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Abstract—Just-before-test verification is needed to ensure that
electromagnetic interference measurements are correctly per-
formed. Some standards cover such specific requirements regard-
ing test verification, this is the case of the ECSS-E-ST-20-07c for
space applications. However, some drawbacks in the standard
procedure have been identified, and in this work, we provide
advice for improving the conducted emissions verification. For
instance, we argue that the complete frequency range of the test
should be evaluated during the verification of the test equipment,
not just two single frequencies. Likewise, it is demonstrated how
the standard verification setup introduces a significant mismatch
that can compromise the accuracy of the result. Moreover,
this work highlights the capabilities of novel instrumentation
like high-end oscilloscopes that effectively provide convenient
alternatives to improve further and simplify the measurement
methodology while achieving even more accurate results if
applied correctly.

Index Terms—conducted emissions, verification, electromag-
netic interference, measurements

I. INTRODUCTION

Just-before-test verifications are essential to prevent, detect
and correct errors or faults during electromagnetic compati-
bility (EMC) testing. Ensuring that the instrumentation, signal
paths, and transducers (current probes, LISN, etc.) are cor-
rectly performing and mounted is critical to provide accurate
measurements when testing the Equipment Under Test (EUT).
Some EMC standards, like ECSS-E-ST-20-07C [1] or MIL-
STD-461G [2], introduce test equipment verification proce-
dures to be conducted just-before-tests. From a practical point
of view, the verification shall be quick and “easy” meaning
that it is not desirable to spend a long time on the verification
procedure or to obtain very refined results. Hence, the ECSS
standard [1], in its clauses for conducted emissions (CE) at
power and signal leads between 50 kHz and 100 MHz, the
test verification only considers two frequency points, and with
a tolerance of £3dB when measuring the radio frequency
(RF) current. Even though the CE verification procedure for

the test equipment is simple and fast to implement, it might
not be fully effective and reliable.

Former research projects have addressed this necessity
through novel setups and techniques for emissions and im-
munity tests. For instance, during the IND60 (2013 - 2016)
and RFMicrowave (2016 - 2019) projects, a just-before-test
verification approach was defined for conducted emissions
[3]1, [4]. In [3], a multitone signal was used to verify the
entire frequency range quickly and to identify failures due
to grounding or the measuring receiver. The methodology
enabled the authors to identify faulty ground connections at
the Line Impedance Stabilisation Network (LISN). Moreover,
using arbitrary waveform generators (AWG) for injecting the
excitation signal and oscilloscopes for measuring the whole
spectrum at once was crucial for accelerating the verification
and validating the test setup more completely.

In this work, we followed a similar approach but aimed
at the conducted emissions verification procedure defined by
the ECSS standard. The standard CE verification method
is analyzed by injecting a known signal either in Common
Mode (CM) or in Differential Mode (DM). As detailed in
the following sections, several improvements are proposed to
obtain more accurate and reliable verification results. Among
the proposed improvements, one is to evaluate the entire
frequency range instead of two unique single frequencies while
keeping the method as fast and agile as initially intended for
an efficient measuring system performance check.

The rest of the work is organised as follows; section II
describes the verification procedure’s main concerns for the
CE test; section III proposes significant improvements that
allowed us to identify the critical performance of the test setup;
section IV presents and discusses the results that support the
recommended improvements. Finally, a conclusion is drawn
in Section 5.



II. VERIFICATION SETUP CONCERNS

The verification procedure defined in the ECSS standard is
described in its Section 5.4.3 [1], where the setup shown in
Fig. 1 is presented.
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Fig. 1. Verification setup defined at the ECSS standard for CE [1].

According to this standard, an RF signal generator shall be
connected through a 6 dB “T-type” splitter to an oscilloscope
and to the coaxial line, including the 50€) terminated jig,
where the current probe (CP) is placed. The oscilloscope
branch is used to derive the RF current level injected into the
jig, assuming the attenuation and impedance of both branches
are equal. The calibrated signal level should be at least 6 dB
below the applicable limit at two discrete frequencies, 1 MHz
and 10 MHz, or at a level allowing out of the noise reading on
the oscilloscope, whatever is greater, to the current probe in the
jig. The measuring receiver should scan in the same manner
as during the standard test and record the data within +3 dB
of the injected level. Additionally, a DC current equivalent to
the EUT nominal supply current should be applied through the
current probe to check that the current probe is not saturated.
Finally, the standard indicates that “if readings are obtained
which deviate by more than +3dB, locate the source of the
error and correct the deficiency before proceeding with the
testing”.

