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Abstract. This work investigates the process by which elec-
tromagnetic waves heat solid surfaces, potentially leading to
the ignition of explosive atmospheres. Initially, the temper-
ature increase of various lossy materials exposed to elec-
tromagnetic waves at 92 GHz is experimentally determined.
Based on these observations, material samples are prepared,
and ignition tests are conducted based on test specifications
for small hot components in diethyl ether–air and carbon
disulfide–air mixtures. These experiments provide a founda-
tion for determining safe power limits for the application of
electromagnetic waves in explosive atmospheres.

1 Introduction

The use of electromagnetic (EM) waves in explosive atmo-
spheres is increasing, with frequency ranges extending be-
yond the currently specified limits. A notable example is
the recent advancement in radar level sensors designed for
use in tanks filled with explosive atmospheres for example
VEGA Grieshaber KG (2025) and Endress+Hauser (2025).
These developments necessitate the establishment of safety
thresholds for higher frequencies. The existing limit values
for radio frequency (RF) power thresholds, specified in IEC
(2017), cover frequencies up to 60 GHz for the safe operation
of wireless communication devices in potentially explosive
atmospheres. However, these thresholds are no longer suf-
ficient (Walkemeyer et al., 2022a). These applications cur-
rently venture into a regulatory gap within the frequency
spectrum. The regulations in IEC (2017) are applicable be-
low 60 GHz, and above 30 THz, IEC (2015) provides guide-
lines for the safe application of electromagnetic waves in the
optical frequency range. In CEN/TC 305 (2019), thirteen po-
tential ignition sources are listed, several of which can be

associated with RF radiation. These include induction and
spark discharge, induction and ohmic losses, dielectric heat-
ing, gas discharge, and excitation of atoms and molecules.
Within the frequency range of interest, dielectric heating is
expected to be the primary ignition source. This is because
the frequencies involved are not high enough to excite atoms
and molecules, as such effects are negligible below 3 THz.
Sufficient excitation of atoms and molecules to initiate a
self-contained chemical reaction (ignition of an explosion)
requires very narrow-band radiation, such as that found in
lasers, to excite a specific rotational and vibrational band.
However, even with optical radiation, where ignition is pos-
sible in this way, direct absorption in the gas volume has not
proven to be a worst-case ignition mechanism. Instead, the
chemical reaction starts through absorption of the radiation
in a solid and heat exchange, i.e., subsequent thermal igni-
tion by the hot surface. See, for example, Babrauskas (2003)
and Welzel (1996) for an in-depth discussion. Additionally,
it can be assumed that the expected power levels and cor-
responding field strengths are insufficient to induce gas dis-
charge (MacDonald, 1966). Ignition mechanisms due to in-
duction and spark discharge, as well as induction and ohmic
losses, are excluded from consideration in this study, as they
are dependent upon a certain structure e.g. a conductive loop,
or a small gap, which is not expected to be present in closed
vessels. The research presented here is interdisciplinary work
based on microwave engineering and explosion protection
for further reading on the topic of explosion protection we
recommend Hattwig and Steen (2004), Babrauskas (2003),
Welzel et al. (2000), and Simon et al. (2015).

This work focuses on ignition tests with hot surfaces as
ignition sources based on small hot components as outlined
IEC (2017) and Beyer and Markus (2012) under worst-case
conditions. In a preliminary step, several lossy components
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are tested in a setup similar to the ignition measurements,
focusing solely on the temperature increase caused by ex-
posure to EM radiation. A material exhibiting the highest
temperature rise is selected for the worst-case scenario. The
chosen hot component is made of a material with excel-
lent absorption properties in the frequency range of inter-
est. A continuous wave (CW) signal at 92 GHz and a power
level of 3.3 W is employed to heat the absorber, which is
placed inside an ignition vessel containing a highly explo-
sive gas / air atmosphere. In this work, diethyl ether–air and
carbon disulfide–air mixtures are used, with the gas / air ratio
varied around the stoichiometric concentration to determine
the actual worst-case conditions.

The ignition tests are conducted in accordance with the
specifications for small hot components outlined in IEC
(2017), specifically Sect. 5.3.3 (small component temper-
ature for Group I or Group II electrical equipment) and
Sect. 26.5.3 (small component ignition test for Group I and
Group II).

