6 LETTERS ON ELECTROMAGNETIC COMPATIBILITY PRACTICE AND APPLICATIONS, VOL. 6, NO. 1, MARCH 2024

Simple Semianalytical Septum Design for Improved
Matching in Open TEM Cells

Giacomo Giannetti

, Graduate Student Member, IEEE, Christian Spindelberger™, Student Member, IEEE,

and Holger Arthaber™, Senior Member, IEEE

Abstract—Open transverse electromagnetic (TEM) cells are
used for many applications. Usually, such cells are built of
metal sheets with linear profiles. Due to these simple geometries,
impedance matching is limited. To improve the matching, a
simple semianalytical method for an advanced septum profile is
developed. Dominant TEM-mode propagation and an expression
for the characteristic impedance of a stripline are considered. The
characteristic impedances of the feed and the central stripline
are equal to a given, desired value. To minimize reflections, the
characteristic impedance of the TEM mode is enforced to be
constant over the entire structure, especially along the tapered
sections. In this way, the proposed method returns the septum
width as a function of the longitudinal coordinate along the cell,
such that each cross section has a characteristic impedance equal
to the given, desired value. A septum designed according to the
proposed method is manufactured and installed in a TEM cell
prototype. The 30 MHz-1 GHz frequency range is considered to
cover CISPR bands C and D. Both measurements and full-wave
simulations indicate an improvement in the return loss of 4.6 dB
from 10.6 to 15.2 dB with respect to the previously installed
linearly tapered septum. Code supporting the findings available
at: https://codeocean.com/capsule/4880490/tree.

Index Terms—Design methodology, electromagnetic
compatibility and interference (EMC/EMI), impedance matching,
mathematical models, stripline, transverse electromagnetic
(TEM) cells.

I. INTRODUCTION

RANSVERSE electromagnetic (TEM) cells are devices
Tused to generate highly uniform field patterns. As
TEM cells are easy to build and low cost, they are used
in a wide variety of applications. For instance, they are
successfully used for dielectric characterization [1], [2]
in [3]; for biological cell exposure in [4]; and for
electromagnetic-compatibility/electromagnetic-interference
(EMC/EMI) precompliance tests in [5] and [6].

The key parameters describing the performance of TEM
cells are impedance matching, bandwidth, field homogeneity,
and usable test volume. These parameters are strongly coupled.
Indeed, the bandwidth and the field homogeneity decrease
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for a larger test volume due to the excitation of higher-order
modes [7], and a better impedance matching implies a better
field homogeneity [8]. The impedance matching is quantified
in terms of return loss (RL). TEM cells’ RL should be
at least 10 dB [9]. However, there is a great interest in
further improving matching due to certain EMC standard
requirements. For instance, [10] indicates that an RL of at
least 14 dB is desirable. Besides, better impedance matching
leads to less absolute measurement uncertainties due to load
mismatches [11].

In TEM cells, a very critical part of the degradation of
RL is the tapering [10], [12], which connects the feed with
the central stripline. Several works operate on the tapering to
improve the RL. In [10], the original linear straight tapering
from [13] is studied extensively with a special focus on its start
and end points. On the other hand, in [12], different arguments
based on the characteristic impedance along the septum are
analyzed to improve matching by means of both multistep
and piecewise linear tapering. Both [10] and [12] rely on
optimizations performed over computationally expensive full-
wave simulations and are time consuming therefore.

Regarding the rigorous semianalytical modeling of the
TEM cell, mode matching [14] is applied in [15] to analyze
closed TEM cells. However, open TEM cells, as those con-
sidered in our work, have openings that partially radiate. To
consider this, a more sophisticated mode-matching analysis,
taking a continuous mode spectrum into account, would be
required.

In our work, we focus on reflection reduction in open
TEM cells by continuously modifying the septum geometry.
This task is solved by means of a simple yet accurate

Take-Home Messages:

= Interest in improving TEM cell’s impedance matching to
improve field homogeneity and to reduce absolute
measurement uncertainties

=  Development of a new and simple semi-analytical design
method for the septum’s profile design

=  Saving computational resources by avoiding expensive
full-wave simulations and optimizations

= Validation of the method by improving an already existing
TEM cell design

=  Simulation and measurement results indicate a return loss
increase of 4.6 dB from 10.6 dB to 15.2 dB with respect to
the linearly tapered septum in the 30MHz — 1 GHz
frequency range (CISPR bands C and D)
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Fig. 1. Visual summary.

semianalytical method. We tackle the inherent difficulties
of radiative and higher-order modes by assuming that the
TEM-mode propagation is dominant over the higher-order
modes. Particularly, based on an analytical expression for the
characteristic impedance of the TEM cell’s cross section, a
near-optimum profile for impedance matching within the taper-
ing section is derived. The method requires no optimization
and, therefore, the number of full-wave simulations is reduced.
The proposed method is first derived for a generic case in
Section II and second applied to the specific open TEM cell
from [16] in Section III. Eventually, conclusions are drawn in
Section IV, and the present work is summarized graphically
in Fig. 1.