When the diagram shown in Fig. 1 is analyzed in conjunc-
tion with the description found in the standard, the following
concerns emerge:

Generator mismatch. Assuming that a 502 generator is
employed, it is connected to two nearly 50 2 impedances in
parallel, that is, Zserup ~ 25 €. This topology contributes to a
significantly mismatched network, which means the reflection
coefficient at the signal generator output is expected to be
higher than the generally recommended value of —13 dB.

Unbalanced branches. The input impedance of the oscil-
loscope and jig+load branches could be different, especially
in high frequency. Therefore, the current derived from the
oscilloscope can differ from the one flowing through the jig.

Reduced number of frequencies evaluated. Only two
frequency points are evaluated (1 MHz and 10 MHz). Hence,
most of the spectrum is not covered during the verification,
which can easily cause undetected failures. Commonly, dam-
aged RF cables can present resonance frequencies around
50 MHz, without noticing any malfunction in frequencies up
to 10 MHz.

Sensitivity of the measurement system. In combination
with the previous point, it can occur that current probes
or other critical instrumentation cannot be sensitive enough
to measure accurately low-current values, especially at the
higher frequency range (above 30 MHz), where the resolution
bandwidth (RBW) is increased, and the measurement accuracy
can be compromised.

III. PROPOSED IMPROVEMENTS
A. Improvements description

To improve on the main limitations of the standard ver-
ification method and develop a more efficient methodology,
several improvements are proposed in what follows. These
modifications are divided into two different categories, the
ones that are considered essential because they provide fixes
to the most concerning aspects of the current verification
procedure and the advanced improvements, which can benefit
the verification stage by exploiting other features of the
instrumentation available. The essential improvements are:

Remove the oscilloscope branch. To eliminate the different
impedance branches, it is necessary to remove the oscilloscope
branch as defined in the standard. An alternative to obtain the
current that is flowing through the jig is proposed in the next
point.

Replace the termination. The termination should be re-
placed by a measuring device to determine the RF current
circulating through the jig. The measuring device can be an
oscilloscope, a spectrum analyzer or an EMI receiver. In all
cases, the rated input impedance of the measuring instrument
should be 50 €2, and the voltage standing wave ratio must be
kept low (VSWR<1.2).

Measure the entire frequency range. It is important to
measure the entire frequency range with enough frequency
resolution to identify setup failures. Although for a just-before-
test verification, it might not be necessary to scan the whole
spectrum using a small frequency step (i.e. RBW/4), we need
sufficient resolution to detect failures observable in broadband,
like cable resonances or a damaged receiver input. Therefore
it is necessary to cover up to 100 MHz either through a single-
frequency sweep or using broadband excitation.
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Fig. 2. Diagram with essential recommendations.

As mentioned, additional changes can be made to further
optimize the performance of the verification setup in terms of
speed and simplicity. They are:



Employ a multitone signal to excite the verification setup.
The use of a multitone signal should be considered as it has
been proven an accurate and convenient way to excite a wide
frequency range. The multitone has the advantage of using a
low crest factor when the phases of the tones are properly
selected. If an AWG generates full periods of the signal, no
leakage is produced, and a very high dynamic range can be
achieved [5].

A single instrument for the complete verification. Nowa-
days, state-of-the-art oscilloscopes combine different features
that can be advantageous for this application. For instance,
some high-end oscilloscopes include AWG. Moreover, the
low-noise and high-speed ADC used in such state-of-the-
art oscilloscope have enough dynamic range for most EMI
measurements, and when processed accordingly, it can deliver
results equivalent to EMI receivers according to CISPR 16-1-1
[61-[9].

Multichannel measurements. Finally, if an oscilloscope is
used according to the previous point, it allows conducting
several synchronized measurements using multiple channels.
Hence, using the different input channels simultaneously, it
is possible to run the CE test with several current probes,
covering different frequency ranges and/or measuring the
common mode and differential mode simultaneously [10],
[11].
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Fig. 3. Diagram with further step recommendations.

B. Validation measurements of the proposed improvements

The measurement campaign was carried out in the EMC
laboratory of ESA-ESTEC.