This paper presents and discusses the results of temper-
ature tests on lossy materials and ignition tests caused by
the absorption of electromagnetic waves. Detailed descrip-
tions of the experimental setups are also provided. The re-
sults could serve as a foundation for establishing RF power
limits in regulations for higher frequencies, enabling the safe
operation of devices emitting EM waves in explosive atmo-
spheres.

2 Material Selection

For this work, a material with significant losses at 92 GHz
– resulting in substantial heating and serving as the poten-
tial ignition source in the ignition test – and a highly explo-
sive gas-air atmosphere were carefully selected to represent
a worst-case scenario.

2.1 Absorber material sample

In the first step, the permittivity of several materials of inter-
est was analyzed using a quasi-optical setup, similar to one
described in Kazemipour et al. (2015). The results indicated
that materials designed for electrostatic discharge (ESD) pro-
tection are particularly promising due to their high loss fac-
tor. However, the method is not very well suited for highly-
lossy materials.

Therefore, as a second step, an experiment was conducted
to measure the heating of the most promising samples iden-
tified in the first step using the RF setup shown in Fig. 1,
which closely resembles the one used in the ignition exper-
iments. During the heating experiment, the surface temper-
ature of the lossy sample was monitored using an infrared
(IR) camera, while the core temperature was measured with
a thermocouple.

Figure 1. Test setup for material heating (a) sketch illustrating the
concept and (b) photograph of the setup.

Figure 2. Result for Polyether Ether Ketone ESD 101 exposed to a
(CW) signal with a power of 3.3 W at 92 GHz in the heating exper-
iment. The sample surface temperature, core temperature and the
temperature of the amplifier and ambient temperature are shown.

Figure 2 shows the results of the heating experiment for
the material Polyether Ether Ketone (PEEK) ESD 101 (Vic-
trex Manufacturing Limited, 2023). This material exhibited
significant heating in both surface and core temperatures,
when exposed to a (CW) signal with 3.3 W at 92 GHz. This
temperature increase is expected to be sufficient to trigger ig-
nition in an explosive atmosphere. Additionally, it is highly
machinable – an important factor for producing the number
of samples required for the ignition tests. Further details on
these measurements with various materials can be found in
Walkemeyer et al. (2022b).

For the ignition experiments presented in this work, cubic
samples of PEEK ESD 101, with an edge length of 5 mm,
were used.

2.2 Explosive gas-air atmospheres

Measurements are conducted using diethyl ether–air and car-
bon disulfide–air mixtures, selected based on their known
low ignition temperatures from experience and previous re-
search (Setchkin, 1954; Markworth and Schebsdat, 1985).
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Figure 3. Sketch of the sample with antenna and thermocouple
(a) at the bottom surface of the sample and (b) at the top surface
of the sample (Schierding et al., 2024).

For example, diethyl ether falls under temperature class T4
in explosion protection standards for electrical equip-
ment, while carbon disulfide is classified under temperature
class T6 in Chemsafe (2025), making these mixtures a rea-
sonable choice for this worst-case experiment. Different per-
centages of the individual gas mixtures are used, starting with
the stoichiometric concentration.

3 Ignition Tests

During the ignition tests, the cubic PEEK ESD 101 sample,
with an edge length of 5 mm, is placed on a polytetraflu-
oroethylene (PTFE) holder and secured with a polyimide
strap, held in place by a spring. The sample position and ori-
entation is adjusted from outside the ignition vessel. A highly
sensitive wire thermocouple is embedded inside the lossy
sample to monitor its temperature. Additionally, the tempera-
ture in the ignition vessel is measured by mantle thermocou-
ples at various positions. Initial tests revealed that there is no
strong correlation between the sample’s core temperature and
ignition, indicating that the surface temperature significantly
deviates from the core temperature. Therefore, in subsequent
experiments, the thermocouple was positioned close to the
sample’s surface. Tests were conducted in both orientations
shown in Fig. 3. In orientation (Fig. 3a), the thermocouple is
positioned on the bottom surface, facing the antenna, while in
orientation (Fig. 3b), it is placed on the surface facing away
from the antenna.

A block diagram of the ignition test setup, with a focus
on RF signal generation, is shown in Fig. 4. A (CW-)signal
with a frequency of 15.333 GHz is generated and then mul-
tiplied by a factor of 6 using a frequency multiplier yielding
a signal at 92 GHz. A 10 dB coupler is included at this stage
to monitor the RF power during the experiment. The signal
is transmitted to the power amplifier via an isolator, and a
highly focused lens horn antenna is directed at the sample
from the bottom of the ignition vessel. During the ignition

test, only the RF power before the isolator is known, and the
tests are conducted at various power levels. After the exper-
iment, the ignition test setup is disassembled allowing for a
precise measurement of the power levels used during the ex-
periments at the antenna input.