II. SEPTUM DESIGN

TEM cells are composed of three parts: 1) the feed;
2) the tapering; and 3) the central stripline, as depicted in
Fig. 1. All parts are striplines. However, the feed and the
central stripline have constant transverse dimensions along
the direction of propagation while the tapering has varying
transverse dimensions to connect the narrow feed to the wide
central stripline. In particular, the outer conductors are parallel
to the septum for the feed and central stripline parts while this
does not apply for the tapering sections. The three parts are
connected such that the septum remains flat along the entire
TEM cell, and the outer conductors are bent to connect the
feeds and the central stripline. For further details about the
design of the TEM cell, please refer to [16].

Exploiting transmission-line theory and if the TEM mode is
dominant over the higher-order modes, the problem, neglect-
ing the higher-order modes, is visualized from an electrical
perspective in Fig. 2. The feed and the central stripline have
a z-independent characteristic impedance equal to Z; and Zj,
respectively. On the other hand, the tapering has a z-dependent
characteristic impedance Z.(z) and ranges from z = 0 to
z = b. The problem of joining two different waveguides
with minimum reflections is well known [17]. Particularly, if
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Fig. 2. Transmission-line schematic of the problem.
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Fig. 3. Stripline cross section.

the characteristic impedances of the two waveguides are equal,
that is, Zr = Z,, then the optimum matching section is the
one with a constant characteristic impedance equal to those of
the two waveguides. If Zr = Z; = Z,, where Z; is a desired
value, then the characteristic impedance along the tapering
that minimizes the reflections is equal to Z. = Z; for each
longitudinal coordinate z between O and /.

A generic stripline cross section is depicted in Fig. 3.
The outer conductors are grounded. Parameters describing
the stripline cross section are the distance between the upper
conductor and septum #;, the septum height 4, the width of
the outer conductors w., the width of the septum wjs, and
the thickness of the septum and outer conductors #;. The
background material has ¢, = 1 and u, = 1. Generally
speaking, the characteristic impedance for the TEM mode of
the stripline depends on all the geometrical parameters of the
stripline cross section and writes

ZC = Zc(h[1 thWC3 WSstS)' (])

In the tapering, the quantities A, hg, w,, and wy depend on
the longitudinal coordinate z, while the thickness #; is constant.

There are three ways to achieve a constant characteristic
impedance equal to Z; along the tapering of the cell. They are
1) bend one or both outer conductors and keep a linear straight
septum profile; 2) keep linear straight outer conductors and
modify the septum profile; and 3) modify the other conductors’
width. In case 1), we would vary h; or hg, in case 2), wy,
and in case 3), w.. All solutions are equivalent from an
electrical point of view. However, approach 2) is the easiest
to implement in practice and, hence, pursued in our work.

A pictorial representation of the problem is drawn in Fig. 4.
In the upper graph of Fig. 4, the lateral view of the TEM cell
is shown. The longitudinal coordinate z = O mm is aligned
with the end of the feed and the beginning of the tapering.
The end of the bends of the outer conductors is at z = [
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Fig. 4. Visualization of the design problem for the advanced septum profile.

while the tapering of the septum is in 0 mm < z < b #[.
This is the same as in the original approach by Crawford [13].
However, in the proposed approach, the tapering ends and the
septum reaches the maximum width at z = [, since constant
distances between the outer conductors and the septum for
z > I; imply a constant width for the septum itself in the
range [; < z < lp. The lower graph in Fig. 4 depicts the top
view of the septum.

The boundary conditions of the problem are as follows:
h; and hy at z = 0 mm and at z = [} are given; the
stripline width of the central stripline wg(z = [j) is also
given and is such that it realizes the desired characteristic
impedance in the central stripline; the end coordinate of the
tapering /; is provided. Expressions for the quantities %,(z),
hs(z), and w(z) are also given. Eventually, enforcing the
condition Z.(z) = Z, along the tapering, an explicit equation
with a unique solution defining an implicit function for w(z)
is found. Particularly, for a given longitudinal coordinate zZ, (1)
becomes

Ze(h(2), hs(@), we@), ws(2), 1) = Za 2)

and can be solved for wg(Z). Assuming that the tapering
is gradual and that it is long enough for the stabilization
of the field mode, the solution to (2) for all z between 0
mm and /; returns a near-optimal septum profile for RL
maximization.

