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Abstract— The dwell time is an important factor when
conducting a radiated immunity test and shall be compatible
with the response time of the device under investigation. In
mode-stirred reverberation chambers, like the vibrating
intrinsic reverberation chamber, the electromagnetic field is
continuously stirred by the flexible, vibrating walls of the cavity
and the time duration of high-strength interferences is generally
unknown. Therefore, concerns have arisen regarding the
proportion of time that the electromagnetic field level spends at
or above the target level during the test. This study investigates,
through empirical and simulated data, the expected value of this
time interval, considering a threshold level equals to the
quantile-80% of the field samples distribution. This information
is useful for the user of the method, when considering a modestirred reverberation environment for devices with a wellknown response time.
Keywords—vibrating intrinsic reverberation chamber, VIRC,
reverberation chambers, dwell time.

I. INTRODUCTION
Any electronic system shall be tested against an external
electromagnetic field in order to determine if a susceptibility
problem, in presence of such a field, can occur. The possible
failures of a device under test (DUT) can be induced by the
energy coupled to the victim circuit by an external
electromagnetic field [1]. The radiated immunity (RI)
assessment, performed to find eventual susceptibility
problems to external, radiated electromagnetic fields, can be
characterized though three parameters: The electric field
strength, the field polarization (typically only horizontal and
vertical) and the minimum application time of the stress signal
(the dwell time). In particular, the length of the dwell time is
determined by the characteristic response time of the DUT,
which depends on several factors like the clock frequencies or
the specific field of application for which the DUT is
designed. However, the choice of the dwell time determines
the total test time and the validation responsible shall make a
compromise between a dwell time that is technically desirable
(large enough to observe a failure) and economically viable
(short enough to contain the costs). Furthermore, a relative
long temporal window (e.g. 2 s) can be considered enough to
determine a failure condition but the limited time allocated for
the electromagnetic compatibility (EMC) test activities may
limit the number of set-up (i.e., position and orientations of
the DUT) one can consider for the validation. When
performing the radiated susceptibility test, it is also important
considering that the nature of the external electromagnetic
interference, is generally not deterministic, i.e., the noise
signal received at the DUT does not contain only a direct,
constant line-of-sight radio disturb (if present), but also a large
number of reflected ones that determine a circular Gaussian
electromagnetic field [2]. This is a particular statistical
electromagnetic field that can be used to model the dynamic
of complex electromagnetic environments like an outdoor
environment or the ambient interferences that affect the victim
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circuits and that are randomly generated by nearby, switching
electronics [3]. Reverberation chambers (RC) [4] have been
shown to be useful tools for the generation of such statistical
fields [5]. A further advantage of RCs is that they make, as
consequence of the uniformity and isotropy properties of the
electromagnetic field, the test result independent from the
particular set-up used for the validation [6].
The vibrating intrinsic reverberation chamber (VIRC) was
introduced in [7] as alternative resonant environment to RCs
and enables faster and cost-effective testing. It implements a
mode-stirring in order to reach a uniform density of the
interior electromagnetic field. A VIRC was used in [8] to
rapidly convert a semi-anechoic chamber into a reverberation
environment (called hybrid chamber) or in [9] to perform insitu measurements. Here the vibrations of the corrugated,
flexible walls perform a fast-stirring of the cavity field and the
homogeneity and isotropy conditions are obtained in a short
time. Though, it was questioned in [10] that when the
boundary conditions of the cavity field are changed too fast,
one cannot maintain the magnitude (and the polarization) of
the electric field level constant for a long time. Actually, a
Tunable Intrinsic Reverberation Chamber (VIRC with a
mode-tuner) was proposed in [9] but this solution loses the
advantages of the fast, mode-stirring action. With a modetuned strategy, in fact, the test time is controlled by the
rotating stirrer, which shall be moved stepwise for each
working frequency. For example, when 12 different angular
positions of the stirrer are necessary [11] and a dwell time of
2 s is required, the analysis would take 24 s for each working
frequency. The total revolution time of the stirrer can be even
larger in the lowest part of the usable frequency range where
more samples can be required to satisfy the uniformity and
isotropy conditions [11]. Thus, on one side the VIRC offers,
with its fast mode stirring, a real advantage in terms of time
and costs, but on the other side it cannot maintain the strength
level of the electric field constant over a long dwell time.
Since, at the best of our knowledge, there are no studies
addressing the problem of determining how fast can be a
VIRC in changing the boundaries imposed to the internal
electromagnetic field, we want now to estimate the temporal
length of a stressing condition in a VIRC and compare it with
the traditional dwell time definition given for deterministic
fields. Thus, we propose and analyze a model where the test
levels are determined by the expected quantile-80% as well
the maximum of the field sample distribution. Consequently,
a stress condition is defined as the interval between those two
values. The Fig. 1 shows the variation of an electric field
component measured at one corner of the working volume
(WV) by a linearly polarized antenna and during the stirring
action (the set-up is described in the next section) of a VIRC.
Here, it is possible to observe how local maxima are reached
only for a few fractions of milliseconds but the strength level
can be maintained above the quantile-80% of the sample
population hundreds of milliseconds.