Figure 5 shows the experimental setup at the moment of
ignition. The numbers in the figure are included to help ex-
plain the setup more clearly.

The ignition vessel, which contains the gas-air mixture and
the sample at the center, is labeled one. The antenna is posi-
tioned at the bottom of the ignition vessel, just above label
two. To the right of label two is the RF signal generation
setup, which includes the power amplifier and other compo-
nents, as shown in Fig. 4. The frequency multiplier is labeled
three, and the power meter is marked as four. The RF signal
generator is labeled five.

To prepare the gas-air mixture, the flammable liquid (la-
beled six) is utilized as the base component, with a pump
located to its right controlling its flow. The mass flow
controllers and heating system (labeled seven) collaborate
with the pump settings to manage the evaporation of the
flammable liquid. Once prepared, the gas mixture is intro-
duced into the ignition vessel. Gas analysis units (labeled
eight and nine) are connected to the ignition vessel via a sec-
ondary pipe, which remains open only until the gas-air mix-
ture analysis is complete. Once the analysis is finished, this
pipe is sealed to maintain the conditions within the ignition
vessel for the experiment.

4 Experimental Results

The experiments showed that it is easily possible with this
setup to trigger an ignition by RF radiation at 92 GHz. The
results using carbon disulfide in air as a explosive gas are
summarized in Table 1.

The most favorable gas-air mixture for ignition in this ex-
periment is expected to be 1.8 vol % (Setchkin, 1954). With
an RF power of 3.3 W, ignitions are obtained in the range
from 1.5 vol % to 8 vol %. The ignition delay times vary from
26 to 47 s. At the power level of 1.9 W cold flame ignitions
(Markworth and Schebsdat, 1985) are observed for 1.5 vol %,
1.8 vol % and 2 vol % only. These ignitions have significantly
longer delay times, ranging from 204 to 287 s. These findings
agree well with the expected most favorable gas-air mixture
for ignition of 1.8 vol %. No ignitions were observed with an
RF power of 1.6 W.

Figure 6 shows the measured surface temperatures of the
sample at which ignition occurs. It is evident that the bot-
tom surface, facing the antenna, reaches significantly higher
temperatures than the top side, regardless of the RF power
setting. At an RF power of 1.9 W, the ignition temperature re-
mains approximately constant across the tested mixture con-
centrations. However, at 3.3 W, there are deviations in the
ignition temperature that do not align with the expected ig-
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Figure 4. Block diagram of the setup of the RF signal generation for the ignition tests on small hot components. Major uncertainty contribu-
tions are noted in grey boxes close to their origin in the test setup adapted from Schierding et al. (2024).

Table 1. Results for various vol % carbon disulfide in air at three power levels (Schierding et al., 2024). Sun symbol = ignition, crystal
symbol = cold flame ignition, – = no ignition.

nition curve. According to literature (Setchkin, 1954; Mark-
worth and Schebsdat, 1985), the ignition temperature is ex-
pected to increase with rising volume percentages of the mix-
ture. In our experiments, we do not observe this effect. This
may be caused by the faster and, therefore, less homogeneous
heating of the absorber.

At temperatures above 250 °C, the absorber visibly
changes, showing bubbles and cracks on the surface, even if
no ignition occurs during the experiment. To preserve sam-
ples and reduce time needed to mount the thermocouple, ex-
periments using diethyl ether–air mixtures are stopped once
the bottom surface temperature reaches 250 °C, as ignition
temperatures are expected to be lower than this threshold.
The most favorable diethyl ether–air mixture for ignition
in this experiment is expected to be 23 vol % (IEC, 2017),
Sect. 26.5.3.

However, as shown in Table 2, no ignitions are observed
when applying this stopping criterion. Therefore, two addi-
tional experiments at 23 vol % and 12 vol % are conducted,
where the sample is intentionally destroyed. Ignitions are
achieved after 52 s at a surface temperature of 290 °C for
23 vol %, and after 73 s at a surface temperature of 490 °C for

12 vol %. No ignitions are observed at an RF power of 1.9 W,
regardless of the diethyl ether–air mixture volume percent-
age.

