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Abstract. This paper discusses a field measurement method,
based on a two-antenna setup, to qualify the transmission
of transient signals inside a GTEM cell. The transmission
characteristic of the GTEM1250 is evaluated by the Pear-
son correlation coefficient (PCC) and is presented with a
heatmap. Due to deviations of the uncertainty contribution of
the field homogeneity, the frequency band around 100 MHz
is evaluated and its effect to the PCC is discussed. Therefore,
a comparable narrowband transient signal, a damped sinu-
soidal (DS) is used. Furthermore, a detailed discussion fo-
cussing on nonlinear and distorting effects of the GTEM 1250
is performed. The measurements in time domain (TD) iden-
tify comparable high secondary E-field components in the
propagation direction, which are characteristic for higher or-
der modes. Based on the same setup, another measurement
is performed in frequency domain (FD) and relates the phase
response of the GTEM cell to the above mentioned effects.
According to the measured phase response the propagation
time is discussed to investigate the distorting effects caused
by higher order modes.

1 Introduction

The interconnection of electronic systems is very high and a
continuous functionality is essential. Therefore emission and
immunity measurements of all parts of a system is required
in order to prevent from EMI (Electromagnetic Interference)
effects. Those measurements, especially high-altitude elec-
tromagnetic pulse (HEMP) immunity tests, can be performed
in transverse electromagnetic (TEM) waveguides (Radasky
et al., 1996). The corresponding standardized measurement
procedure is defined in IEC 61000-4-20 Annex C and is

based on a reference pulse with a double exponential wave-
form. Due to the wide frequency spectrum of this reference
pulse, a characterization and validation of TEM waveguides
is performed in time domain (TD). There a TEM waveguide
is supplied with the above mentioned pulse. The transmission
quality of the TEM waveguide is evaluated by a parameter
comparison — the rise time and the pulse width — between the
defined reference pulse, which is supplied to the waveguide,
and a measured waveform in the test volume.

It should be discussed if the transmission quality of a
TEM waveguide for any arbitrary transient signal, whose fre-
quency spectrum is comparable to that of the reference pulse,
can be sufficiently described by this reference pulse in TD.
Hence, in this paper, another field measurement method to
verify the transmission quality of transient signals in GTEM
waveguides is presented. The method is based on a two an-
tenna measurement, extended to Kolling et al. (2011), and
evaluates the transmission quality based on a correlation be-
tween those two measured signals. For the wideband exci-
tation, a damped sinusoidal (DS) waveform is used. There-
fore a center frequency of 100 MHz is used. Hamann and
Garbe (2014) investigated the GTEM1250 in the frequency
domain (FD) and calculated a high uncertainty contribution
of the E-field homogeneity at 100 MHz, which represents a
critical frequency of the GTEM1250. Furthermore the TEM-
mode conditions are investigated in TD and FD, to discuss
this critical frequency in detail. Thereby an analysis of the
secondary E-field components is performed in TD and the
propagation time is calculated on basis of the measured phase
response in FD.
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Figure 1. Two antenna measurement setup. (a) Probe at reference
position. (b) View from the absorber structure to the test volume.
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Figure 2. Sketched side view of the GTEM cell, including the po-
sition of reference and test section.

2 Test setup

The transmission quality of the TEM waveguide is evaluated
on basis of the correlation between a reference signal and a
signal measured within the test volume. Therefore two mea-
suring positions are defined, which are depicted in Fig. 1 and
sketched in Fig. 2.

The first position (Fig. 1a) is located at a septum height
of 130 mm, centred to the septum. At this position it is as-
sumed, that no higher order modes are capable to propagate
and the field consists of a pure TEM-mode, as explained
by Koch (1998). Thus, the measured E-field at this position
can be used as the reference signal. The test volume of the
GTEM1250 — the second measuring position — is depicted
in Fig. 1b. According to the manufacturers recommendations
(TESEQ, 2014), the measurement positions are placed in a
height of 0.541 m above the bottom of the cell, realized by
a board of foamed polystyrene. The test volume is sampled
in 64 measuring positions, which can be seen as cavities in
Fig. 1b. For the test volume a separated coordinate system is
included (Fig. 1b). In each direction, x” and 7, the cavities
have a distance of 130 mm to each other.

At the reference position and the measuring positions in
the test volume two identical optical E-field probes (Krotke
and Mann, 2009) are used, which are mounted by a foamed
polystyrene bracket (Fig. 1). Performing this two antenna
measurement setup with two identical probes, no antenna
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factor has to be taken into account and the measured wave-
forms can be compared directly. Furthermore, measuring the
E-field signals at the described positions simultaneously, re-
duces the influences of the signal generator reproducibility,
which is a major advantage in comparison to the method de-
scribed by Kolling et al. (2011) and Briest ey al. (2015).

