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Abstract: The paper deals with the relative permittivity determination of the 3D-textile by a trans-
mission line method (TLM). Measuring points are shifted to avoid inaccuracies caused by transitions
between a coaxial cable and a microstrip line. A substrate where the microstrip line is designed is
composed of three layers where one layer (3D-textile) has unknown permittivity. The relative permit-
tivity of the 3D-textile is calculated from effective permittivity by a conformal mapping method.
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1 INTRODUCTION

Nowadays, still higher emphasis is on reduction of vehicles fuel consumption. One of the ways to
reduce the fuel consumption is to reduce weight of the vehicles. Because today’s vehicles contain
plenty cable harnesses which significantly increase the weight, a trend of car makers is to replace the
cables by wireless communication links. Unfortunately the wireless links are sensitive to movement
of passengers, seats etc. An alternative solution could be exploitation of construction parts of the
vehicles for a guiding of the electromagnetic waves which means that such phenomenon could be used
to communicate instead of wires. This phenomenon is going to be used in a communication link along
inner side of the roof where an upholstery serves as a waveguide. The upholstery is made of a material
known as 3D-textile. Because the 3D-textile serves as a substrate on which the waveguide is going to
be designed it is necessary to know properties like the relative permittivity and the propagation losses.
The 3D-textile is anisotropic material composed of three layers (Figure 1). The top and bottom layers
of the 3D-textile look like common textile separated by plenty threads which are perpendicular to
these layers. The whole structure has thickness equal to 3.4 millimetres. The material composition of
the measured sample is: 17 % of the polyester silk, 63 % of the polyester monofilament and 20 % of
the cotton.

Several articles have been published about measuring of the permittivity by a resonance method [1],
a free space method [2] and the transmission line method [3, 4]. The transmission line method (TLM)
is the most suitable from a frequency band point of view.

The TLM is based on the knowledge of the propagation of the electromagnetic waves in a transmission

Figure 1: The detailed view of the 3D-textile.
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Figure 2: Infinitesimal segment of the general transmission line, voltage and current definitions.

line segment. The book [5] proves that the wave equations (1, 2) for an infinitesimal segment of the
transmission line segment is possible to derive from the Maxwell equations and the equivalent circuit.
The wave equations describe the distribution of voltage and current in the line segment (Figure 2).

d2V (z)
dz2 − γ

2V (z) = 0, (1)

d2I(z)
dz2 − γ

2I(z) = 0, (2)

where γ is the propagation constant. It is possible to find a solution of the equation (1) in shape:

V (z+dz) =V (z)e−γdz. (3)

The equation (3) is valid also in the case that the infinitesimal length dz is replaced by a real length l.
However small modification of the equation (3) brings the general formula of the transmission coef-
ficient T for the transmission line segment with the length l:

T = e−γl. (4)

2 PRECISE MEASUREMENT OF THE TRANSMISSION COEFFICIENT

Determination of a transmission characteristic of the transmission line segment is carried out by a
vector network analyser (VNA). Transitions between the VNA and the measured transmission line
is realized by connectors. Calibration is performed usually at the connectors by precisely defined
loads. However this procedure brings values of scattering parameters of the transmission line with
the connectors [SL] (Figure 3 a). From practical experience there are serious reasons to assume that
the connectors bring significant inaccuracies in the measurement. Therefore the whole structure is
divided into three parts with appropriately determined lengths lCON = 60 mm and lLINE = 15 mm.
The lengths are chosen so that only the quasi transverse electromagnetic (Q-TEM) mode is present
in the middle section. In order to calculate a transmission matrix only of the middle segment [T ], the
measurement of the THRU calibration substrate (Figure 3b) has to be done.

Because of difficulty mathematical operations with the scattering matrices [SL], [ST ], the matrices are
converted to transmission matrices[TL], [TT ] [5],

T11 =
(1+S11)(1−S22)+S12S21

2S21
, (5)

T12 = Z0
(1+S11)(1+S22)−S12S21

2S21
, (6)
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Figure 3: The transmission line section with connectors sections (a), the connectors sections only (b).

T21 =
1
Z0

(1−S11)(1−S22)−S12S21

2S21
, (7)

T22 =
(1−S11)(1+S22)+S12S21

2S21
, (8)

where Z0 is the characteristic impedance of the connectors.

Rolain in his article [4] proved that the transmission matrix of the middle segment is possible to
express by eig function. The transmission matrix of the transmission line with connectors and inverted
transmission matrix without connectors are input arguments of the function. Eigen values are outputs
of the function which correspond with the transmission coefficient of the middle segment.

[T ] = eig(TLT−1
T ) =

(
e−γlLINE

eγlLINE

)
. (9)

3 CALCULATION OF THE RELATIVE PERMITTIVITY

We know several kinds of transmission lines which are used in the cm-wave frequency band (eg. coax-
ial cables, microstrip lines, coplanar waveguides, grounded coplanar waveguides, rectangular waveg-
uides, etc.). With regard to easy manufacturing, two samples of the microstrip lines with the different
lengths are used in this investigations (Figure 4). The dielectric substrate is composed of three layers
where only the middle layer (3D-textile) has unknown permittivity. The top and the bottom layers are
made from Arlon 25N of the thickness 0.762 mm, the relative permittivity 3.38 and the propagation
loss 0.0025.

To ascertain the values of the effective relative permittivity of the layered substrate, the propagation
constant must be expressed from the equation (9):
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Figure 4: The layered substrate of the microstrip line (left) and the measured sample (right).
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γ =− ln(T )
lLINE

. (10)

The propagation constant is a complex number γ = α+ jβ, where α is the attenuation constant and β

is the phase constant. As mentioned, the mode Q-TEM is propagating in the required section therefore
a relationship between the phase constant and the effective relative permittivity is possible to express
by [6]:

εre f f =
(c0

ω
β

)2
, (11)

where c0 denotes the speed of light in vacuum and ω the angular frequency.

The last step involves calculating the relative permittivity from the effective relative permittivity. This
is accomplished using the conformal mapping method [7]:

εr2 =
q2(1−q1 −q2 −q3 − εre f f )

q1εre f f
εr1

+
q3εre f f

εr3
− q1(1−q1−q2−q3)

εr1
− q3(1−q1−q2−q3)

εr3
− (1−q1 −q2 −q3)2

, (12)

where q1,q2,q3 denote filling factors and εr1 ,εr2 ,εr3 denote the relative permittivity of the layers
numbered from the bottom. Calculation of the filling factors depends on real dimensions of the
structure.

In Figure 5 the final values of the relative permittivity of the 3D-textile are depicted in the whole mea-
sured frequency band. Decline of the values of the relative permittivity in the range above the 8 GHz
is caused by the emergence of higher modes. For the measuring at the higher frequencies, a different
transmission line has to be used. Because of using of imperfect cables for the measuring, the value
of the relative permittivity is oscillating around the real value therefore the interpolation technique is
used to display the real value.
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Figure 5: The relative permittivity in the frequency band 0.1 up to 13 GHz (top), detailed view
of the relative permittivity in the frequency band 1 up to 8 GHz (bottom).
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4 CONCLUSION

The easy straightforward method of the relative permittivity measurement in the wide frequency band
is described. The value of the relative permittivity of the 3D-textile is about 1.1 in the frequency band
from 0.1 up to 8 GHz (Figure 5). The accuracy is possible to improve by using a new cables and by
multiple repetition of the measurement.
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