament thread whose equivalent radius is RS = 0.075
mm.

The ideal air-filled rectangular waveguide employed in
this validation has been simulated using a perfect electric
conductor (PEC). The dimensions of the waveguide are its
width, height and length, which correspond to WRW = 20 mm,
HRW = 10 mm and LRW = 25 mm, respectively. The length of
the thread is, also, HRW. Figure 10 depicts the simulation set-
up and the corresponding magnifications of the multifilament
and monofilament threads.

Applying the methodology described in the previous para-
graphs and using scoat = 6.28·107 S/m, which is the electrical
conductivity of the silver, the skin depth is δ = 0.7328
µm. The skin depth has been found to be greater than the
thickness of the silver coating, consequently the second part
of the procedure, summarised in the expression (12), must
be employed. As a result, the equivalent conductivity of the
monofilament thread has been found to be smon = 4.3863·108
S/m. Due to the fact that the skin depth is greater than Tc, the
multifilament thread must be simulated as a dielectric thread
with a silver coating.

Therefore, the scattering parameters have been calculated
in the range of frequencies in which the waveguide presents
its single-mode operation, f ∈ [7.5, 15] GHz. Figure 11
depicts the simulated scattering parameters for both cases:
using the multifilament thread and using the equivalent
monofilament thread with smon. A good agreement between
both simulations has been obtained, validating the procedure.

C. WOVEN STRUCTURES USING THE MM
1) Description of the Woven Structures

Once the multifilament threads have been translated into
their equivalent monofilaments, a woven structure can be
designed. This woven structure will coincide with the real
structure during the fabrication process. As it has been previ-
ously explained in Section II, a woven structure is composed
of two types of threads, the warp threads and the weft threads,
respectively, as generically depicted in Figure 12.

Two different parameters, closely related to the density of
the woven structure, can be defined for its accurate charac-
terisation. These parameters are the number of ends per inch,
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σcoat
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δmon

2RsTR σmon
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Figure 8: Translation from the multifilament thread into the analogous monofilament thread overview (δ 6 Tc). (a)
Multifilament thread. (b) Equivalent monofilament thread provided with the conductive coating. (c) Equivalent monofilament
thread.

σcoat

(a)

δmon

2RsTR

σmon

(b)

σmon 2Rs

(c)

Figure 9: Translation from the multifilament thread into the analogous monofilament thread overview (δ > Tc). (a)
Multifilament thread. (b) Equivalent monofilament thread provided with the conductive coating. (c) Equivalent monofilament
thread.

epi, and the number of picks per inch, ppi. The epi parameter
represents the number of warp ends per inch, as depicted in
Figure 13, whereas the ppi parameter represents the number
of weft threads per inch, as represented in Figure 14.

When working with conductive materials, increasing the
values of the epi and ppi parameters is of interest in order
to achieve a dense woven structure. This means that the size
of the possible air gaps between the conductive threads can
be dramatically reduced. As a result, the currents can flow
through the woven structure as if it were a homogeneous
conductive material. Additionally, regarding the dielectric
materials, modifying the values of the epi and ppi parame-
ters is completely related to the resultant equivalent relative
permittivity, eeq.

In order to design a woven structure using the MM,
several factors have to be taken into account. First, depending
on the dimensions of the cross section and rigidity of the
different employed materials, a woven structure can adopt
one of the following two approaches. Either the warp threads
are more rigid and the weft threads tend to conform the
woven structure around the warp threads, while the warp
threads remain straight, as depicted in Figure 12a, or vice
versa as occurs in Figure 12b. Secondly, the epi and ppi
parameters, which will depend on the characteristics of the
industrial loom and the procedure employed to manufacture
the woven structure, must be known. Figure 15 summarises
the procedure to design a woven structure.

2) Mathematical Parametric Characterisation
Although different approaches to characterise the de-

formed cross section of the threads can be used, as explained
in section IV, the most employed one is the Pierce’s elliptic
cross section. For this reason, the herein presented parametri-
sation of a woven structure will be described assuming that
all the cross sections have been modelled with the Pierce’s
elliptic approximation, therefore, as ellipses. Consequently, a
mathematical modelling of the paths of the non–rigid threads
in the structure is required. For this purpose, these paths have
been mathematically modelled as ellipse arcs and tangent
lines.

