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Abstract—This paper deals with the modelling of the pyra-
mid absorber wall commonly used in EMC experiments. The
absorber material is characterized by coaxial line measurements
in the frequency range from 20 MHz to 1.7 GHz. The electric
permittivity of the material under test is extracted by Nicolson
- Weir approach. The dielectric properties of the absorber
are modelled by Debye formula and multilayer representation.
Simulated results show that the content of the carbon loading
the absorber foam is between 10% and 26%.

Index Terms—TEM waveguide, pyramid absorber, coaxial line
measurement, numerical field simulation

I. INTRODUCTION

The transverse electromagnetic (TEM) waveguide gained
a great interest in electromagnetic compatibility (EMC) tests
where it is used e.g. to measure the immunity of a device under
test (DUT) over a broadband frequency range. The geometry
of an asymmetric, open, TEM waveguide consists of three
metallic planes, where the input is connected to a signal gen-
erator and the output is terminated with an absorbing wall. The
middle metal layer (called septum) is placed asymmetrically
in the waveguide (relative height 0.77 in our case) to provide
more space for the test volume (Fig. 1) [1].

Fig. 1. TEM waveguide for EMC tests in Fraunhofer INT

TEM waveguide is terminated by an absorber wall consist-
ing of 0.94m long pyramids that suppress reflection of the
incoming electromagnetic waves. The geometry of the pyra-
mid and the complex permittivity of the absorbing material
determine the ability to suppress the reflection in the high
frequency band.

In order to model the absorber structure the dispersive
characteristic of its electric permittivity is modelled by the

Debye relaxation formula [2]. To identify the coefficients of
the Debye model, the fraction of carbon in the absorber foam
has to be assessed. If the carbon content in the absorber foam
is not known, it can be approximated from measurements by
relating the experimental results to the data available in the
literature [3].

This paper is organized as follows. Section II presents the
basic principles and results of the coaxial line measurement,
Section III describes the results of the numerical analysis of
the absorber geometry and finally Section IV closes the paper
with conclusions and a brief outlook.

II. COAXIAL LINE EXPERIMENT

The coaxial line measurement is one of the non-resonant
methods, where the sample under test is inserted into a
segment of transmission line, and the permittivity and per-
meability of the sample are derived from the reflection and
transmission of the sample-loaded unit [4]. In a coaxial line
method, the toroidal sample of the material under test is
inserted between the inner and outer conductors of the coaxial
line. The advantage of this method is a wide frequency range
(theoretically, it can work down to zero frequency). The main
parameters of a coaxial line are its characteristic impedance
and the working frequency range [4].

The coaxial line used in this work is made of brass with
the inner and outer diameter of 8.5cm and 20cm, respectively
(Fig.2). The line consists of two (inner/outer) cylinders form-
ing the DUT section and corresponding cones connecting this
section with the ports (Fig.3). The characteristic impedance
of the air line determined by the outer/inner diameter ratio
equal to 2.3 is Z = 50Ω. Two styrofoam holders characterized
by electric permittivity close to unity are used to ensure the
mechanical stability of the structure. The length of the coaxial
cylinder is 25cm, whereas input/output port distance is 75cm.

Theoretically, the working frequency range of the coaxial
line is limited to 650 MHz (cutoff of the first higher order
mode TE11 at 684 MHz). In practice, however, our coaxial line
operates with a pure TEM mode up to the frequency of about
2.5 GHz, where the TE01 and TM01 modes start to propagate
(see Fig.4) [5]. This was validated by the measurements of the
coaxial air line. Providing that properly shaped, symmetrical
probes of the tested material are used, it holds also for the
measurements of the line loaded with the tested material.



Fig. 2. LHS: The coaxial line setup, outer diameter of the DUT section
20cm; RHS: Absorber material under test fitted in the coaxial line
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Fig. 3. The geometry of the coaxial line used in tests

The constitutive parameters of the material under test are
derived from the measured S-parameters. The scattering ma-
trix is measured with a vector network analyzer (Anritsu
MS4644A) in the frequency range 20 MHz - 2.5 GHz cor-
responding to the working regime of the coaxial air line. For
the DUT loaded line the higher order modes effects occur at
the frequency of 1.8 GHz. Therefore, the frequency range of
the valid results is limited to 1.7 GHz.

The S-parameters measured for the absorber probe are
shown in Fig. 5. The measured magnitude of the transmission
coefficient decays with the frequency due to the growing loss
in the absorber material.

The S-parameters are converted to the electric permittivity
of the material under test according to Nicolson-Weir algo-
rithm [6]. First, the auxiliary variables V1 and V2 are calculated
as:

V1 = S21 + S11 (1)
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Fig. 4. Cutoff frequencies of the higher order modes in coaxial air line
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Fig. 5. The magnitude of transmission and reflection measured for the
absorber sample

V2 = S21 − S11 (2)

These two expressions are used to calculate a variable X ,
denoted as:

X =
1− V1V2

V1 − V2
(3)

whereas the reflection coefficient of a wave incident on the
DUT interface is calculated as:

Γ = X ±
√
X2 − 1 (4)

where the appropriate sign is chosen in order to provide the
fulfillment of the passivity requirement |Γ| ≤ 1. In the next
step the auxiliary variable z representing the transmission
coefficient between faces of the DUT is computed as:

z =
V1 − Γ

1− V1Γ
(5)

The relative electric permittivity of the material under test is
finally expressed as:

εr = ε′r − jε′′r = j
1− Γ

1 + Γ

c

ωd
(ln |z|+ j(arg(z)± 2πm)) (6)

where ε′r is related to the energy stored in the medium, ε ′′
r

accounts for loss in the medium, whereas ω, c and d are speed
of light, angular frequency and thickness of the material probe,
respectively. The variable m = 0, 1, 2, . . . is related to the
phase ambiguity problem that is solved by phase-unwrapping
method applied to z [4]. Fig. 6 shows the unwrapped argument
of the z coefficient and the corresponding m values.