To evaluate the transmission characteristics of the
GTEM cell, the PCC between the reference signal and the
signals measured at each position within the test volume is
calculated according to Koélling et al. (2011) and is adapted
to the present measuring setup in Eq. (1).

P(Eyr, Eys) = (1

N . _
> (Ey [kl — Ey ) (Eyslk] — Ey)
k=1

N _ N _
\/ & kgl(Ey,r[k] —Eyp)?x \/ + k;(Ey,s[k] —Ey5)?

The primary E-field component E at the reference posi-
tion is represented by E, ; and by E, ¢ within the test vol-
ume. The calculated PCC can be analysed by means of
a heatmap, where at each position within the test volume
p(Eyr, Ey s) is represented and the transmission character-
istic of the GTEM 1250 can be evaluated.

In addition to this evaluation method and considering, that
a DS with a center frequency of 100 MHz as a critical fre-
quency of the GTEM 1250 is used, further investigations with
a focus on distorting effects and a detailed discussion of the
TEM-mode are presented. The pure TEM-mode can be iden-
tified on basis of three parameters (Balanis, 2005):

— the ration of the measured E and H field % =120 Q2
— the group velocity of the TEM wave v = ¢y

— the components E and H of the TEM wave are orien-
tated perpendicular to each other, what can be investi-
gated by measuring the secondary field components

On basis of the presented measurement setup two criteria
can be proofed, the existence of secondary E-field compo-
nents (E, and E;) and the group velocity respectively the
propagation time of the TEM wave, which can be calculated
from the phase response measured in FD.

The secondary E-field components have to be measured at
the reference position and within the test volume. Hence, the
assumption that the pure TEM-mode exists at the reference
position and possible deviations from the TEM-mode within
the test volume can be verified. Therefore the polarization of
the probe is changed. It is alternated into the polarizations of
E and E;. The secondary components at both positions can
be compared and the relation to the primary component E|,
can be discussed, to identify distorting influences and if the
pure TEM-mode is present.

Further the group velocity is a parameter which describes
the TEM-mode. A pure TEM wave propagates with the vac-
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Figure 3. GTEM1250 transmission characteristic evaluated by PCC. (a) PCC within the test volume for a 100 MHz DS. (b) PCC for

x’ =7 cm, along the 7’ axis.

uum speed of light cg. The propagation speed can be esti-
mated by the measured phase response of the TEM waveg-
uide in FD. Therefore the measuring setup is extended by a
network analyzer, in order to evaluate the phase difference
between the reference position and the position within the
test volume.

3 Results of the two antenna setup

The presented two antenna measurement and all done con-
siderations, concerning possible distortions of the DS in TD
and the investigation of the pure TEM-mode in TD and FD,
are performed.

3.1 PCC within test volume

First of all the transmission characteristic of the GTEM 1250
for a 100 MHz DS is presented. This type of evaluation and
the performance of a damped sinusoidal is already done by
Briest ey al. (2015) before. In this paper the existing mea-
surement setup is expanded with a second antenna, working
as a reference. Due to this modification a reduction of the
signal generator reproducibility and its influence to the PCC
is expected.

The PCC is calculated by (1) for 64 measuring posi-
tions within in the test volume and is depicted in a heatmap
(Fig. 3a), represented by a colorbar. Additional the PCC
along the 7’ axis for x’ = —7cm is presented (Fig. 3b), to
get a detailed impression of the PCC characteristics.

Before an analysis of the calculated PCC can be per-
formed, the PCC values have to be ranged. Thus, a PCC of
1 represents a perfect match between the reference and the
signal measured in the test volume. In that case the waveg-
uide can be described as a linear time-invariant system for
the applied transient signal. Every PCC which deviates from
a PCC =1 indicates a distorted signal.

The PCC decreases along the 7" axis, the direction of the
propagated TEM wave, from a maximum PCC of 0.98 to a
minimum of 0.92. This decrease is a indication for an in-
creasing distortion, at least a variation of the DS measured in
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Figure 4. Comparison of 100 MHz DS in TD at 7/ = 0 cm (Fig. 3)
with At =0.18ns.

the test volume from the reference signal. Further inhomoge-
neous sections within the test volume can be identified. Ac-
cording to Fig. 3a, on the left side of the GTEM 1250 the cell
door is placed. The measuring positions, for x’ = —49 cm,
are located close to the cell door. At this position the PCC
compared to the PCC at x” = 49 cm is about 0.05 lower, what
indicates the influence of the cell door.

The difference between the maximum PCC of 0.98 and
the minimum of 0.92 should be discussed in detail. There-
fore, the signals within the test volume, with those calcu-
lated limit PCC values, are measured in TD and depicted
in Fig. 4 (x' = —7cm, 7/ = Ocm) and Fig. 5 (x' = —7cm,
7/ =91cm), each in comparison with the waveform mea-
sured at the reference.