Assuming that the threads which remain straight are the
warp threads, and the weft threads conform the woven struc-
ture, finding the tangent points given a pair of ellipses is
required. Given two generic ellipses, denoted by E0 and E1,
as depicted in Figure 16, they represent the cross sections
of two consecutive warp ends. Nevertheless, an analogous
modelling can be employed if the threads which remain
straight are the weft threads.

As these warp threads may belong to different layers of
the multilayered woven structure or be composed of different
materials, the corresponding ellipses are defined by the coor-
dinates of their centres, EC0 = (x0, y0) and EC1 = (x1, y1),
and the dimensions of their semiaxes, {a0, b0} and {a1, b1},
respectively, and consequently a generic mathematical mod-
elling is presented. The parametric equations to define either
ellipse, with θ ∈ [0, 2π), are given by (13) and (14).
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Table 1: Notation employed for the translation from conductive multifilament threads to monofilament threads.

Parameter Meaning

scoat Electrical conductivity of the coating
smon Electrical conductivity of the equivalent monofilament
δ Calculated skin depth using scoat

δmon Calculated skin depth using smon

Nfil Number of filaments which compose the multifilament thread
RS Equivalent radius of the multifilament (and monofilament)
Rf Radius of one filament which composes the multifilament thread
Tc Thickness of the coating of each filament
TR Thickness of the coating of the equivalent monofilament
Sf Conductive area of the cross section of each filament

Smon Conductive area of the cross section of the monofilament
(R/l)f Resistance per unit length of each filament
(R/l) Resistance per unit length of the complete multifilament thread

(R/l)mon Resistance per unit length of the equivalent monofilament

WRW

HRW

LRW

E

H

k

(a)

2Rf

(b)

2Rf

(c)

Figure 10: Simulated set-up for the translation between con-
ductive multifilament and monofilament threads. (a) Set-up
overview. (b) Magnification of the multifilament thread. (c)
Magnification of the monofilament thread.
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Figure 11: Comparison of the simulated scattering parame-
ters of the equivalence between conductive multifilament and
monofilament threads.

Ex0 = a0cos(θ) + x0 (13a)

Ey0 = b0sin(θ) + y0 (13b)

Ex1 = a1cos(θ) + x1 (14a)

Ey1 = b1sin(θ) + y1 (14b)

If a solution exists, then, four different lines are tangent
to both ellipses. A line can be defined by two parameters,
its slope, m, and its y-axis intercept, c. Thus, the generic
line is defined by y = mx + c. By setting the equation
of the line equal to (13) and (14), or to their equivalent
cartesian mathematical expressions, and imposing on the
line the condition of being tangent to both ellipses, only a
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Material A
Material B

Warp thread

Weft direction

Warp direction

Weft thread

(a)

Warp thread

Weft direction

Warp direction

Weft thread

Material BMaterial A

(b)

Figure 12: Generic multilayered woven structures using the
MM and different materials. (a) Rigid warp threads. (b) Rigid
weft threads.

Weft thread epi = 5 ends/inch

1 inch

Warp end

epi = 4 ends/inch

Figure 13: Schematic representation of the epi parameter
(front view of the woven structure).

point of each ellipse must coincide with a point of the line.
For this purpose, the discriminant functions of the resultant
expressions must be equal to zero. Therefore, the second
order system of equations in (15) is generated.



−2b20x0 − 2ma20(y0 − c))2+
+(−4(b20 + a20m

2)(x20b
2
0 + a20(y0 − c)2−

−a20b20)) = 0

−2b21x1 − 2ma21(y1 − c))2+
+(−4(b21 + a21m

2)(x21b
2
1 + a21(y1 − c)2−

−a21b21)) = 0

(15)

Pick ppi = 6 picks/inch Warp thread

1 
in

ch

Weft thread ppi = 8 picks/inch Warp thread

1 
in

ch

Figure 14: Schematic representation of the ppi parameter
(side view of the woven structure).