To verify the experimental setup and numerical procedure,
the measurement of an empty coaxial line was performed that
resulted in the expected value of unity for the extracted ε ′

r.
Fig. 7 shows the relative permittivity extracted from the mea-
surements of the absorber sample in the frequency range 20
MHz - 1.7 GHz. As expected, the ε′r characteristic decreases
with frequency, from ε′r = 7.9 at 20 MHz to ε′r = 1.9 at
1.7 GHz [3], [7], [10]. The electric permittivity value equal
to 1.9 at 1.7 GHz is in good agreement with the experimental
observation of the starting frequency of the higher order modes
occuring in the coaxial line. For empty line, this frequency
equals f1 = 2.5 GHz. For absorber loaded line it is f2 = 1.8
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Fig. 6. The argument of z coefficient with the corresponding m values
providing unwrapped phase characteristic
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Fig. 7. Extracted electric permittivity for the absorber under test

GHz. As the cutoff frequency of higher order modes in a
coaxial line scales as f2 = f1√

ε′r
[8], the obtained ε′r = (2.51.8 )

2

equals to 1.93 and is in good agreement with the extracted
value ε′r = 1.9.

III. NUMERICAL ANALYSIS OF THE ABSORBER GEOMETRY

The dielectric material used in the fabrication of carbon
loaded pyramid absorber can be modelled as a first-order
dielectric with a static electric conductivity [2]. Permittivity of
the absorber material can be represented by Debye equation
[2]:

εr(ω)=

(
ε∞+

εs − ε∞
1 + ω2τ2e

)
− j

(
σe

ωε0
+

(εs − ε∞)ωσe

1 + ω2τ2e

)
(7)

where ε∞ is the optical relative permittivity, εs is the static
relative permittivity, τe represents the dielectric relaxation
time and σe is the electric conductivity. The coefficients of
the Debye model for different carbon content (7%, 10%, 26%
and 34%) are available e.g. in [2]. The dependence of the
dispersive permittivity characteristic on carbon loading factor
in the frequency range 20 MHz - 1 GHz is shown in Fig. 8.

The carbon content and the pyramid shape determine the
reflectivity of the absorber. The pyramid acts as an impedance
matching network, whereas the amount of carbon determines
the effective characteristic impedance of the material [3]. As
can be noticed from Fig. 8, larger carbon loading leads to
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Fig. 8. Electric permittivity of the absorber material for different carbon
contents compared with the experimentally obtained curves
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Fig. 9. (a) The geometry of the tested pyramid absorber; (b) Equivalent
multilayer representation; (c) Electric permittivity profile at 100 MHz

larger values of ε′ and ε′′. The carbon content for the measured
DUT is between 10% and 26%.

The investigated pyramid taper representing the absorber
wall of the TEM waveguide is shown in Fig. 9a. The pyramid
is modelled with a multilayer approach, by 10 planar layers
parallel to the back wall of the cell (Fig. 9b) [9], [10], [11].

The effective permittivity of each layer is computed from
the expression:

ε = gεa + (1− g)ε0 (8)

where g represents the fractional volume of the absorber,
whereas εa and ε0 are the electric permittivity of the absorber
and free space, respectively. Consequently, the relative electric
permittivity of each layer is derived as:

ε′r(n) = 1 + g(n)(ε′ra − 1) (9)

ε′′r (n) = g(n)ε′′ra (10)
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Fig. 10. Electric permittivity profiles for 10-layers absorber representation
(26% carbon loading)

where ε′r(n) and ε′′r (n) are the relative permittivity of the n-th
layer (numbered from the top of the pyramid). The fraction
volume of each layer g(n) is expressed as:

g(n) =
1

3

(
3n2 − 3n+ 1

N2

)
(11)

Fig. 9c shows the electric permittivity profile for 10-layer
representation of the pyramid absorber characterized by 26%
carbon loading. The ε′r(n) profile at 100 MHz starts at the
value of ε′r(1) = 1.01 and grows stepwise to ε′r(10) = 4.37,
whereas ε′′r (n) starts at ε′′r (1) = 0.03 and grows to ε′′r (10) =
7.91 (cf Fig. 8).

The multilayer representation of the absorber material is
valid for frequencies in the range 30 MHz - 1 GHz. The
dispersive characteristics of the permittivity profiles for 26%
carbon loading are shown in Fig. 10.

Three-dimensional full-wave simulation of the reflection
from the pyramid model and its 10-layer representation results
in a reasonable agreement, as shown in Fig. 11 (simulated with
CST Microwave Studio [12]).

IV. CONCLUSION AND OUTLOOK

The measurement results of the dielectric properties of the
absorber material have been presented. The absorber material
has been measured in a coaxial line and its dielectric properties
have been extracted by Nicolson - Weir approach in the
frequency range 20 MHz - 1.7 GHz. The absorber material
has been modelled by a Debye formula and by a multilayer ef-
fective representation. By comparison of the extracted electric
permittivity with the data available in the referenced literature,
the carbon loading factor for the material under test has been
determined to be between 10% and 26%. The results obtained
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Fig. 11. Simulated reflection for TE wave incidence on 3D pyramid element
described by Debye model (26% carbon loading) and its 10-layer effective
representation

from 3D full-wave simulations of the pyramid geometry and its
multilayer model showed a reasonable agreement in reflective
properties of both structures.

Extension of the measured frequency range is planned in
future work, by application of additional coaxial lines with
different dimensions. The multilayer absorber model will be
applied in the numerical analysis of the experimental TEM
waveguide.
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