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Abstract

Surface impedance value is an important parameter for the
radio frequency characterization of materials. Many tech-
niques have been proposed in order to estimate the surface
impedance value of materials but most of them require an
electrical contact with the sample under test. Here, a con-
tactless method is proposed in order to have an accurate
estimation of the surface impedance value of a thin sheet of
material.

1 Introduction

Surface impedance estimation is an important aspect for the
materials characterization. In the realization of sensors the
knowledge of the surface impedance of the sensitive mate-
rials is an essential element. Usually, the surface impedance
of a thin sheet of material is determined by the four-point
method [1]. In this case, a direct contact with the material
is required and this may damage it. In general, contactless
characterization of the materials [2] is extremely useful in
the context of Non Destructive Testing (NDT) which allow
the screening of components or systems without damaging
or permanently altering the sample [2, 3]. In the realiza-
tion of sensors, being able to make a contactless measure-
ment is a very important aspect. For example, in case one
has to work with stretchable materials, a non-contact mea-
surement is necessary to be able to make the measurement
while the material is being stretched. Also in the case of
termo-resistive materials it is useful to be able to estimate
the variation of the surface resistance of the material as the
temperature varies without having contact with the sample
under test. Microwave methods are often used for the esti-
mation of the surface impedance [4–7]. Among microwave
methods, non-resonant techniques offer the possibility of
estimating the surface impedance of a material in a simple
way. Some techniques are defined in the literature as non-
contact approach even if they do not really offer a real con-
tactless measurement [4, 8]. A method for the estimation
of the sheet impedance of an ink deposited on a dielectric
substrate has been proposed [9]. The approach relies on a
waveguide measurement and an inversion procedure based
on a simple transmission line formulation is adopted to de-
rive the surface impedance from the measured scattering
parameters. The approach clearly is not correctly working
if the two waveguides are disconnected since the air gap
let the electromagnetic energy to flow out from the guided

structure. A good starting point for characterizing the open
ended waveguides is provided by [10] where a characteri-
zation of the junction due to the presence of the substrate is
provided. However, also in [10], the material is in contact
with the flange of the waveguide and this does not make it
possible to stretch the material during the characterization
of the sample. A completely unconnected setup has been
proposed in [11] in which the measurement of the surface
impedance is made without any contact between the sample
under test and the two rectangular waveguides. To take into
account the electromagnetic field leakage that takes place
in the gap between the two waveguides, an electromagnetic
band-gap (EBG) surface is applied on the flange of the first
waveguide [12]. The presence of the EBG surface prevents
the field radiation through the air-gap. This method offers
a good estimate of the real part of the surface impedance
while there is a considerable error on the imaginary part.
In this work we try to improve the previous method by in-
troducing a second EBG surface on the second waveguide
in order to make the system symmetrical and to reduce the
error on the imaginary part.

2 Proposed Experimental setup

In this work an improvement for the contactless character-
ization of thin fabric is proposed. Starting from [12], it is
proposed to modify the system by introducing another EBG
surface on the second waveguide. The new experimental
setup is shown in Fig. 1. The setup consists of two rect-
angular waveguide, appropriately spaced in order to guar-
antee a contactless measurement of the surface impedance
and two EBG surfaces.

The design of the EBG surface consists in optimizing the
geometrical and electrical parameters for achieving the
bandgap of the EBG surface in correspondence of the
waveguide frequency band. More details of the EBG de-
sign can be found in [12]. The setup employing two EBG
surfaces has the advantage of being symmetrical and conse-
quently the mathematical model is simplified with respect
to that in [12]. The equivalent circuit of the proposed setup
is shown in Fig. 2. In this configuration, it is possible to
assume that the two series impedances (Z) are equal and
at the same time also the two parallel admittances (Y) are
the same. The method that allows to obtain the surface
impedance of the thin sheet consists of two steps. In the first
step an empty measurement is carried out to obtain the cali-
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Figure 1. Proposed experimental setup using two rectan-
gular waveguides, two EBG surfaces and a thin sheet of
material placed in the middle.