1) Scattering parameters measurements: To assess the stan-
dard setup mismatch, we measured the reflection coefficient
(S11) with a Keysight E5061B Vector Network Analyzer
(VNA), connecting its Port 1 instead of the RF signal gen-
erator. The measurement was performed with the standard
configuration and the proposed new setup.

Complementary, the transfer function (S21) is measured
in three different configurations. Port 1 is always connected
instead of the RF signal generator while Port 2 is connected at
different points. When the setup is according to the standard
verification setup, we measure the S3; between the signal
generator plane and the oscilloscope branch and between the
RF signal generator plane and the load end after the jig.
Otherwise, with the new verification approach, we connect
Port 2 always to the jig’s load.

The results are captured with the two current probes used
during the CE verification measurements, with the CP models
6741-1 and 9145-1 from Solar Electronics Company.

2) CE verification: Regarding the CE verification, we em-
ploy the AWG available at an R&S RTO6 oscilloscope to
generate the multitone excitation. As detailed in past studies,
reducing the crest factor of the excitation signal is crucial to
obtain a high dynamic range [5], [12]. Hence, the Schroeder
[13] approach has been applied to compute the tone phases
to minimize the crest factor. Additionally, two multitones
have been created to cover the entire frequency range. The
first signal, applied to the low-frequency range, generates a
multitone following the limit line —6 dB between 50 kHz and
10 MHz, with a frequency step of 50 kHz. For the frequency
range between 10 MHz and 100 MHz, the frequency separa-
tion between tones is 1 MHz.

Regarding the measuring device to conduct the verification,
two different instruments have been used. On the one hand,
the R&S EMI test receiver model ESW44 has been used
as a reference to validate the novel verification approach.
Alternatively, the full-time-domain measurement and process-
ing system using digital oscilloscopes have been used. The
oscilloscope employed to carry out these measurements has
been the R&S RTOG6, also used to generate the RF signal for
verification. Therefore, we can generate the RF current with a
single instrument and entirely validate the test setup.

IV. VALIDATION-RESULTS

In this section, several results are presented. Firstly, the mea-
surements obtained employing the VNA to characterize the
reflection coefficient (S71) and the transfer response (S21) for
the different setup options are described in subsection IV-A.
In subsection IV-B, the verification results employing the
R&S ESW44 EMI test receiver are presented, and finally,
in subsection IV-C, the oscilloscope results are compared to
the conventional EMI test receiver to assess the possibility of
employing it instead of the conventional EMI receivers.

A. VNA measurements

In Fig. 4, the reflection coefficient measured at the gen-
erator’s end is presented for different configurations. In red,
the measurement was conducted when the verification setup
was according to the ECSS standard with the two current
probes. In blue, we show the results when the T and the
oscilloscope branch are removed, and in green, when we
replace the termination of the jig with the oscilloscope using
502 as input impedance.

As expected, in the standard case, the return losses are about
9.54 dB, which is the theoretical value when we have a 25
load. The reason is that the equivalent circuit with the two
branches of the system has two parallel 50 €2 loads which result
in an equivalent 25 {2 termination poorly adapted to the gener-
ator impedance. Additionally, at frequencies above 10 MHz, a
noticeable ripple is observed at the reflection coefficient. Then,
when the oscilloscope branch is removed, and we have either
the termination after the jig or the oscilloscope, the system’s
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Fig. 4. Reflection coefficient results. In red, standard setup, in blue removing
the oscilloscope branch and in green substituting the termination by a
measuring device.

matching is improved significantly, more than 10dB at all
frequencies. In summary, employing the new configuration
makes the reflection coefficient always lower than —20 dB.

In Fig. 5, the results of the transfer function of the different
test setups and branches are shown. The novel setup is mea-
sured in blue. On the other hand, in green, we have the transfer
function for the two current probes for the standard setup in the
jig branch and the transfer function for the oscilloscope branch
in red. The results show that with the standard setup, we
have quite different attenuation for each branch, especially at
frequencies above 10 MHz. This deviation impacts the current
sensing as it is done on the oscilloscope branch. At 100 MHz,
a difference close to 3 dB between the jig and the oscilloscope
branches is identified. On the other hand, with the novel setup
proposed, we see a better matching, and the introduction of
the cable implies a difference lower than 0.5 dB. Therefore,
employing the new setup can be suitable for more precisely
obtaining the RF current flowing within the jig.