Materials
Cross section

Rigidity

Densities
epi
ppi

Woven structure
Design using the MM

Weaving technique

Rigid weft threads

Weaving technique

Rigid warp threads

Figure 15: Block diagram to summarise the procedure of
designing a woven structure.
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y = mx + c

Ellipse E0
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Figure 16: Generic mathematical modelling based on ellipses
and tangents.
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The solution of (15) returns the slopes and the intercepts
of the four different lines that are tangent to the ellipses,
which are denoted by mi and ci, with i ∈ [1, 4]. From the
slopes and the intercepts, the tangent points (xp0_i, yp0_i) and
(xp1_i, yp1_i), for E0 and E1 respectively, can be worked out
as shown in (16) and (17).

xp0_i = −
−2b20x0 − 2mia

2
0(y0 − ci)

2(b20 + a20m
2
i )

(16a)

yp0_i = mixp0_i + ci (16b)

xp1_i = −
−2b21x1 − 2mia

2
1(y1 − ci)

2(b21 + a21m
2
i )

(17a)

yp1_i = mixp1_i + ci (17b)

Once the tangent points have been worked out, the paths
of the weft threads are defined and the woven structure is
completely characterised. Figure 17 depicts different views
of a generic multilayered woven structure, where an example
of the ellipses, the tangent points and the tangent line is
indicated.

The MM is very useful in order to design the woven
structure for the potential prototypes based on smart textile
(antennas, tags or frequency selective surfaces, among oth-
ers). For this reason, several commercial software packages
can be found in order to represent the MM, although neither
of them can electromagnetically simulate the structure. Some
of these software packages are TexGen [41], which has
been implemented in order to simulate textile composites,
or 3DWeave [42], which has been thought to be of help for
textile design. The MM design can be imported in modern
electronic industrial jacquard looms.

Moreover, despite the fact that the representations of the
MM with the beforementioned software packages can be im-
ported in, for example, STL (stereolithography) format and
used in commercial electromagnetic simulators such as High
Frequency Structure Simulator (HFSS) [43] or Computer
Simulation Technology (CST) Microwave Studio [44], the
parametrisation of the structure is completely lost during this
process. For this reason, in this paper, a complete parametri-
sation of the woven structure is proposed to be used directly
in commercial electromagnetic simulators such as HFSS or
CST.

V. LAYERS MODEL
As it has been mentioned before, a woven structure de-

signed using the MM is directly translatable into a manu-
factured prototype. Nevertheless, finding a computationally
simpler modelling is required in order to simulate larger
and more complex structures. For this reason, the LM is
proposed.

Weft direction

Warp direction

(a)

+

+
1 inch

3 epi

(b)

8 
pp

i

1 
in

ch

1 inch

(c)

Figure 17: Generic multilayered woven structure using rigid
warp threads and two materials, conductive (yellow) and
dielectric (grey). (a) Woven structure overview. (b) Front
view and epi parameter. (c) Top view and ppi parameter.

The LM is defined using an homogeneous dielectric sub-
strate whose relative permittivity and loss tangent are denoted
by eeq and tan(δ)eq, respectively, and an electrical conduc-
tivity denoted by seq. Depending on the electromagnetic
behaviour of the threads, electrically conductive or dielectric,
a different procedure to translate from the MM to the LM is
employed.

A. DIELECTRIC MATERIALS
Due to the air gaps between the dielectric monofilaments

which conform the woven structure, the relative permittivity
of the equivalent dielectric substrate is reduced and denoted
by eeq. Additionally, a new loss tangent can be defined and
denoted by tan(δ)eq.