bration parameters (Z, Y). In order to obtain the calibration
parameters, we start from the ABCD matrix corresponding
to the circuit in Fig. 2-a.
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By exploiting the equivalence between the scattering pa-
rameters and ABCD parameters, Z and Y are obtained.
Once computed the calibration parameters, the sheet is in-
troduced in the middle of the two unconnected waveguides.
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By exploiting the new matrix ABCD of the circuit in Fig. 2-
b and by using an inversion procedure, the analytical ex-
pression of Zs is obtained as follow:

Zs =−
Z(1+α +ZY )+Z0(ZY +ZY α +1)+ Z2

Z0

4ZY + 2Z
Z0

+2Z0Y α − 2
S′21

+2
(3)

where α = ZY + 1 and Z0 is the characteristic impedance
of the T E10 mode in the waveguide. The inversion proce-
dure is based on the analytical solution of the π junction in
Fig. 2-b and is similar to the one proposed in [11].

The estimated value Zs depends on the calibration parame-
ters (Z,Y), which are considered to be constant before and
after the insertion of the sheet, and on the scattering param-
eter S21.
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Fig. 1: Proposed experimental setup using two rectangular
waveguides and a thin sheet of material placed in the middle.

control of the interaction between the probing field and the
sample under test. We show the effectiveness of the proposed
non-contact method both through numerical simulations and
through experimental measurements made on a test bench.
This paper is organized as follows. Two different experimental
setups are analyzed in Section II along with the mathematical
procedure to derive the surface impedance of a thin sheet
of material. Section III shows the comparison of the results
obtained using the two different measurements setups. The
proposed measurement approach is experimentally verified in
Section IV.

II. PROPOSED MEASUREMENT METHOD

The proposed method is inspired by the setup proposed in
[17] and [18], where two waveguides were used for the mea-
surements and a thin sheet was placed in between. However,
unlike the former setup in which the thin sheet was in contact
with the waveguide flanges, here a contactless characterization
of the sample is performed. It is worth underlining that, the
absence of contact between the sample and the waveguides,
is necessary for a radio frequency characterization of samples
while they are stretched.
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Fig. 2: Equivalent circuit model without (a) and with (b) thin
sheet.

A. Initial experimental setup

The initial experimental setup consisted of two rectangular
waveguides positioned at a certain distance from each other
and a thin sheet of resistive material placed in the middle

as shown in Fig. 1. The method for determining the surface
impedance of the thin sheet, according to [18], is divided into
two steps. The first step consists of an unloaded calibration
measurement, by determining the parameters of the equivalent
circuit of the system shown in Fig. 2(a). Since the system is
perfectly symmetrical, it can be assumed that the two parallel
admittances (Y) are identical. The same consideration is valid
for the two series impedances (Z). In the second step, the thin
sheet is introduced between the two flanges and the equivalent
circuit modifies as shown in Fig. 2(b). The thin sheet can be
modeled as a lumped load, Ys, that represents the reciprocal
of the surface impedance. Once the impedances and the
admittances, Z and Y , have been computed in the calibration
step, it is possible to obtain the surface impedance of the
sheet, Zs, through an inversion procedure. The circuit model
of Fig. 2(a) can be described using the ABCD parameters.
The ABCD matrix of the circuit for the first step is as follows:
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Starting from the matrix in (1) and exploiting the relation-
ships between the scattering parameters and the ABCD ones,
it is possible to obtain Z and Y from the following equations:

B = Z0
(1 + S11)(1 + S22) � S21S12

2S21
= 2Z (2)
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1
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where ↵ = ZY +1 and Z0 is the characteristic impedance of
the TE10 mode in the waveguide.

