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Abstract—The present works aims at describing important
statistical indexes such as the field uniformity, the field in-
homogeneity and the statistics near the cavity walls for a
special case of fast changing random electromagnetic fields. We
generate this kind of electromagnetic environment by means of
a vibrating intrinsic reverberation chamber. The use of several,
fast, in-house, 3-axis field sensors allows for extensive, “real-time”
measurements inside such a chamber.

I. I NTRODUCTION

A Reverberation Chamber (RC) consists of an electromag-
netic resonant cavity featuring some kind of mode-stirring
process to create changing boundary conditions in order to
obtain a statistically uniform electromagnetic field.

RCs play a major role in today’s electromagnetic compati-
bility measurements and are gaining significant confidence in
exploring innovative uses and applications. In order to make
the most out of them, a fully understanding of their working
principles is essential.

Different kind of RCs exist, defined mainly by their various
stirring strategies. A particular non-conventional example is
the Vibrating Intrinsic Reverberation Chamber (VIRC) [1].
The VIRC is a complex-shaped chamber (intrinsically complex
geometry), that also uses mechanic vibration in order to
change the modal structure at every stir state, which in this
case is a particular configuration of the chamber shape.

Fig. 1. First prototype and a real application Vibrating Intrinsic Reverberation
Chamber (VIRC) that utilizes the movement of the walls to produce mode-
stirring.

Figure 1(a) shows the prototype VIRC and Fig. 1(b) shows

a real-application VIRC forin situ testing of the APAR Radar
at the Thales Environmental Competence Center Laboratory in
Hengelo, The Netherlands, where the VIRCs were conceived
and developed.

It can be seen in Figs. 1 that the shielded room is constructed
using flexible conductive material. A motor or some motors are
very often used to make the whole structure vibrate and thus
moving the cavity walls. The VIRC presents a unique case in
which the chamber itself behaves as both the electromagnetic
enclosure and the mode stirrer.

In such a chamber, testing time is decreased drastically.
Another important advantage is its portability, making possible
a large number ofin situ measurements for large and/or
difficult to move equipments under test (EUT). Mode-tuning
is not possible in such a chamber, limiting their use when
measuring immunity to EUTs with long dwell times and in
the case that repeatability of every stir state is desired.

II. FAST CHANGING FIELDS

Due to its inherent complexity and the dependence of the
field distribution to the random behavior of the flexible walls,
the VIRC is able to provide us with a large number of uncor-
related data for sufficiently high frequencies. Moreover, it is
relatively simple to implement a stirring strategy successfully
enough to generate a movement of the walls without any
periodicity. In such a case, any measured field magnitude
shows a non-repetitive pattern and thus the number of samples
can potentially grow without bound.

As an example, Fig. 2 shows the autocorrelation coefficient
measurements in a VIRC of 1.5 m× 1.2 m× 1 m. At each
frequency, 400 samples were taken. It can be seen that with
a relatively low number of stir state lags, the data show a
satisfactory uncorrelation. This is true even at low frequencies
like 200 MHz, where this particular VIRC does not meet a
good reverberation regime. This feature represents a unique
situation where a large number of uncorrelated data samples
can be generated.

In conventional RCs, the actual highest field levels available
in the chamber are largely difficult to estimate, due to a lower
number of data samples that can be measured compared to the
VIRC. It is known that an ensemble of data samples will con-
verge into its probability density function firstly in the mean
value, making the accurate estimation of the extreme values
less probable. However, it is most desirable to characterize a
RC (and any other kind of reverberant and semi-reverberant
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Fig. 2. Stirring efficiency measurements in the VIRC based on the received
power for three frequencies at the same spatial position. The horizontal lines
define the uncorrelated region|ρ| ≤ 1/e.

structure) with respect to the maximum measured field. In fact,
being able to accurately describe the statistical behavior of
fields in the tail of their probability distributions gives a deeper
confidence in the proper statistical models.
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Fig. 3. Measured minimum, average and maximum received power as a
function of frequency for the VIRC.

The VIRC is potentially able to describe, with a greater
probability than a conventional RC, the field statistics for
the extreme values. As an example, Fig. 3 shows the stir
(ensemble) minimum, linear average and maximum over the
received power measured in the VIRC. Two different power
ratios are calculated and showed in Fig. 4. It can be seen that
even for a relatively low number of samples (400 for each
frequency) the stirring ratio largely outperforms its empirical
threshold of SRmin = 20 dB [2], and the power deviation to
the mean is around 10 dB, which is the expected theoretical
value for this number of samples [2]. Therefore a greater
chance of observing high field levels is provided.