To translate the MM into the LM, a theoretical method has
been used. For this purpose, the emon and tan(δ)mon, as well
as the epi and ppi parameters must be taken into account.
Simulating a rectangular waveguide which has been filled
with monofilaments (emon and tan(δ)mon), using the same epi
and ppi densities as the dielectric substrate has in the wo-
ven structure, and comparing its electromagnetic behaviour
with another rectangular waveguide which has been homoge-
neously filled, the corresponding eeq and tan(δ)eq parameters
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εeq tan(δ)eq

Propag. 

direction

Propag. 

direction

MM to LM
Air gap

εmon tan(δ)mon

Figure 18: Translation from the MM into the LM outline
applied to dielectric monofilaments using the waveguide
based methodology.

can be easily extracted from the cut-off frequency and the
insertion losses as summarised in Figure 18. Therefore, the
dielectric parameters of the MM can be translated into their
corresponding of the LM. As a result, the LM corresponds to
the conventional procedure employed to simulate microwave
antennas or circuits based on rigid substrates.

Consequently, the relative dielectric permittivity is first
reduced from the FM to the MM due to the air gaps between
the filaments which conform the thread, transforming efil into
emon. Analogously, the relative dielectric permittivity is then
reduced again from the MM to the LM due to the air gaps
between the monofilaments which conform the equivalent
woven structure, transforming emon into eeq.

B. CONDUCTIVE MATERIALS
To translate the conductive monofilaments, described by

smon, from the MM into a homogeneous conductive material,
characterised by seq, for the LM, two different situations
can be analysed. When the behaviour of the woven structure
needs to be studied when it is perpendicular to the propa-
gation direction, a square-shaped woven MM structure can
be simulated inside a rectangular waveguide, perpendicular
to its propagation direction. Its electromagnetic behaviour, in
terms of the scattering parameters is then compared to a ho-
mogeneous conductive square-shaped sheet, using the same
dimensions and a conductivity given by seq as summarised in
Figure 19a. This can be used for the design of woven FSS or
planar absorbers.

Alternatively, when the behaviour of the MM of the
woven structure, described by smon, needs to be analysed
when it is parallel to the propagation direction, the multi-
layered fabric can be put inside a rectangular waveguide,

Propag. direction

+

σmon

Propag. direction

σeq

+

MM to LM

(a)

σeq

+

+
Propag. direction

Propag. direction

MM to LM

σmon

(b)

Figure 19: Translation from the MM into the LM outline
applied to conductive monofilaments using a rectangular
waveguide. (a) Woven structure perpendicular to the prop-
agation direction. (b) Woven structure parallel to the propa-
gation direction.

parallel to the propagation direction, as depicted in Figure
19b. Its electromagnetic behaviour can then be compared to
a homogeneous conductive rectangular-shaped sheet, with
the same dimensions and a conductivity given by seq. This
procedure can be employed for the development of TIW
(textile integrated waveguide) or microstrip woven antennas.

C. EQUIVALENCE BETWEEN FM, MM AND LM
In order to demonstrate the validity of the equivalence

between the three different models previously explained, in
the section, an example using the textile translation of a SIW
(substrate integrated waveguide) is presented. In this case,
for simplification, PEC has been employed as conductive
material, so that the objective is the validation of the three-
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FM MM

LM

FM to MM

MM to LM
εfil = 3.4 εmon = 2.8

εeq = 2.3

Figure 20: Different FM, MM and LM of the structure of a
TIW example.
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Figure 21: Equivalence between FM, MM and LM for a TIW
example.

step modelling regarding the dielectric materials. For this
purpose, the three different structures represented in Figure
20 have been employed, being the cut-off frequency, fc, of
the waveguides 22 GHz.

As a result, the different relative permittivities are efil =
3.4, emon = 2.8 and eeq = 2.3, respectively. Consequently,
in Figure 21 the scattering parameters corresponding to the
different models are represented. It is important to take into
account that, due to having employed different solvers to
calculate the scattering parameters for the models, the values
below the cut-off frequency can differ. As a consequence,
the LM has been calculated using a frequency domain solver
and the value of the |S11| is near zero. Nevertheless, a time
domain solver has to be employed to simulate both the FM
and the MM due to the complex mesh and the value of the
|S11| below the cut-off frequency is not coherent, although is
a well known issue using the commercial software used.

D. DEFORMATION OF WOVEN STRUCTURES

As it has been previously explained, the woven structure
depends not only on the employed materials, but also on
the epi and ppi parameters and the forces actuating between
the threads. For this reason, the same materials may present
different cross sections depending on the woven structure in
which they are employed. As a consequence, the translation
between the different models may lead to different results.