B. CE Verification

In Fig. 6 and Fig. 7, the results of the CE verification for
the standard setup with the two current probes are shown.
Regarding the low-frequency range, up to 10 MHz, the results
with the two current probes are similar and follow the limit
line —6dB as it is described in the standard. Nevertheless,
when the high-frequency-range is evaluated in Fig. 7, the
measurements employing the 9174 CP are at the limit line,
meaning that we are measuring 6 dB more than the expected
value. On the other hand, with the 9145 CP, the results are
close to the expected value. The accuracy of the measurement
is compromised by the increase of the RBW and the probe
factor value. Above 10 MHz, when the RBW is set to 100 kHz,
the noise floor is close to the measurement, as shown in Fig. 6.

In Fig. 8, and Fig. 9, we can see the results when the
new verification setup is measured. As before, the results for
the low-frequency range are accurate. Regarding the high-
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Fig. 5. Transfer function results. In blue, employing the new setup, in red
measuring the oscilloscope branch and in green the results at the termination
point.

frequency range, the results are similar to the standard setup,
but the accuracy of the 6174 current probe has improved. In
this occasion, the results are within the +3 dB margin, being
more accurate as the system matching is better. Otherwise,
the results are excellent when the 9145 CP is used, as the
sensitivity is 15 dB better in this frequency range than the
6174 CP.

Finally, it is essential to highlight that for the verification
measurements, all the results were excellent for the two unique
frequency points that should be evaluated according to the
ECSS standard procedure. Nevertheless, we have seen that
significant deviations can be identified at higher frequencies.
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Fig. 6. Low-frequency verification results using the standard verification
setup.
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setup.
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Fig. 8. Low-frequency verification results using the novel proposed verifica-
tion setup.

C. Full oscilloscope approach

In this subsection, we substitute the EMI receiver for the
scope to measure the current. All the frequency range has been
successfully evaluated, but in this work, we want to focus on
the high-frequency, where higher sensitivity is required. Figure
10 and Fig. 11 compare the receiver and oscilloscope results
when the new setup is employed in combination with the 9145
CP. The R&S oscilloscope, combined with adequate post-
processing, can obtain excellent results. An excellent dynamic
range of up to 60dB from the limit line is achieved using
the oscilloscope. If we compare the uncorrected value of the
excitation signal with the theoretical transfer function, in Fig.
11 we observe that the result obtained with the oscilloscope
is closer than 0.5dB. Therefore, the advanced setup can be
employed to perform conducted measurements as it is more
accurate than the +£3dB needed according to the standard.

T T T
CE limit (ECSS-E-ST-20-07C Rev.2) 7
New setup CP 6174
New setup CP 9145 q

80

60 |

50 |

40 L

30

20

Current, (dBpA)

-20 I I I
0.01 0.1 1 10 100

Frequency, (MHz)

Fig. 9. High-frequency verification results using the novel proposed verifica-
tion setup.

Moreover, we have several advantages, like just using one
instrumentation to generate and measure the current.
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Fig. 10. Measurements comparison between the results obtained with the
R&S ESW EMI receiver and the R&S RTO oscilloscope.

V. CONCLUSIONS

For the standard CE verification setup, the results obtained
using the VNA reveal the significant impedance mismatch and
different path losses found between the oscilloscope branch
and the jig branch. The reflection coefficient can be improved
from values higher than —10dB to —20dB when the oscillo-
scope measuring parallel branch is removed. Moreover, with
the transfer function measurements, we have seen differences
in the branches close to 3dB at 100 MHz, which can induce
verification errors as it is close to the +3 dB criteria.

Thanks to the multitone approach using the AWG of the
oscilloscope, we have developed a method to evaluate accu-
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Fig. 11. Zoom on the measurements comparison shown in Fig. 10, including
the transfer function found in Fig. 4.

rately and fast the entire frequency band of interest, observing
significant differences in the measured current. Although at
the two standard verification frequencies, the two probes
were within requirements, when the multitone was applied,
differences between them arose above 10 MHz, where the
RBW was increased to 100 kHz. Using the new methodology,
the importance of sensitivity was highlighted.

Finally, the multichannel approach allows us to generate
and verify directly and indirectly the current flowing through
the jig. This allows to simplify the setup and obtain accu-
rate results comparable to the ones obtained with high-end
receivers. Complementary multichannel capability can be used
to employ different current probes for better sensitivity in dif-
ferent frequency ranges or to perform CM DM measurements
simultaneously.

