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Abstract: Previously, different configurations of TEM
cells, chambers and transmission-line holders were used to
determine the intrinsic Shielding Effectiveness (SE) of
materials e.g. conductive plastics. In this contribution, a new
Dual-Coaxial-TEM Cell is presented which allows to
measure the SE of materials, determine the influence of
apertures and test analytical and numerical computation
methods. The mechanical and electrical structure is described
and the calculation of the electromagnetic coupling is verfied
by the results of measurements. In addition to the worst-case
examination of structures (the electric field is perpendicular
to the surface of the test-sample), the Dual-Coaxial-TEM
Cell provides a wide frequency range and high dynamic.
INTRODUCTION
Conventional Dual-TEM Cells consist of two single TEM
cells, coupled by a common aperture, where the test sample
can be inserted. In contrast to other designs (e.g. transmission
line holder), the electric field is perpendicular and the
magnetic field is parallel to the test sample, both in a well
defined way [1]-[4]. The frequency range is limited by the
cut-off frequency of the lowest mode TE10. A dynamic range
of 100 dB and more at high frequencies can be realized.
Until now, dual cells had a rectangular cross section.
According to Kaden’s calculation of electromagnetic coupling between coaxial transmission-lines [5],[6], a new DualCoaxial-TEM Cell was developed, Fig. 1 and 2. It consists of
two tapered coaxial lines of circular cross section with a
common window, 5 x 6 cm². The test-sample – a simple
rectangulare plate – is placed in between, thightened with
screws, which provides a good contact.

Fig.2:
Cell

Longitudinal- and cross-section of the Dual-Coaxial-TEM

For standard SE measurements [4, pp. 3.14-3.17], the
dual cell is connected to a signal source (e.g. of a spectrum
analyzer) at port 1 while port 2 is terminated with a 50 Ω
load. For a higher dynamic range it might be necessary to use
an amplifier. Thus, a TEM wave with radial electric and
azimuthal magnetic field components is generated in the
transmitting cell. Electric and magnetic coupling between the
cells through the common window excites a TEM wave in
the receiving cell, which is absorbed by the impedance of a
test receiver connected at port 4 and a termination load at
port 3. The difference of voltage levels measured with and
without test-sample between the cells is the Shielding
Effectiveness SE:
SE [dB] = u without sample − u with sample

(1)

Instead of measuring the SE with the receiver at the
opposite end of the dual cell, as it is described in an NBS
standard, the SE can be measured at the near end.
For all SE measurements with symmetric dual cells it is
important to know whether they are made using the output
near to or far from the generator. The difference of two
options is described in the last section of this contribution.
PROPERTIES OF THE DUAL-COAXIAL-TEM CELL
During the design process of the Dual-Coaxial-TEM Cell,
two points were considered to be most important: Avoiding
reflections and suppressing higher order modes [7],[8].
Besides choosing the right geometry to provide a constant
characteristic impedance there are no dielectric supports
inside. This is possible because the inner conductors,
consisting of steel and aluminum, are weight-optimized and
so their slack is reduced. Parallel slots in the inner conductors
are suppressing tangential eddy currents of higher order Hmodes. For the same purpose the outer conductor’s cone
angle in the feeding section is only 30°, the inner conductor’s
is 13.5°.

Fig.1:

Dual-Coaxial-TEM Cell

A TDR measurement of one single cell, seperated from
the other by a massive aluminum plate, shows the quality of
impedance matching, Fig. 3:
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Fig 3:
TDR measurement of one single cell. a): Feed line, b) and
d): Connectors. c): Area of the coupling window.

Only at the tips of the inner conductor where its diameter
is only 3mm, there is a small mismatch, having its roots in
the tolerance of the connection to the N-jack. The reflection
factor at this section is about 2% which corresponds to a
characteristic impedance of 48 Ω. However, frequency
domain measurements show zeroes of the total reflection
factor S11 every 200 MHz (Fig. 4), equal to a wavelength of
1.5 m in air which is twice the length of one cell.
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Fig. 4:
Total reflection coefficient S11 of one Coaxial-TEM cell,
measured
and calculated
.