In Fig. 4 both signals have a At =0.18ns delay to each
other. In contrast to the signal shown in Fig. 5, where a delay
of At = 1ns can be analyzed. In comparison to the reference
signal, the measured DS within the test volume is slightly
distorted. This distortion is discussed, in reference to present
TEM field conditions and a potentially propagation of higher
order harmonics in TD and FD, in the following sections.
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Figure 5. Comparison of 100 MHz DS in TD at 7’ = 91 cm (Fig. 3)
with At = I ns.

So far it is shown, that the PCC is a sensitive method to
identify signal distortions in GTEM cells and to qualify a
variation of the performed waveform. A threshold value of
the PCC, to decide if a waveform is transmitted shape accu-
rate, has to be verified.

3.2 Discussion of Distorting Effects in TD

According to the theory of TEM fields (Balanis, 2005), TEM
field conditions can be identified by different criteria, men-
tioned in Sect. 2. Two of these criteria are discussed, by em-
ploying the presented measurement setup. In this section the
ratio between the primary and secondary E-field components
in TD is evaluated. As defined before, under TEM conditions
the E-field only exist in the predominant direction E, within
a TEM waveguide, taking into account the required devia-
tions, given by the IEC 61000-20-4.

The distortion of the performed DS is verified under the
mentioned criteria. Therefore the E-field is measured in three
directions — Ey, E, and E; — at the reference position of the
GTEM1250 and within the test volume, where the distortion
of the DS is revealed (x’ = —7 cm, 7’ = 91 ¢cm). The compar-
ison of the E-field components for the reference position is
depicted in Fig. 6. Also the ratio of each secondary compo-
nent to the primary E-field is specified.

The E, component is 16.1 % of Ey. This value can be ex-
plained by a suboptimal probe positioning. Under pure TEM-
mode conditions at the reference position, a deviation from
the z-axis of Ao =9.3° would correlate to a E; component
of 16.1 %. For the used probe bracket a minimal rotation
(A« < 5°) can not be suspended and therefore a minimal
E, component exist also under TEM conditions. Due to the
spherical wave propagation (Balanis, 2005) also a E, exists
at the reference position. The geometry of the TEM waveg-
uide, an angle between the waveguide septum and the floor
of 15°, can lead to a E; component of 13 % of E,. Accord-
ing to calculations and the investigation of Koch (1998), it
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Figure 7. Components of a 100 MHz DS at a septum height of 1 m.

can be assumed that only the pure TEM-mode is present at
the reference position.

The E-field components within the test volume are com-
pared in Fig. 7. Here a clear increase of the £, component to
~ 10 % of Ey can be registered, what is an explicit variation
in comparison to the secondary field component E,.

To verify, whether the E  is increased by a distorting ef-
fect of the GTEM 1250, further investigations are done.

Due to spherical wave propagation the measured E-field
— (Etem) under pure TEM conditions — contains a z compo-
nent. Therefore, the resulting z component of the E-field in
the test volume (E; ) can be described as a superposition of
E; tem and the distorting effect of the GTEM1250.

According to this theory it should be possible to extract
this influence 7 of the GTEM1250 in TD. This can be per-
formed by a subtraction of the £, components between the
reference position E;; and the measured signal in the test
volume E_ g

nNe, = E,«—E; . (2)
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Figure 8. Isolated influence ng, to the E; component within the
test volume.

First the reference signal amplitude E. ; has to be nor-
malized (E; norm). This normalisation is done with respect
to the difference of the septum-bottom height (Aseprum) be-
tween both measurement positions and includes the different
field strengths with £ ~ %

Ez,norm ~ EZ,S = Ez,l' X

hseptum ©)

The resulting signal ng_ of the subtraction is shown in
Fig. 8.

This oscillating signal can be described as a DS, with a fre-
quency of 98 MHz. This frequency is very close to the critical
frequency of the GTEM 1250 ( feritical & 97 MHz). But it can
be eliminated, that this frequency results from the performed
DS with a mid band frequency of 100 MHz. Compared to the
performed DS, the amplitude is constant over 5 periods and
can not be described with the typical double exponential en-
velope. The increased E, component of the measured DS in
the test volume (Fig. 5) can be declared.

3.3 Group velocity delay due to non linearly phase
response

Another criteria to identify distorting effects of TEM waveg-
uides, is the phase response of a propagating wave. A
TEM wave propagates with the vacuum speed of light cg
(Balanis, 2005). In contrast, higher order modes have a lower
propagation speed. Therefore, a measurement of the phase
response respectively a measurement of the signal propaga-
tion time, between the specified measuring positions (Fig. 1)
is performed. The two antenna measurement setup is per-
formed with a network analyzer, which measures the phase
response of the propagating wave in means of the scattering
parameters (S parameter).