It can be seen from Fig 4 that “jumps” of the electric field
of 30 to 60 dB between the minimum and the maximum
measured field are not rare and they can even reach 80 dB for
some cases. These jumps are likely to happen relatively fast,
since as already discussed, the occurrence of extreme values is
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Fig. 4. Power deviation to the mean and stirring ratio values for the VIRC.

Fig. 5. Fast, in-house, 3-axis field probe sensor prototype.

less probable. To sum up, we can see that the situation in the
VIRC is twofold: on one hand the occurrence of high field
levels is advantageously usual and; on the other hand, their
appearance is rather fast. The latter represents a drawback to
be solved, since there is no chance of tuning the VIRC.

III. FAST, IN-HOUSE, 3-AXIS FIELD PROBE SENSORS

All of the above calls for the use of proper field sen-
sors. Having fast response field sensors notably increases
the probability of estimating the maximum value, which is
most desirable. Most of the 3-axis field probes on the market
do not have an adequate sample rate to permit their use in
such a setup (similar to a very fast continuous mode-stirred
chamber calibration). Other fast responding sensors are on
the market that can respond to the fast changing field. These
“real time” sensors are very often single axis. Even if 3-axis
fast sensors are becoming more and more available, their high
cost prohibits their wide adoption and limits their use to some
special applications.

Within a common effort between the Environmental Com-
petence Center of Thales Nederland BV, and the Telecommu-
nications Group of the University of Twente, it was possible
to develop in-house probes that satisfactorily fulfill with the
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requirements for this kind of measurements and are very cost-
effective. Fig. 5 shows a picture of one of the first prototypes.
These sensors are in their prototype stage of development and
the plan is to use them to get statistical measurements of the
fast changing electric field inside the VIRC. In this paper we
address some preliminary results.

As can be seen from Fig. 5, the sensors have three grounded
monopole antennas. Each antenna is protected from accidental
misuse with radome material. The ground planes form a small
cube serving also as the shielding for the internal circuitry.
The main features of these sensors are:

• They have a very compact size: the ground cube having
3 cm× 3 cm× 3 cm, plus 2 cm of the monopoles.

• They are designed to work in the frequency band of 100
MH - 2.5 GHz.

• Their (measured) dynamic range is of 60 dB all along
their band of operation.

• They are able to provide more than 1000 samples per
seconds at full dynamic range.

• Each axis circuit provides a DC output proportional to
the per axis field strength. The data is transferred via
shielded cables. The signal can be filtered out easily. The
field strength can then be measured by measuring the DC
output of the sensor

• They feature an enhanced cross-polarization discrimina-
tion in a post-processing stage.

Both their low cost and their small size are features that
encourage the use of multiple sensors inside the VIRC in order
to obtain extensive measurements of the different statistical
characterization parameters and indicators.

IV. STATISTICAL MEASUREMENTS

It has been stated that the electromagnetic field inside a RC
is stochastic in nature [3], [4]. This basically means that the
best way to represent the behavior of the fields inside such a
complex and dynamic environment as a RC, is to consider it
a random process and apply proper statistical tools to char-
acterize it. The main feature of statistical models is that they
thrive on complexity so, the more complicated the dynamic
the more applicable are the models. Many contributions in
literature were focussed on showing how the use of proper
statistical tools can provide us with important characterization
of RCs, for example [6]-[11].

Measurements were performed in a VIRC (Fig. 6) whose
operation, characteristics, and performance have been detailed
in [5]. The test setup includes:

• Screened enclosure. Fabric used: Kassel Copper-Silver
SHIELDEX Fabric. Joined using sewing. Internal dimen-
sions (tight): 1.5 m× 1.2 m × 1 m (height). Volume
(tight): 1.8 m3. One access panel. Holding structure.

• Antenna. We use a monopole as the transmitting antenna.
• Signal Generator. A Rohde & Schwarz SMT03 signal

generator (f=5 kHz. . . 3 GHz) was used.
• Power Meter. A Rohde & Schwarz NRP Power Meter

with two Rohde & Schwarz NRP-Z51 sensor heads was
used for measuring forward and reflected power.

• Directional Couplers. A Narda 3020A (f = 50 MHz. . .
1 GHz) (bi-)directional coupler was used to measure the
forward and reflected power at the TX antenna terminals.

• Field Probes. Nine different field probe sensors as the
one in Fig. 5 were used.