This behaviour has its roots in the reflections caused by
the tips, interfering in a destructive way when the phase shift
between the reflected waves is a multiple of 2π. It can be
approximately calculated with a simple model of
concatenated scattering matrices [9], [10]. The regular
conventions of waves of a two-port are shown in Fig. 5 a).
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Obtaining the scattering matrix [S] of the whole series
requires convertion of the single matrices [Sa], [SL] and [Sb]
into transmission matrices [Ta], [TL] and [Tb].
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The total transmission matrix [T] is obtained from

[ T] = [Ta ] ⋅ [TL ] ⋅ [Tb ] .

To combine several scattering matrices, the semantics of
the wave conventions have to be changed, while the S-matrix
itself stays the same, Fig. 5 b). One TEM cell can be
considered as a series of three two-ports; an irregularity, a
transmission line and an irregularity again, Fig. 6.
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If this procedure is done with the single scattering
matrices (2), (3), (4) for the scattering parameters of the total
scattering matrix [S] in the case of Z1=Z2=Z one obtains:
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Fig. 5:
a) Regular conventions of waves of a two-port, b)
conventions for serial connection of two-ports.
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S11 is also shown in Fig. 5. Although the zeros are not
exactly met (in reality the reflexions are not caused by only
two irregularities without any length), the effect of the
multiple reflexions can be understood.
The resulting values of S21 are in a range of 0 - 0.01 dB
and therefore not shown together with the measurement
result in Fig. 7, below.
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Circuit model for a) electric coupling and b) magnetic
coupling between two transmission lines.
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Fig. 7:
Measured transmission coefficient of one Coaxial-TEM cell.
Calculated values in a range of 0 - 0.01 dB, not shown.

The dynamic range was determined by measurements
without any test sample and with a massive brass plate
between the two cells. For frequencies below 10 MHz it is
limited by the shielding effectiveness of the outer
conductors’ aluminum and the brass, for higher frequency by
the receiver’s noise. The dynamic range, shown in Fig. 8, can
be improved by using a more powerful amplifier.
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by autoinductive coupling. Using the circuit model, for
the voltages Un and Uf measured at the near and the far end
of transmission line 2 one obtains:
U n = Uc + U m

(12)

U f = Uc − U m .

(13)

This is important, because although the test set-up is
absolutely symmetric, it is not equal if the measurement is
done near or the far to the generator. Using (12) and (13) it is
possible to obtain the electric and the magnetic shielding
effectiveness seperately, which is not taken in account in
standard SE measurements.
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However, the most important question is the magnitude of
coupling. According to Kaden the coupling inductance of a
circular hole between two coaxial lines is
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Fig. 8:
Dynamic range of the Dual-Coaxial-TEM cell, determined
using an amplifier with 25 dBm output power.

MEASUREMENT OF PERFORATED STRUCTURES
It is possible to describe the magnetic and the electric
coupling between transmission lines – a Dual-TEM cell can
be considered as two lines – by a coupling capacitance and a
coupling inductance [5],[6], shown in the circuit model, Fig.
9:

M 12 =

µ 0 r0 3

1
3π 2 ra1 ra 2

(14)

and the coupling capacity
C12 =

r0 3C'1 C' 2 1
.
6π 2 ε 0 ra1 ra 2

(15)

C’1 and C’2 are the capacitances per unit length of the
lines, ra1 and ra2 are the outer conducters’ radii and r0 is the
radius of the common circular aperture. Using (10) - (13) the
transmission factor for the coupled dual cell can be
calculated. It is compared to the measurement results in Fig.
10:
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Fig. 11 Insertion loss measurement of samples with circular holes
of different diameters. Downwards: 13 mm, 16 mm, 20 mm, 24 mm,
30 mm.

These measurements were made using a network
analyzer. Using an amplifier, the noise at lower frequency
can be eliminated.
CONCLUSIONS
A new kind of Dual-TEM Cell with circular cross section
offers worst case measurements of intrinsic SE and the
determination of apertures’ influence. Besides a large
frequency range and high dynamic there is the advantage of
simple rectangular test samples, which can be easily bonded.
The measured properties of the dual cell can be verified by
calculations. Determination of electromagnetic coupling
through circular holes is easy and precise, the results agree
with analytical calculations very well.