𝜎(𝑑𝐵) = 20 𝑙𝑜𝑔10 (

𝜎 + 〈𝐸𝑚𝑎𝑥〉
)
〈𝐸𝑚𝑎𝑥〉

(1)

〈𝐸𝑚𝑎𝑥〉 is the averaged value of the local maxima (averaged
in time during the stirring process) and σ their linear standard
deviation. In the following sections, the expected quantile80% value of the sample distribution will be also used in (1).
III. STATISTICAL DESCRIPTION OF THE UT-VIRC

Fig. 1. Rectangular component of the electric field samples measured by a fast
field probe in a VIRC. The sample values have been normalized with the
dataset mean value.

The paper is structured as follows: the experimental set-up
is introduced in Section II and the statistical analysis of the
field samples given in Section III. Typical stress conditions
are discussed in Section IV and conclusions in Section V.
II. MEASUREMENT SET-UP
All experiments were performed in a VIRC installed at the
University of Twente (UT-VIRC) [12]. This is a 1.5 m x 1.2
m x 1.0 m rectangular structure whose internal walls are made
of conductive material and shacked by two stirring motors
positioned at opposite corners of the structure (Fig. 2).
According to the simple criterion given in [11], the lowest
usable frequency (LUF) of the cavity could be found at three
times the fundamental cavity resonance, i.e., 450 MHz. The
receiving antenna is a double-ridged horn type directed to a
moving wall in a non-line-of-sight configuration with the
transmitting discone-antenna. The two antennae were crosspolarized. The receiving antenna has been located, vertically
polarized (formally, the z direction), in eight different
positions of the WV separated by a minimum distance of λ/2.
The electromagnetic field was sampled with a frequency of
1000 samples-per-second (sampling time is 1 ms).
The field uniformity calculation was based on the standard
deviation of the value of the local maximum electric field
strengths measured by the antenna at the corners of the WV
and according to IEC normative equation (1) [11].

Fig. 2. VIRC installed at the University of Twente.

A. The cumulative distribution function
The Cartesian component of the electric field in a wellstirred RC is a random variable, and its cumulative
distribution function (CDF) is Rayleigh-type. The Fig. 3
shows the empirical CDFs for 2000 field samples taken at 2
GHz in eight different measurement positions of the WV vs.
the ideal Rayleigh CDF. At 2 GHz, the wavelength is about a
tenth of the UT-VIRC´s largest dimension. As soon as the
electrically dimensions of the UT-VIRC becomes smaller, i.e.,
below 1 GHz, the empirical CDFs of Cartesian field samples
do not fit the mentioned ideal CDF (Fig. 4). Note that the
visual inspection of the CDF curves is not an effective
statistical analysis and several hypothesis tests have been
proposed in the literature. Here, we just report that the
empirical statistical distribution of the Cartesian field samples
and its non-idealities can be better described by a twoparameter Weibull distribution when working with
electromagnetic fields at frequencies close to the LUF [13].