Thus, based on 124 ignition tests conducted and 32 igni-
tions observed, it was determined that no ignitions occurred
at an antenna output power of Pout = 1.6 W for carbon disul-
fide/air mixtures and at Pout = 1.9 W for diethyl ether/air
mixtures. Therefore, the resulting hot surfaces of the ab-
sorber do not act as an ignition source in this worst-case sce-
nario.

5 Safe RF Power Level and Uncertainty

To determine an RF power level for the safety limit, the re-
sults of the ignition tests in Sect. 3 and the material heating
tests in Sect. 2 are considered.

5.1 Influences and Modelequation

To analyze the influences on the safety limit for RF radiation,
a root cause analysis is performed.
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Table 2. Results for various vol % diethyl ether in air at two power levels with and without limited experimental run time (Schierding et al.,
2024). Sun symbol = ignition, crystal symbol = cold flame ignition, – = no ignition.

Figure 5. The experimental setup in the moment of an ignition. The
main components of the setup are: 1 – ignition vessel, 2 – RF-signal
generation, 3 – frequency multiplier, 4 – power meter, 5 – signal
generator, 6 – flammable liquid, 7 – mass flow controllers and heat-
ing system, 8 – gas analysis, and 9 – oximeter.

In Fig. 7, all influences are detailed, grouped into cate-
gories, and ordered by their significance. The six main cat-
egories are power measurement, temperature measurement,
the measurement object itself, the experimental conditions,
the operator, and the measurement plan. These influence con-
ditions are divided into three categories. Insignificant factors:
Influencing factors that have no significant impact on mea-
surement uncertainty are classified as irrelevant and marked
with dotted arrows. An example of this is the influencing fac-
tors related to the experiment operator. Factors such as ex-
perience, skills, and handling of the setup can be controlled
through training and familiarization and are therefore con-
sidered irrelevant. Insignificant influences under the speci-

Figure 6. Sample bottom and top surface temperatures at ignition
for various vol % carbon disulfide in air at two RF power levels
(Schierding et al., 2024).

Figure 7. Ishikawa diagramm showing the root cause analysis of
the measurement error for the safety limit of the RF power.

fied conditions: Influencing factors that do not need to be
included in the consideration of measurement uncertainty
when certain specified conditions are met are marked dashed
arrows. These include the focusing of the lens-horn antenna,
the temperature drift (T -drift) of the power amplifier, the
mixture concentration, the preheating of the test vessel, and
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the temperature measurements (ignition vessel, amplifier).
Significant factors requiring consideration in measurement
uncertainty analysis: Influencing factors marked with solid
arrows that have a significant impact on measurement un-
certainty must be included in the model equation. These
include the adjustment range PCh.A of the power ampli-
fier, the measured temperatures (TIgnition,top, TIgnition,bottom,
TSurface,top, TSurface,bottom), the RF absorption, the shape and
size of the measurement object, as well as the number of
measurements performed. From these significant influencing
factors a model equation for the safety limit for RF radia-
tion is derived. For this purpose, the factors are divided into
quantifiable influences 1 and non-quantifiable influences δ.

– RF Power measurement: Adjustment range PCh.A of the
power amplifier (1PCh.A).

– Temperature measurement: Surface temperature of
the sample on top and bottom sides TSurface,top,bottom
(δTSurface), ignition temperature TIgnition,top,bottom
(δTIgnition).

– Measurement object: Absorption capacity (δαMaterial),
size and shape (δSample).

– Measurement plan: Number of measurements (δn).

To illustrate and link the origin of the uncertainty to the test
setup, the major contributions are shown in gray boxes near
their respective sources in the test setup, as depicted in Fig. 4.
The following quantities with a dashed arrow in Fig. 7 are
not considered in the model equation, if they are maintained
under specified conditions. This means that the measurement
conditions and temperature measurements are continuously
monitored during the experiments

– Power amplifier: Control and monitoring of the temper-
ature of the power amplifier and its temperature drift
during the experiments through water cooling.

– Ignition vessel: Adjustment and verification of the re-
spective mixture concentrations and measurement of
temperatures during the experiments.

– Measurement object position: Verification of the focus-
ing of the lens-horn antenna on the measurement object.