• Data acquisition and interfacing All active devices
of the VIRC equipment setup (signal generator, power
meter, field probes) are remote controlled from a com-
puter. The VIRC control and data acquisition programs
were written using the Laboratory Virtual Instrumentation
Engineering Workbench (LabVIEWR©) platform. The
developed RC programs are especially adapted to the
requirements of the measurements present in this paper.

• Stirring device. A motor was fixed to the holding
structure of the VIRC with a moving arm which was
mechanically attached to one of the VIRC walls using
a rubber band. The movement of the motor produces
a poking and pulling of the chamber wall, creating a
successful stirring strategy. A weight is attached to the
tip of the poking arm that behaves as a double pendulum
and thus adding more complexity to the system (the arm
pokes the wall each time in a different point, in a random
manner). Figure 6 shows some pictures of the stirring
device implemented.

(a) VIRC with the stirring device

(b) Close-up of the stirring device.

Fig. 6. Stirring device fixed to the holding structure of the VIRC. The
close-up picture shows in detail the moment of pulling the wall.

A. Extensive, “Real-Time”, Field Uniformity Measurements

In an ideal reverberant environment, the field is statistically
homogeneous, isotropic, incoherent, and randomly polarized.

436



These conditions can be reproduced in practice by a real RC
under uncertainty levels. The most important result coming
from the statistical models applied to a well-performing RC is
that the ensemble (stirring) average of received power is equal
to the average over plane wave incidence and polarization.
Consequently, the average responses of receiving antennas or
test objects are independent of directivity and polarization
properties. Furthermore, they are also independent of position
[10]. Field uniformity is one of the most wide-spread criteria to
characterize and validate a RC [7]. Field uniformity is as well
one of the most indirect measurements of RCs performance,
especially as proposed by the standards. Most of them require
direct field uniformity evaluation by volume boundary mea-
surement, which is a method very similar to anechoic chamber
calibration methods.

Fig. 7. Field probe sensors inside the VIRC for extensive field uniformity
measurements. The holding structure is made of radome material. Nine sensors
were placed in the boundaries of the working volume, eight of them at each
corner and one in the center.

In our work we perform an extensive measurement of field
uniformity, placing nine small sensors inside the working
volume of the VIRC, as shown in Fig. 7. The fast changing
field inside this chamber is then extensively characterized. The
limited size of the sensors allows to place many of them
without distorting and/or significantly influencing the field
distribution inside the chamber.

According to the field uniformity measurement defined in
[7], the field must be recorded within the working volume
(its corner points and the center, in our case) for selected
frequencies and for many stir states. Subsequently, the standard
deviation (deviation between the nine positions in space) is
calculated for the field components. For acceptable mode-
stirring, the standard deviations should lay below a tolerance
level defined in [7]. The field uniformity measurement as
described above was performed in the VIRC of Fig. 6. The
“volume of uniform field” has dimensions of 1 m× .5 m× .5
m. Figure 8 shows the field uniformity in terms of the standard
deviationsσξ (ξ = x, y, z andtotal) and the IEC limit. It can
be seen the excellent performance of the VIRC when assessed
using field uniformity. The way the VIRC meets satisfactory
performance conditions, even at low frequencies, challenges
the definition of field uniformity as a performance indicator
and the threshold values adopted by the standard [7].
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Fig. 8. Field uniformity measurementsσξ in the VIRC.

B. Extensive, “Real-Time”, Field Inhomogeneity Measure-
ments

The planar and total field inhomogeneity coefficientsIα and
Itot, respectively were introduced by Luk Arnaut [8], [9] and
are also suggested as further characterization parameters in
the standard [7]. These coefficients allow to measure field
homogeneity and randomness of polarization within a RC.
They are defined as:

〈Iα(r1, r2)〉 =

〈 |Eα(r1)|2
Pi

− |Eα(r2)|2
Pi

|Eα(r1)|2
Pi

+ |Eα(r2)|2
Pi

〉
, and (1)

〈Itot(r1, r2)〉 =

〈√
I2
x + I2

y + I2
z

3

〉
, (2)

where|Eα| represent a single measured electric field strength
component, withα = x, y, z for a given stir state.Pi is the
input power injected into the RC. The〈·〉 operator denotes
ensemble averaging over all stir states.

It is commonly recommended that locationsr1 and r2

should keep a minimum distance corresponding to one wave-
length at the lowest useable frequency (LUF) of the chamber.
The minimum distance criterion helps in reducing the chance
of falsely estimate a higher field correlation than the actual
one. In other words, the risk of not keeping the minimum
distance is to underestimate the chamber performance and not
to overestimate it.