Since the system is symmetrical and reciprocal, it is possible
to assume that S11 is equal to S22 and that S21 is equal to
S12. As a consequence, Z and Y are obtained as:
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Assuming that the calibration parameters do not change
when the thin sheet is placed in the middle, it is possible
to characterize the thin sheet surface impedance by resorting
to the equivalent circuit model of Fig. 2(a). Indeed, after
the inclusion of the thin sheet between the waveguides, the
ABCD matrix of the system (the terms are primed) changes
as in (6).

After some analytical manipulations, it is possible to derive
from (6) the surface impedance Zs of the sheet analytically
as:
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Figure 2. Equivalent circuit model. Calibration circuit (a)
and circuit with thin sheet (b).

3 Numerical results

Numerical electromagnetic simulations were carried out us-
ing the CST Studio Suite software in order to evaluate the
actual advantage in using the double EBG surface. In accor-
dance with the above described procedure, an empty sim-
ulation was initially carried out to obtain the calibration
parameters of the circuit reported in Fig. 1-a. This simu-
lation was performed for an air-gap value equal to 5mm.
In the second simulation, a thin sheet with known surface
impedance value was introduced. From the scattering pa-
rameters obtained from the second simulation, the surface
impedance value is obtained by using (3).

The method proposed in [12] offers a good estimate of the
real part of the surface impedance, with an error of less than
3% over a wide range of resistance values. A significant er-
ror, on the other hand, is found in the imaginary part. In par-
ticular, the error on the imaginary part increases as the abso-
lute value of the real part increases. In order to demonstrate
the improvement in the estimation of the surface impedance
due to the introduction of the second EBG, it is possible to
compare the scattering parameters estimated by the model
and those obtained from the full wave simulations with sin-
gle EBG and with double EBG and the obtained surface
impedance estimation according to the analytical inversion
of the calibration circuit. Observing the scattering parame-
ters reported in Fig. 3 for the case of a sheet characterized
by a surface impedance of Zs=100 Ω/sq, it is apparent that
in case of double EBG there are peaks due to interference
between the two EBG surfaces facing each other. It is there-
fore expected that some resonant peaks are observable also
in the reconstructed surface impedance. However, it can
also be observed that there is a narrow band between 6 GHz
and 7 GHz in which the overlap of the scattering parame-
ters improves thanks to the double EBG. The phase of the
scattering parameters in this band is completely overlapped,
therefore in this narrow range it is expected that the model
with the double EBG is able to estimate the imaginary part
of the Zs more accurately.

In Fig. 4 it is possible to observe the difference in the sur-
face impedance estimation between the two proposed meth-
ods for different values of the surface impedance. In pres-
ence of the two EBGs, the error on the real part always is
slightly higher than the single EBG case but remains below
8%. On the contrary, concerning the imaginary part, a sig-



nificant improvement is observed thanks to the introduction
of the second EBG surface. It can be observed that in the
case where the EBG surface is used on both flanges of the
waveguide the imaginary part remains almost constant at
zero.
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Figure 3. Comparison between simulated and estimated
S21 parameters: (a) amplitude in a single EBG config-
uration (b) phase in a single EBG configuration using
Zs=100 Ω/sq (c) amplitude in a double EBG configuration
(d) phase in a double EBG configuration and Zs=100 Ω/sq.

4 Conclusion

An improved method for the estimation of the surface
impedance of a thin sheets has been proposed. The pro-
posed approach allows determining the impedance of the
material in a completely contactless way. The procedure
consists of an initial calibration step to model the gap be-
tween the two waveguides through a π circuit. Subse-
quently, the calibration parameters are assumed to be con-
stant and this allows to estimate the surface impedance of
the sample. The use of the EBG surface on both waveg-
uides provides a considerable improvement in the estima-
tion of the imaginary part of the surface impedance without
significantly altering the accuracy in the estimation of the
real part. Another advantage of this new configuration con-
sists in having a more simplified model given the symmetry
of the new circuit due to the presence of the EBG surface
on both waveguides.
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Figure 4. Comparison between the estimated surface
impedance by using a single EBG configuration (a) and (b)
surface impedance estimation by using double EBG config-
uration for different value of Zs.
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