These considerations yield the model equation

POut_MU =POut[W] ·1PCh.A · δαMaterial · δAMessobjekt

· δTSurface · δTIgnition ·1n. (1)

Based on this equation, the result of the measurement un-
certainty is determined using the GUM method (Joint Com-
mittee for Guides in Metrology, 2008) considering the in-
fluencing factors and their uncertainty contributions through
Gaussian error propagation. The calculation is performed us-
ing the software GUM Workbench Pro (Metrodata, 2024).

This allows for the expression of the expanded measure-
ment uncertainty with a coverage factor of k = 2 and a cov-
erage probability of 95 % with a normal distribution.

For the calculation, the corresponding types, distributions,
and uncertainty contributions are assigned to the influencing
factors. For the output power at the antenna Pout [W] (Eq. 1),
a Type-A uncertainty is assigned, which is taken into account
through the number of trials. The other quantities are incor-
porated into the model equation through Type-B uncertain-
ties. Thus, the adjustment limits at 1.9 and 1.6 W at the input
of the power amplifier are considered via a rectangular dis-
tribution through 1PCh.A. Furthermore, the number of mea-
surements1n for each parameter combination of the ignition
tests from Sect. 3 is included in the measurement uncertainty
analysis with an uncertainty contribution of 30 % (empirical
value). The absorption (approx. 90 %) of the absorber mate-
rial used, PEEK ESD101, as the measurement object is taken
into account via δαMaterial. Additionally, small manufacturing
and experimental deviations in size and shape of the mea-
surement object, δAMessobjekt, in the range of 5 %, as well as
temperature deviations of δTSurface and δTIgnition in the range
of 2 %, are also considered.

Based on the respective uncertainty contributions, the final
result for the measurement uncertainty analysis is given in
the form of

POut_MU = y±U. (2)

Additionally, the coverage probability and the coverage fac-
tor k are specified and verified.

5.2 Resulting safe RF power level

Based on the ignition tests with carbon disulfide-air mixtures
and diethyl ether-air mixtures, it was determined that no ig-
nition occurred at an antenna output power of Pout = 1.6 W
(see Sect. 3). With respect to this experimental limit, the fol-
lowing result of the measurement uncertainty analysis is ob-
tained by applying the GUM method (Joint Committee for
Guides in Metrology, 2008), the model Eq. (1), and the men-
tioned uncertainty contributions:

POut_MU = 1.61± 0.71W (3)

With a coverage factor of k = 2 and a coverage probabil-
ity of 95 % (normal distribution). Based on safety consider-
ations, the antenna output power of Pout = 1.6 W is reduced
by the expanded measurement uncertainty U = 0.71 W. In
addition to considering the expanded measurement uncer-
tainty, a safety factor of 10 % is applied. Therefore, the safety
limit for RF (CW) radiation is given by PLimit = 800 mW at
92 GHz.

As shown in Table 3, this newly proposed safety limit
aligns well with the 2000 mW limit for a maximum thermal
initiation time of 20 µs specified in IEC (2017), which applies
up to 60 GHz, and falls within the regulatory gap beyond this
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Table 3. Overview of power limits in explosive atmospheres for different frequency ranges.

Power Frequency Area of application Comment

6 and 2 W ≤ 60 GHz Group I, Group II IEC 60079-0

200 mW ≥ 30 THz Temperature class T1 to T4;
Groups I and II, Area ≥ 8 mm2

IEC 60079-28

15 mW Independent of temperature
class and area

≤ 800 mW 60 to 330 GHz Temperature class T6;
Groups I and II, Area ≥ 25 mm2

Result of this research

frequency. Above 30 THz, the determined limit is best com-
pared to the 15 mW limit for radiated power in IEC (2015),
which is valid for all types of gas mixtures regardless of the
ignition properties. Differences arise from the fact that the
radiation can be focused to different degrees in the different
frequency ranges and can therefore heat different sized gas
volumes beyond the critical conditions via the absorber.

6 Conclusions

In this paper, ignition tests were performed in a worst-case
scenario to determine a safe limit for RF radiation at 92 GHz
in explosive atmospheres. For this, material tests were con-
ducted, and a suitable lossy material was selected to be used
in ignition tests with varying concentrations of disulfide-
air mixtures and diethyl ether-air mixtures. The measure-
ments were evaluated, and an uncertainty analysis was per-
formed, yielding a limit for safe (CW) RF power of 800 mW
at 92 GHz. The limit values for RF power thresholds speci-
fied in IEC 60079-0 up to 60 GHz for the safe operation of
wireless communication devices in potentially explosive at-
mospheres could be extended in the future based on the re-
sults of this work.
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