Using the same measured data of section IV-A we cal-
culate the total field inhomogeneity between all the sensors,
Itot(rm, rn) with m = 1 . . . 8 and n = m . . . 9 (36 different
combinations) inside the VIRC. Figure 9 shows the envelope
of all the 36Itot curves.

The two horizontal lines in Fig. 9 represent the typical
values for “medium” (-10 dB) and “good” (-15 dB) stirring
quality defined in [7] forN = 300 samples. Unfortunately,
no values are provided forN = 1000 samples as in our case.
Nevertheless, a good assessment of the VIRC can be done by
means of these measurements.
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Fig. 9. Field inhomogeneity measured in the VIRC.
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Fig. 10. Distributions of the normal electric field component for different
distances to a wall.

C. Field Statistics Near the Cavity Walls

Observations of mode-stirred chambers has suggested that
proper statistics apply, provided that the distance from the
walls (or any other conducting structure) is greater than one
quarter of the free-space wavelength [7]. For the case of
the magnitude of any of the electric field components, the
expected distribution is theχ2, also known as the “Rayleigh”
distribution [10]. To deepen into this “quarter wavelength rule”
we use the small field sensors to investigate the variation of
the statistical distribution with position in a cavity close to a
wall.

Figure 10 shows the (normalized) field distributions at
some fixed positions within the VIRC: some points in the
test volume, at half wavelength from the wall, at quarter
wavelength, and at eighth of a wavelength, for fields normal to
the wall. Figure 11 repeats the same measurements as Fig. 10
but for one tangential component. We note that the distribution
still resembles a “Rayleigh” one when the distance to the wall
is less than or equal to a quarter wavelength. Nevertheless, a
closer look at Fig. 11 seems to suggest that even though the
shape of the distributions keeps a “Rayleigh” one, the most
probable value decreases with decreasing distance to the wall.
This is observed only for the case of the tangential component.
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Fig. 11. Distributions of one tangential electric field component for different
distances to a wall.
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Fig. 12. Plot of the variance of the normal and tangential electric field

To investigate this phenomenon further, we measure the field
statistics for a large number of positions as close as possible to
a chamber wall. This was achieved by simultaneously placing
the nine sensors at different distances from the wall and
performing measurements at different frequencies. Then, we
collect and unify all the measurements with respect to its elec-
trical distancekr, wherek is the free-space wavenumber and
r the distance to the wall. In this manner, a plot of the variance
of the normal and tangential electric field (proportional to the
mean value of theper-axis energy density [10]) against the
electrical distance from a wall is provided in Fig. 12.

We know that the main consequence of the electromagnetic
boundary conditions near a wall (or any other conducting
structure) is to “force” the tangential field to be zero at the
surface. Although the field itself (both normal and tangential)
remains random at any distancekr, the existence of such a
boundary condition changes the random polarization state of
the fields far from the walls (deep field) into an asymptotically
deterministic state at the surface. In this sense, a vanishing
statistical moment of the field distributions should be observed
(e.g. an average or variance tending to zero askr → 0). The
commonly accepted limit indicating the end of the deep field
has been stated to bekr = π/2, which is the electrical distance
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Fig. 13. Measured electric field anisotropy coefficientsAαβ(kr) for the
electric field evaluated at different electrical distanceskr from the cavity wall.
The measured sample points are indicated by symbols. The interpolating cubic
splines curves between symbols are also shown.

at r = λ/4 (shown in a vertical black line in Fig. 12).
We wanted to investigate the real reach and the reasons

for the “quarter wavelength rule”. Unfortunately, the only
(relatively weak) change that we could observe on our own
measurements atkr = π/2 is an apparent decrease of the
spread in the variance. This result challenges the common
understanding of the behavior of the fields near the walls. We
suspect that our measurements provides some insight into how
the stirring process at points near a conducting surface can be
optimized when using a VIRC instead of a conventional RC.
The wall of choice for our measurements was forced to be
still and not vibrating. Nevertheless, Fig. 12 seems to suggest
an important variation of the instantaneous local normal and
tangential field with respect to the direction of the projection
from the measurement points to the surface.

Figure 13 shows measurements of the Anisotropy coef-
ficients [7], [8], [9] Aαβ(kr) for eight different electrical
distances from the wall. The direction normal to the wall
coincides with thez component, whilex andy are tangential
to the surface. The value ofAxy appears to be relatively less
sensitive tokr and, in any case, considerably smaller than
|Aαz| (α = x, y) in this region.