III. RESULTS

The proposed method is now applied to the TEM cell
described in [16]. For this case, we have [} = 621.9 mm,
ty= 3mm, iy(z = Omm) =7 mm, h(z = [;) = 414
mm, hy(z = Omm) = 10 mm, and hy(z = [;) = 300 mm.
For the new septum, it is [, = /1 while it is [, = 641.9 mm

for the one presented in [16]. The width of the septum in the
central stripline, realizing the desired characteristic impedance,
iswg(z = I1) = 195 mm. The y-distance between the upper
conductor and septum #;(z) and the one between the lower
conductor and septum #,(z) (see Fig. 4) vary linearly in the
interval 0 mm < z < [; according to

he(z) = hy(z = 0 mm) + %(ht(z — 1)) — h(Z = 0 mm))
(3a)

ho(z) = hy(z = 0 mm) + %(hs(z — 1)) — hy(Z = 0 mm)).
(3b)

Among all the formulas for the computation of the char-
acteristic impedance (1), for example, [18] and [19], the one
in [20] is considered in the following since it represents
a good compromise between accuracy and implementation
complexity. The characteristic impedance for the TEM mode
of the stripline writes (from [20, eq. (2)])

25\
e = 7 ((w/weff L O/ _f) @

14 B—vy £0

where g¢ is the vacuum permittivity, and (w/b)egf, ¥, B, and
C}. are quantities depending on the geometrical parameters
hg, hy, wg, and t as defined in [20]. In (4), an infinite
width for the outer conductors of the stripline (w, = 00) is
considered while, in practice, a stripline has a finite width.
As a result, there is a slight deviation from the impedance
characteristic foreseen by (4) and the actual, that is, from
simulations, characteristic impedance. To compensate this, a
desired characteristic impedance equal to Z; = 49 Q is
enforced. In this way, an actual characteristic impedance of
50 2 is achieved.

Unfortunately, despite its simplicity, (4) contains elliptic
integrals and hyperbolic functions (see [20] for details) and
then (2) cannot be worked out to get w.(z) explicitly. Although
an analytic solution in power series could be sought for,
problem (2) is more easily solved numerically with a zero-
finding algorithm. Particularly, problem (2) is solved over
101 evenly spaced points in the interval 0 mm < z < ;.
The z-distance between successive points is then /;/100 =
6.219 mm. These points are joined with straight lines, creating
the profile shown in Fig. 5. In the same figure also, the old
linear design for wg(z) and the difference between old and
new profiles are depicted. Note that the maximum difference
between the profiles is less than 3 mm and that the new profile
tends to become linear increasing the longitudinal coordinate.
The derivative of the new profile ws(z) with respect to the
longitudinal coordinate is greater closer to the feed and tends
to become constant far away from it. The widths of new
and old profiles are 20.7 and 26.0 mm at z = 0 mm,
respectively.

The derived septum profile is fabricated of aluminum using
a laser cutting machine achieving manufacturing tolerances in
the 0.1-mm range. The new septum mounted on the TEM cell
around a feed is depicted in Fig. 6 while the entire TEM cell
with the new septum is shown in Fig. 1.
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Fig. 6. Extremity of the new septum mounted on the TEM cell.
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Fig. 7. Simulated and measured magnitudes of the scattering parameters.

The TEM cell is simulated in ANSYS HFSS [21] in the
frequency interval 30 MHz-1 GHz considering the finite
element method (FEM) solver and the broadband adaptive
mesh. This frequency range is chosen to cover CISPR bands
C and D. The TEM cell is measured in an anechoic chamber
to avoid any influence of the surroundings.

Measured and simulated magnitudes of the Sj; scattering
parameter are depicted in Fig. 7. Measured data for the
linearly tapered septum in [16] are also drawn. We notice
an overall good agreement between simulations and measure-
ments. Resonance frequencies from both measurements and
simulations coincide well, even if minima in the magnitude of
the reflection coefficient from measurements are generally less
sharp. Furthermore, the deviations in the |S11|, especially those
for frequencies below 300 MHz, result from constructional and
mounting imperfections and a limited vector network analyzer

(VNA) accuracy for small magnitude values. The minimum
value for the measured RL in the frequency range 30 MHz-1
GHz is 15.2 dB at 825 MHz. This value is 4.6 dB greater
than the minimum value of RL for the TEM cell in [16]
in the same bandwidth, thus proving the effectiveness of the
proposed design method.

IV. CONCLUSION

A simple semianalytical design method based on dominant
TEM-mode propagation for RL improvement in open TEM
cells is presented. This method realizes a constant character-
istic impedance along the tapering of the TEM cell, equal to
the value of the characteristic impedance of both the feeds and
the central stripline. The profile of the septum manufactured
following the proposed approach differs less than 3 mm from
the linear profile previously mounted on the same TEM cell.
However, it improves remarkably the RL of 4.6 dB from 10.6
to 15.2 dB compared to the linearly tapered septum. The new
minimum value of the RL is greater than the target value of
14 dB. In addition, the present method saves computational
resources since it does not rely on optimizations.

As future developments, it would be interesting to perform a
time-domain reflectometry analysis aimed at investigating the
locations at which reflections occur and to develop advanced
modeling techniques that help improve the TEM cell RL
further.
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