Fig. 3. CDFs of the measured field samples (dataset size is 2000 samples)
show agreement at 2000 MHz with the ideal Rayleigh CDF.

Fig. 4. CDFs of the field samples measured at 600 MHz and for each
measuring position. The dataset size is 2000 samples.

Nevertheless, (1) can satisfy the normative rule also in the case
that the empirical CDF of the Cartesian field samples is not
Rayleigh-like. This is important to understand the reason
behind the larger differences between the simulated (based on
samples Rayleigh-distributed) and empirical (based on
samples Weibull-distributed) results described in the next
sections at the lower working frequencies.
B. The coherence time
The autocorrelation function (ACF) has been used to study
the coherence time (CT) [8] of the UT-VIRC; this metric gives
the largest temporal distance between uncorrelated samples of
the electric field strength in a dataset. These uncorrelated
values of the electric field have been produced by independent
boundary conditions imposed to the electromagnetic field. In
other words, the CT measures how long a field strength
remains correlated in time or, equivalently, the speed at which
the electric field strength changes over a period of time. The
estimation of the ACF was accomplished from measurements
of the electromagnetic field sampled in time (1 ms) and space
(eight measurement positions, with distance larger than λ/2).
The Fig. 5 shows the typical CT of the UT-VIRC calculated
averaging, in space, the measurements obtained for each
position (eight in total) and, in time, using 30 datasets of 2000
samples (2 s). The rotational speed of the motors shaking the
VIRC has been maintained constant during the test, the lower
value of CT at the higher frequencies can be explained through
the fact that the dimensions of the folds in the corrugated walls
become electrically larger, therefore more effective, at
changing the boundary conditions of the cavity field.
The averaging of the CT values was necessary to reduce
the effects of non-idealities present at the lower frequencies
where the ergodic assumption of the electromagnetic field
samples is not valid [5]. In this case, the differences between
the empirical results obtained in different measuring positions
or intervals of time could be also large. Fig. 6, for example,
shows how the ACF may change according to the observation
position: The CT of the signal at 700 MHz varies from about
50 ms, in position 8, to 100 ms, in position 6.
Finally, the expected number of uncorrelated samples in
the 2 s time dataset used for the test is given in the Fig. 7.

Fig. 6 Autocorrelation function calculated for eight different measurement
positions at 700 MHz in 250 ms.

Fig. 7 Expected number of uncorrelated samples in datasets of 2 s vs. the
working frequency.

C. The standard deviation
In this section we study the standard deviation of the
maximum as well as of the quantile-80% levels for the
empirical distributions measured in the UT-VIRC at nine
working frequencies from 400 MHz to 2 GHz. The
measurement was repeated several times (45 times) to obtain
the 95% confidence interval of this indicator.
First, we present a formal definition for the quantile-80%
value. Let 𝑒1 , 𝑒2 , ⋯ , 𝑒𝑛 be n independent measurements of the
electric field sampled from a population with a probability
density function (pdf) 𝑓(𝑥) and CDF, F(x). If f(x) is
continuous, then 𝛼𝑞 is said to be quantile q of the distribution
if:
𝛼𝑞

𝑞 = ∫ 𝑓(𝑥)𝑑𝑥,
−∞

Fig. 5. Averaged value of the cohenrece time (among the eight measurement
positions) vs. the working frequency.

(0 < 𝑞 < 1)

(2)

Thus, the quantile-80% indicates the value below which
the 80% of observations in a group of samples fall. We have
used a Monte-Carlo (MC) simulation to compare (1), referred
to the maximum and the quantile-80% levels. At each
iteration, the program generates eight datasets (to simulate
measurements taken at the eight corners of a WV) with
variable size and with sample values from a Rayleigh
distribution. Fig. 8 shows the 95% confidence interval of the
simulated results for datasets of size between 10 and 100.