ACKNOWLEDGMENT

This work was supported in part by European Union’s
Horizon 2020 research and innovation programme
under Marie Sklodowska-Curie grant agreement No.
801342 (TecniospringINDUSTRY) and the Government
of Catalonia’s Agency for Business Competitiveness
(ACCIO) and in part by the Spanish “Ministerio
de Ciencia e Innovacién” under project PID2019-
106120RBC31/AE1/10.13039/501100011033.

EMC Barcelona’s project under grant number SNEO-
20211223 has received funding from CDTI, which is sup-

ported by “Ministerio de Ciencia e Innovacién” and financed
by the European Union — NextGenerationEU — through the
guidelines included in the “Plan de Recuperacion, Transfor-
macion y Resiliencia”.

Dr. Azpurua has received funding from the StandICT.eu
2023 project, financed by the European Union’s Horizon
Europe - Research and Innovation Programme - under grant
agreement no. 951972.

REFERENCES

[1

—

“ECSS-E-ST-20-07C Rev. 2. Space engineering — Electromagnetic Com-
patibility,” ESA-ESTEC, European Cooperation for Space Standardiza-
tion., Noordwijk, NL, Standard, Jan. 2022.

“MIL-STD-461G. Requirements for the control of electromagnetic in-

terference characteristics of subsystems and equipment,” Department of

Defense, USA, Standard, Dec. 2015.

M. Pous, M. Azpirua, F. Silva, S. Cakir, and O. Sen, “Time-domain

just-before-test verification method to detect failures and ensure the

measurement accuracy for conducted emissions and immunity tests,”
in 2019 International Symposium on Electromagnetic Compatibility -

EMC EUROPE, 2019, pp. 71-75.

[4] O. Sen and S. Cakir, “Improved just-before-test verification methods
with vna for conducted emc tests,” in 2018 International Symposium on
Electromagnetic Compatibility (EMC EUROPE), 2018, pp. 488—493.

[S] M. Pous, M. A. Azpirua, D. Zhao, J. Wolf, and F. Silva, “Time-domain
Multitone Impedance Measurement System for Space Applications,” in
2022 International Symposium on Electromagnetic Compatibility — EMC
Europe, 2022, pp. 247-252.

[6] M. A. Azpirua, M. Pous, J. A. Oliva, B. Pinter, M. Hudli¢ka, and
F. Silva, “Waveform Approach for Assessing Conformity of CISPR 16-
1-1 Measuring Receivers,” IEEE Transactions on Instrumentation and
Measurement, vol. 67, no. 5, pp. 1187-1198, 2018.

[71 M. A. Azpurua, J. A. Oliva, M. Pous, and F. Silva, “Fast and automated
verification of multi-channel full time-domain EMI measurement sys-
tems,” in 2017 IEEE International Instrumentation and Measurement
Technology Conference (I2MTC), 2017, pp. 1-6.

[8] M. A. Azpiirua, M. Pous, M. Fernandez, and F. Silva, “Dynamic Perfor-
mance Evaluation of Full Time Domain EMI Measurement Systems,” in
2018 International Symposium on Electromagnetic Compatibility (EMC
EUROPE), 2018, pp. 561-566.

[91 M. A. Azpirua, M. Pous, and F. Silva, “Statistical Evaluation of Mea-
surement Accuracy in Full Time-Domain EMI Measurement Systems,”
in 2020 International Symposium on Electromagnetic Compatibility -
EMC EUROPE, 2020, pp. 1-6.

[10] M. Pous, M. Azpirua, and F. Silva, “Benefits of full time-domain
EMI measurements for large fixed installation,” in 2016 International
Symposium on Electromagnetic Compatibility - EMC EUROPE, 2016,
pp. 514-519.

[11] M. A. Azptirua, M. Pous, and F. Silva, “On-board compact system for
full time-domain electromagnetic interference measurements,” in 2016
ESA Workshop on Aerospace EMC, 2016, pp. 1-4.

[12] D. Zhao, G. Teunisse, and F. Leferink, “Design and implementation
of conducted emission reference source,” in 2014 IEEE International
Symposium on Electromagnetic Compatibility (EMC), 2014, pp. 12-17.

[13] M. Schroeder, “Synthesis of low-peak-factor signals and binary se-

quences with low autocorrelation (corresp.),” IEEE Transactions on

Information Theory, vol. 16, no. 1, pp. 85-89, 1970.

[2

—

3

—