Figure 22 depicts an overview of the deformation of
the woven structures. Figure 22a represents a hypothetical
translation of a SIW into a completely woven structure or,
simply, a TIW, using rigid warp threads. A SIW is composed
of a dielectric substrate between two metallic plates. The
plates are connected using two rows of conductive vias [45].
A SIW has been first translated into a TIW in [34]. For this
purpose, the substrate has been composed of warp and weft
dielectric threads, whereas the conductive plates have been
achieved using conductive yarns. In order to emulate the
conductive vias, several conductive very flexible weft threads
have been interwoven during the manufacturing process con-
necting the different layers which compose the multilayered
woven structure.

In this paper, the example presented in Figure 22, in which
the dielectric and conductive materials are green and grey
colored, respectively, and the electromagnetic field propa-
gates in the direction parallel to the rigid warp threads, has
been proposed with the aim of clarifying the deformation
of the woven structures and the corresponding effect in the
three-step modelling.

Figure 22a represents a woven structure whose threads
are provided with circular cross sections, consequently with
circumferences whose diameter is denoted dW. These threads
are composed of Nfil filaments whose diameters are denoted
by dfil. Besides, the distance between the centres of the
conductive vias of the woven SIW, which is inversely related
to the cut-off frequency of the SIW, is denoted by dV.

Analogously, Figure 22b depicts a similar structure. Nev-
ertheless, the cross sections of the threads have been modified
due to the reorganisation of the filaments inside the thread,
and now they conform elliptic cross sections, whose horizon-
tal and vertical axes are dwX and dwY, respectively. Figure 22c
also depicts a similar structure, although the ellipses present
a bigger eccentricity compared to the ellipses in Figure 22b,
due to the new distribution of the filaments in the thread. The
phenomenon which studies the deformation of these ellipses
is known as buckling [46].

The different buckling effects experimented by the cir-
cumference and the ellipses in the representations of Figure
22 lead to two consequences. First, the bigger the eccentricity
of the ellipses, the bigger the distance between the conductive
vias, due to the separation between the warp threads. Sec-
ond, the modification of the eccentricity of the ellipses and
the corresponding variation of the distance dV, lead to the
modification of the distribution of the air gaps between the
threads.
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Figure 22: Deformation of the woven structures overview. (a) Initial circular cross section overview and corresponding
magnification. (b) Elliptic cross section (smaller eccentricity) and corresponding magnification. (c) Elliptic cross section (bigger
eccentricity).

As a result, the equivalent relative permittivity of the
woven structure inside the TIW is modified, even though
the materials remain being the same. For example, if the
following relation is made between these parameters: dwY =
dW−4·n·dfil, being dwX the corresponding so that the perime-
ter of the cross section remains constant, and n a variable to
control the eccentricity (known as the deformation index), a
relation between the cut-off frequency of the structure and n,
as well as between the equivalent relative permittivity eeq of
the structure and n can be worked out.

Figure 23 depicts the dependence between the equivalent
permittivity of the woven structure and the deformation in-
dex. The green coloured filaments have been simulated using
a relative permittivity of efil = 3.5, while the conductive ele-

ments –for simplification– have been simulated using perfect
electric conductors. As a result, the relation between the cut-
off frequency of the woven SIW and n is also represented.
As previously mentioned, the bigger the eccentricity of the
ellipses, the bigger the distance between the conductive vias.
This is due to the increase of the distance between the centres
of two consecutive warp threads, sepx.

VI. VALIDATION: EXAMPLES OF USE
The theory already presented in the previous sections has

been put into practice in different works developed by the
authors. Partial results have already been presented in these
works [34]–[38], not only verifying the theory underneath,
but also justifying the necessity of the development and the
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Figure 23: Modification of the eeq and the fc of a woven SIW
depending on n and sepx.

analysis of these complex woven structures. The most repre-
sentative results are summarised in the following subsections.