We think that these measurements are preliminary, and no
rush conclusions must be drawn from Fig. 12. We leave a
further investigation and deepening of this problem for future
work.

V. CONCLUSIONS

This work focusses on the measurements of fast-changing
fields as they occur in an electromagnetic environment such
as the vibrating intrinsic reverberation chamber.

The reasons for stating that such fast fields are more likely
to happen in a VIRC rather than in other type of RC were
described in detail and back-upped with measurements.

For the purpose of performing such measurements, self-
made field probe sensors were designed, built, calibrated and
used. These sensors feature a number of advantages that

make them more suitable than other commercial ones for our
applications.

We performed three kind of statistical measurements using
the sensors, namely: field uniformity, field inhomogeneity and
an observation of the field statistics near a cavity wall.

The field uniformity and the field inhomogeneity measure-
ments gave good reasons to the fact that the VIRC represents
a successful tool for generating random fields, with all its
various uses and applications.

The preliminary study of the field statistics near the cavity
walls showed very interesting results. Nevertheless, it still
needs further investigation and discussion in order to better
clarify the measurement outcomes. This is left as part of the
future work.

The thorough investigation of statistical indexes in fast
changing fields as the ones present in the VIRC has never
been reported and our hope is to contribute in moving a step
further on the described issues.

ACKNOWLEDGEMENTS

The authors wish to thank H. Garbe, S. Fisahn and all
the EMC group at the Leibniz University of Hannover for
kindly let us use the equipment for the sensors calibration.
Particular thanks to F. Buesink (University of Twente - Thales
Nederland) for helpful comments and discussions and to C.
Teerling (University of Twente) who developed the acquisition
and control software. This research project has been supported
by a Marie Curie Transfer of Knowledge Fellowship under the
Sixth Framework Programme of the European Union, contract
number 042707.

REFERENCES

[1] F. B. J. Leferink, J.-C. Boudenot, W. van Etten: “Experimental results
obtained in the vibrating intrinsic reverberation chamber”,IEEE Int.
Symp. on EMC, vol. 2, pp. 639-644, August 2000.

[2] M. L. Crawford and G. H. Koepke: “Design, evaluation, and use of
a reverberation chamber for performing electromagnetic susceptibil-
ity/vulnerability measurements”, NBS Technical Note 1092, 1986.

[3] D. Hill: “Probability Density Function of Power Received in a Rever-
beration Chamber”,IEEE Trans. on EMC, vol. 50, no. 4, p. 1019, Nov.
2008.

[4] P. Corona, G. Ferrara, M. Migliaccio: “Reverberating Chambers as
Sources of Stochastic Electromagnetic Fields”,IEEE Trans. on EMC,
vol. 38, no. 3, pp. 348-356, Aug. 1996.

[5] R. Serra” “Optimizing the Stirring Strategy for the Vibrating Intrinisic
Reverberation Chamber”,Int. Symp. on EMC (EMCEurope 2010), Wro-
claw (Poland), Sept. 13-17, 2010

[6] R. Serra: “Introduction of Randomness in Deterministic, Physically-
Consistent Descriptions of Reverberation Chambers and Experimental
Verification”, PhD Dissertation, Politecnico di Torino, Turin, Italy, 2009.

[7] CISPR/A and IEC SC 77B: IEC 61000-4-21 Electromagnetic Com-
patibility (EMC) - Part 4-21: Testing and Measurement Techniques
- Reverberation Chamber Test Methods, International Electrotechnical
Commission (IEC) International standard, August 2003.

[8] L. R. Arnaut, P. D. West: “Effect of antenna aperture, EUT and stirrer step
size on measurements in mode-stirred reverberation chambers”,Proc. of
the IEEE Int. Symp. on EMC, Piscataway, NJ, pp. 2934, 2000.

[9] ——: “Effect of local stir and spatial averaging on measurement and
testing in mode-tuned and mode-stirred reverberation chambers”,IEEE
Trans. on EMC, vol. 43, no. 3, pp. 305-325, Aug. 2001.

[10] D. Hill: “Plane Wave Integral Representation for Fields in Reverberation
Chambers”,IEEE Trans. on EMC, vol. 40, pp. 209-217,1998.

[11] L. R. Arnaut: “Spatial correlation functions of inhomogeneous random
electromagnetic fields”, Physical Review E, vol. 73, no. 3, March 2006.

439