The S71 parameter, measured between the reference po-
sition and the feeding point of the cell, and the S3; parame-
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ter, between the test volume (x’ = —7 ¢cm, z/ = 91 cm, Figs. 2
and 3a) and the feeding point of the cell, are measured in a
frequency range between 50 MHz and 1 GHz. The phase re-
sponse Ag between both measuring points is used to calcu-
late the propagation time in Eq. (4).

Ag

At = ———
360° x f

“)

Ag is calculated by the subtraction of ¢g31 and @s21. If the
propagation exist only of a TEM-mode At can be described
as constant value of Ci for the discussed frequencies, where
d describes the distance between both measuring positions
(d = 2.8 m). Under TEM conditions — propagation speed of
co — the propagation time should have a value of At ~ 9.3 ns
(Fig. 9, red line). To identify deviations from At ~ 9.3 ns —
TEM conditions — and mark those frequencies, At is cor-
rected by the constant value of 9.3 ns. This normalized prop-
agation time Ar’ is depicted in Fig. 9 (blue line). For used
network analyzer a phase noise of Ag = 0.11° ! is denoted,
which has to be taken into account. The phase noise results
in an uncertainty according to Eq. (5).

®)

The uncertainty Up,, affects to an uncertainty U, of the
signal propagation time according to Eq. (4) (Fig. 9, green
line)

Uny

Upt = —24
A7 3600 x f

(6)

Above a frequency of 200 MHz the shown propagation
time is At’ ~0s. At each frequency where At’ ~0s the
TEM-mode is dominant and the speed of wave propagation
is cp. At frequencies with a deviation from this value the sig-
nal propagation speed is # co and the pure TEM-mode does
not exist.

In Sect. 3.2 the first higher order mode at a frequency of
97MHz is verified by the secondary E-field components.
Here, a normalized signal propagation time of A’ &~ 0.83 ns
is calculated and is significantly higher than A¢’ at frequen-
cies above 200 MHz. According to the theory of higher order
mode propagation, the first higher order mode can be identi-
fied by its significant lower propagation time at f ~ 97 MHz.

At} _ g7\, are significantly smaller than At” at 97 MHz.
In contrast, the expanded uncertainty of the measured phase
increases around these frequencies, which has to be taken
into account.

lKeysight N5222A with 85052B Calibration Kit-Specification
Table 4a:
http://literature.cdn.keysight.com/litweb/pdf/N5221-90001.pdf?
id=2080065
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4 Conclusions

This paper discusses whether the double exponential pulse
describes the transmission quality of a TEM waveguide for
arbitrary transient signals sufficiently. Therefore, the trans-
mission characteristic is evaluated in time and frequency do-
main. In TD it can been shown that specific transient signals
with frequencies in the spectrum of the double exponential
pulse are transmitted not shape inherently.

Based on investigations done in Briest ey al. (2015), an
expanding two antenna measurement method is presented
to verify the transmission quality of any transient signals in
TEM waveguides. The reduction of the signal generator re-
producibility and its influence to the PCC is a substantial ad-
vantage compared to previous measurement setup. Further,
investigations in FD can be performed to discuss the trans-
mission characteristics of the TEM waveguide in detail. It
is based on two measuring positions, where a reference sig-
nal and signals within the test volume of the waveguide are
measured. The PCC of the measured signals is calculated
and presented by a heatmap. It allows a quick evaluation
and characterization of the transmission quality of the TEM
waveguide.

Furthermore an investigation of distorting effects of the
waveguide is performed. Two significant criteria of the the-
oretically present TEM-mode are discussed. Contrary to a
pure TEM-mode excitation, secondary E-field components
can be measured in the direction of propagation. The other
typical criteria of a non pure TEM wave is its reduced propa-
gation speed in comparison to the speed of light ¢ for a pure
TEM-mode propagation. Therefore, an analysis which is also
based on the two antenna measurement setup is performed in
FD in order to evaluate the phase response of the GTEM 1250
cell. From the measured phase response, the group velocity
can be calculated and discussed. It can be shown that the
group velocity at the critical frequency of the GTEM1250
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shows a significant difference to the group velocity cg of the
pure TEM-mode.

It is shown that the double exponential pulse from the
IEC 61000-4-20 only validates the TEM waveguide for a
double exponential pulse. Other pulses with their signifi-
cant spectrum within the spectrum of the double exponen-
tial pulse, may not be transmitted perfectly. In summary, the
waveguide transmission quality has to be evaluated for ev-
ery different transient signal which are intended to use for
emission or immunity tests.
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