distribution (GEV) based on the extreme value limit
distributions first identified by Fisher and Tipp [14] and the
generalized Pareto distribution (GEP) [15]. Those theories
have been considered to solve the problem of characterizing
the tail of a sample distribution in overmoded [16]
reverberation chambers. For the sake of simplicity and
without the loss of generality we have studied the problem
with the help of a Monte-Carlo simulation [17]. The program
uses pseudorandom number generator to construct eight
datasets of N independent samples according to the known
Rayleigh distribution. The value of N, for each working
frequency, is given in Fig. 7. Hence, the differences between
the magnitude of the observations over the threshold value and
the threshold itself were evaluated in dB:
Fig. 8. Typical standard deviation range (95% confidence interval) for the
maximum (MAX) and quantile-80% (0.8CDF) values among 10000 iterations
of the MC program. The standard deviation is calculated for eight dataset with
size (number of samples) of 10 to 100 samples.

Fig. 9. Typical standard deviation of maximum (MAX) and quantile-80%
(0.8CDF) levels into the UT-VIRC. Results refer to a population of 45
independent test and fixed observation time of 2 s.

The experimental results agree reasonably with the
simulations, however only where the empirical statistical
distribution fits the ideal Rayleigh one. For example, in the
empirical data, above 700 MHz, one can find datasets with
more than 50 uncorrelated samples (Section III-B), i.e., the
expected worst case for the standard deviation is between
about 1 dB (for the quantile-80% values) and about 1.5 dB (for
the maximum values) (Fig. 8).

𝑒𝑥𝑝𝑒𝑐𝑡𝑒𝑑 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑀𝑎𝑥 − 𝑡𝑜 − 𝑞𝑢𝑎𝑛𝑡𝑖𝑙𝑒80%
= max(𝑑𝐵) − 𝑞𝑢𝑎𝑛𝑡𝑖𝑙𝑒80%(𝑑𝐵)

(3)

The simulation program created dataset of 10000
estimations of (3) and, for example at 1 GHz (with about 55
uncorrelated samples), it shows that a ratio between maximum
and quantile-80% of about 4.5 dB (Fig. 10, red curve) is
expected. Finally, the simulated results are compared with the
experimental results. In the frequency region where the
Rayleigh assumption for the underlying statistical distribution
of the Cartesian field samples does not fully hold (below 700
MHz), simulated and real values have larger differences and,
in particular, at 400 MHz a difference of +2.4 dB between the
empirical and the simulated data has been found. Above 700
MHz a good agreement, between simulated and experimental
results, can be found and the overshoot above the threshold
ranges from 3.5 dB to 5 dB depending on the working
frequency, the dataset size and the number of uncorrelated
samples (Fig. 10). Therefore, under the well-stirred
conditions, we would expect a difference between the
quantile-80% and the maximum values from 3 dB (dataset of
16 uncorrelated samples) to about 5.2 dB (dataset of 135
uncorrelated samples). Lastly, Fig. 10 reveals also the risk
when using a VIRC below or close the LUF where the CDFs
of the sample distributions may not lie in the domain of
attraction of an extreme value distribution function [15]. Here,
it has been observed that the extreme values of the
electromagnetic field strength may be higher than that
expected for datasets of similar size with negative
consequences for the test repeatability.

The LUF can be positioned at 500 MHz (Fig. 9), where the
95% CI of the estimates of (1) is below 3 dB, despite the use
of the quantile-80% in place of the maximum value in (1)
would slightly improve its position (from 500 MHz to 400
MHz).
IV. OBSERVATIONS ON THE MAGNITUDE AND DURATION OF A
STRESS CONDITIONS
A. The expected overshoot above the threshold level
In this section we describe how the stress level of the test
was determined for the UT-VIRC. In particular, we want to
characterize a stress condition as the interval of time during
which the magnitude of the electric field strength remains
above the expected quantile-80% value for a 2 s interval. The
statistical characterization of the extreme values in dataset of
electric field samples include the generalized extreme value

Fig. 10. Simulated (red curve) vs. measured (black curve) values of the
distance between the quantile-80% (0.8CDF) and the maximum levels.
Measurements refer to avereged data over 45 different test with eight dataset
of 2000 samples. The number of uncorrelated samples used for the simulated
dataset refers to Fig. 7.