A. MILLIMETRE-WAVE TIW
A millimetre-wave TIW has been developed operating

between 32 and 37 GHz, as the first approach of the de-
velopment of completely textile integrated circuits [34]. It
consists of three layers of rigid warp threads, being the
middle layer the non-conductive one. Besides, thanks to the
weft threads, the different woven patterns are achieved. In
Figure 24, both the conventional SIW and the woven TIW
are represented in order to clarify the translation into a woven
prototype, using the different approximations –circular, ellip-
tic and Kemp’s racetrack cross sections– and mathematical
expressions already explained in the previous sections to
emulate the multifilament threads.

Different prototypes have been manufactured using dif-
ferent lengths (30, 40 and 55 mm, respectively) and their
scattering parameters have been measured and compared
with the simulations as presented in the bottom part of Figure
24. Nevertheless, the simulations of the conductive materials
in [34] have been carried out using a simplified version of the
modelling with respect to the one presented in this work. Due
to the high value of the losses of these prototypes, in [35], a
microwave TIW is presented achieving better results.

B. MICROSTRIP-FED SLOT ANTENNA
A microstrip-fed antenna for dedicated short-range com-

munications (DSRC) has been developed operating at 5.9
GHz presenting a 9.3% bandwidth [36]. The woven antenna
consists of three layers, a conductive ground plane where
the radiating slot has been placed, a dielectric substrate
and the microstrip line, respectively. The antenna has been
manufactured using rigid very thick threads in order to obtain
the specific thickness to implement the design, as presented
in the sketches in Figure 25.
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Figure 24: Overview of the development of the millimetre-
wave TIW example [34].

A prototype has been manufactured. This process consists
of weaving the complex woven structure and, then, cutting
the radiating slot with a prototyping laser machine, although
the slot can be achieved using ad hoc industrial looms pro-
vided ith a cutting mechanism. Posteriorly, the prototype has
been characterised using a PNA-X vector network analyser
to measure the |S11| parameter, and a set-up in the anechoic
chamber in order to measure radiation patterns for both the
E– and the H–planes. The measurements have been com-
pared with the simulations, as represented in the bottom part
of Figure 25, in order to demonstrate their agreement.
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Figure 25: Overview of the development of the microstrip-
fed slot antenna example [36].

CONCLUSIONS

A three-step modelling has been explained to electro-
magnetically simulate woven structures. First, a FM has
been defined to characterise the different threads, dielectric
or conductive, employed in the woven structure. For both,
the dielectric and conductive materials, the deformed cross
section of the threads and the number of filaments which
form each thread have been taken into account.

Then, a reduction of the computational complexity of the
problem is achieved by defining the MM, which substitutes

the multifilament threads by electromagnetically equivalent
monofilament threads. To translate the FM into the MM
for the dielectric threads, the FM and the electromagnetic
characteristics of the materials from which the filaments have
been extruded are taken into account. In addition, in order to
rigorously translate the FM into the MM, the skin depth effect
has been taken into account for the conductive materials.

A new model, the LM, has been defined in order to
obtain a homogeneous relative permittivity and electrical
conductivity, reducing the complexity of the woven structure
to a conventional substrate integrated structure. In order to
translate the MM into the LM, a parametric characterisation
of the woven patterns has been analysed in order to obtain
the mathematical equations corresponding to the warp or
weft ends, and the corresponding tangent points to define the
curves of the flexible threads.

Using the already explained three-step modelling, a de-
signed woven structure can be electromagnetically charac-
terised before its fabrication. Therefore, fully textile inte-
grated circuits and antennas can be easily designed and
simulated using the LM, which is equivalent to the con-
ventional method to simulate standard circuits and antennas.
Moreover, the LM reduces the computational complexity of
the original electromagnetic problem and, therefore, reduces
the simulation times, avoiding the simulation of the complete
MM of the circuit or antenna.

In order to validate the modelling technique and the
electromagnetic analysis, Section VI has been devoted to
summarise their practical use in the development of different
textile integrated circuits such as a TIW and a microstrip-
fed antenna. Although in this work a complete and enhanced
version of the parametric characterisation and electromag-
netic analysis is presented, the examples have been developed
using simplified versions. Nevertheless, the usefulness of the
work is demonstrated with the agreement between simula-
tions and measurements.
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