B. Time Duration of a Stress Condition
The statistical characterization of the temporal interval in
which the electric field strength remains between the quantile80% and its maximum level, here briefly indicated as a
transient (because lasting only a short time), was
experimentally determined for the UT-VIRC as follows:
Transients were observed for each dataset of 2000 samples (2
s), at eight different positions of the WV and during 45
independent tests. Hence, a total of 360 independent transients
have been obtained for each working frequency. Fig. 11 shows
their averaged values from 400 MHz to 2000 MHz; note that
the temporal length of transients decreases with the increase
of the modal density into the resonant cavity. When the modal
density is higher, in fact, the CT of the cavity field decreases
and the instantaneous rate of change, for the field strength,
increases.
The coefficient of variation (CV), i.e., the value of the
standard deviation normalized to the statistical mean of the
sample datasets was used to determine the spread of the
transient values in Tab. I. The advantage of using the CV is
that it can compare dataset across different working
frequencies which have, typically, different average values
(with the same power level transmitted to the cavity). The CV
remains stable around 0.3 in the usable spectrum of the cavity
from 500 MHz to 2000 MHz; this means that the expected
standard deviation on the temporal length of a transient is, for
each working frequency, the 30 % of its expected average
value. The results obtained show that a typical transient, for
example at 1 GHz, is 100 ms long (Fig. 11) and with an
expected maximum 3.7 dB above the quantile-80% level (Fig.
10).
TABLE I.

STANDARD DEVIATION-TO-MEAN RATIO FOR
TRANSIENTS

Frequency [MHz]
500
600
700
800
900
1000
1500
2000

Std.Dev-to-Mean
0.31
0.32
0.32
0.32
0.28
0.32
0.31
0.30

Fig. 11. Typical temporal length of the electromagnetic field strength level
above the quantile-80%. The dataset size is 2 s.

Fig. 12 Typical temporal length of the electromagnetic field strength level
above the quantiles-50%,-65% and -75%. The dataset size is 2 s.

Of course, the stress level could be manipulated if one
considers a different threshold level. Fig. 12 shows how the
expected duration of a transient can be changed with a
different choice of the quantile value.
C. Controlling the Duration of a Stress Condition
The expected duration of a transient shown in the previous
section ranges between 50 ms and 200 ms (Fig. 11). Thus, the
total energy of a stressing signal is still a small fraction of the
testing energy used with a deterministic field (i.e., created in
semi- or full-anechoic chamber) during a dwell time of 2 s. On
the other hand, the test operator has some possibilities to
regulate the temporal length of transients, which can be
controlled by the threshold level (Section IV-B) or by
carefully selecting the rotational speed of the motors used for
shaking the flexible walls of the VIRC. This follows the fact
that the faster the boundary conditions are changed, the
smaller is the temporal correlation between consecutive
sample values of the electromagnetic field. In this way, one
can try adjusting the total length of stress conditions,
according to the response time of the DUT. Fig. 13 shows how
was possible to regulate the expected value of a transient only
by setting different values for the rotational speed of the
shaking motors.

Fig. 13 Typical temporal length of the electromagnetic field strength level
above the quantile-80%. Measurement taken for three working frequencies
and in two configurations: VIRC shaked by one motor with fast (black curve)
and slow (red curve) rotational speed.

V. CONCLUSIONS
We have analyzed in the time domain and with the help of
empirical and simulated measurements, the electromagnetic
noise generated in a VIRC. In particular, with the definition of
a threshold level based on the estimated population quantile
(the quantile-80%), a statistical analysis of the temporal length
of a stress condition in a VIRC was possible. This temporal
length varies, within a dwell time of 2 s, from 50 ms (in the
upper part of the usable frequency range) to 200 ms (close to
the LUF). Finally, it has been observed that the typical length
of electromagnetic field strength above the threshold can be
partially regulated through the opportune choice of the
quantile level and the speed of the motors shaking the VIRC.
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