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Abstract—In this paper, a comprehensive statistical analysis
of the Reverberation Chamber with random boundaries and a
mechanical stirrer is performed to evaluate the field correlation
for independent positions achieved from a stirred electromagnetic
field. The analysis of the reverberation chamber is conducted
through numerical simulation by using a custom FDTD solver.
The reverberant environment is modeled with two monopole
antennas along with Ns 64 random boundaries and stirrer
positions. The degree of independence among the field samples
is quantified through the spatial correlation matrix, while the
Kolmogorov–Smirnov (KS) statistics provides an additional mea-
sure of statistical consistency. The use of randomized boundaries
enables a well-stirred field across the chamber, and even though
a residual unstirred energy may occur at lower frequencies due
to the limited number of resonant modes, proper matching of the
chamber size to the working frequency ensures effective stirring.
The addition of a mechanical stirrer further enhances field
uniformity and increases the number of independent positions
even for a small-volume Reverberation Chamber, providing
insights for efficient chamber design and characterization.

Index Terms—Reverberation Chamber, Random Bound-
aries, Spatial correlation Matrix, Field Uniformity, Kol-
mogorov–Smirnov statistics

I. INTRODUCTION

The creation of a multi-path reflecting environment in a Re-
verberation Chamber (RC) for electromagnetic compatibility
(EMC) testing is effective if we have a statistically uniform
field with a high number of independent samples. The number
of independent samples in the chamber depends on several
factors, like the chamber dimensions [1], frequency [2] , and
loading conditions [3] , but mostly on the stirring mechanism
[4]. Different stirring mechanisms are used in the RC, like
mechanical stirring (MS) [4], frequency stirring [5], and source
stirring [6]. Based on this, the samples independence is mea-
sured by defining the correlation between the two field mea-
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surements at different stirrer positions, frequencies, or points
in the working volume (WV). The statistical analysis of the
field in the RC is mostly performed using the auto-correlation
function (ACF) [7], cross-correlation function (CCF) [8],
Kolmogorov–Smirnov (KS) goodness-of-fit test [9], Spatial
or stirrer correlation matrix [10], or a hybrid approach [11].
Among these, ACF is the most prominent method that is used
in most of the RC with regular boundaries [12]. This gives
the correlation for adjacent and near-adjacent samples in the
chaotic environment, giving Nind the number of independent
samples [13]. In case of Random boundaries (RB) used as
a stirring mechanism [14] to produce a statistically uniform
field inside the RC, ACF is not feasible due to its sequential
uniformity check [15]. Instead, the statistical evaluation must
rely on non-sequential techniques, such as ensemble-based
methods or independent sample extraction, to ensure that
each realization represents a distinct and uncorrelated field
distribution. Similarly, the measurements are taken inside the
WV, which is mostly uniform, but it is taken at a single
point, and the ACF varies spatially in the WV [12]. When
the test object or reference antenna is not electrically small,
the spatial correlation of the fields becomes an important
factor in understanding and predicting its measured response
inside the chamber [16]. The statistical analysis of independent
samples in an RC with RB conditions is performed using a
correlation-based threshold, typically defined as |ρ| < 0.37
(IEC/CISPR criterion) or equivalently ρ < 1/e [11]. A
pairwise spatial correlation is executed at a single frequency
between Ns RB/stirrer positions. This leads us to perform
a numerical analysis of the uncorrelated positions, adopting
a spatial correlation matrix in the WV in this paper. We
adopt a statistical analysis approach rooted in the spatial
correlation matrix to evaluate the effectiveness of RB stirring
in the RC. Since RB configurations do not produce sequential
field variations, traditional ACF-based methods cannot be
applied; instead, the correlation of samples must be assessed
through pairwise spatial correlations between field realizations.



This aligns directly with the ensemble-based interpretation,
where uncorrelated samples correspond to low inter-sample
correlation measured across different RB/stirrer positions.

II. METHODOLOGY

All simulations were carried out using a customized FDTD
code developed by the EMC group at UNIVPM [17]. A struc-
tured sampling approach is implemented on the boundaries
of the RC in the computational domain [14]. A set of points
P (ix, iy, iz) on the chamber walls with a thickness of 50 cells
is generated with a repetition after every 3 cells. If Bo(r)
denotes the baseline boundary condition, then for the k-th
realization, we define the perturbed boundary as:

Bk(r) = Bo(r) + ∆Bk(r) (1)

where ∆Bk(r) is a spatially localized random field with zero
mean and bounded variance. The large scale generation of
the perturbed points is memory efficient due to this structured
approach. These RB, together with the MS, allow us to study
how the field distribution inside the chamber changes from
one configuration to another. The simulation environment is
organized into three main parts: the FDTD, the FFT post-
processing step, and the statistical module, where the spatial
correlation matrix is computed for all the field coefficients.
All three parts are parallelized to manage the large number of
configurations required for the correlation-based analysis.

A. Simulation setup

The RB condition is generated using the method defined
in our previous work [14], with a cell dimension of 3 mm.
The geometry of the simulated RC is 542 × 642 × 722 cells
in the Cartesian plane. Fig. 1 illustrates the geometry of the
proposed RC designed with RB conditions and a stirrer. The
chamber contains two monopoles of the same size, 61 mm
along the +ẑ direction, with a MS and input of 64 changing
RB/stirrer positions. The monopoles’ position in the grid, in
accordance with the cell location are:

• Monopole #1: 100 (x̂), 140 (ŷ), 0 (ẑ);
• Monopole #2: 450 (x̂), 550 (ŷ), 0 (ẑ);

A Gaussian pulse modulated sinusoid is used as an excitation
signal for the band of interest. The frequency band taken is
from 1.0 GHz to 10 GHz, and the separation between the RB,
stirrer, and the monopoles is λ/4. A virtual volumetric loss
σ = 10−5 S/m is introduced to mimic the real losses in the
chamber, which is useful to speed up the numerical simulations
[17]. A 1.9 ps time step is taken per measurement in the time
domain with the 3 mm cubic cells. Each simulation includes
the full FDTD time-domain run, the FFT-based conversion
to the frequency domain, and the subsequent statistical pro-
cessing across the various RB/stirrer positions. When executed
on CINECA’s Leonardo high-performance computing (HPC)
system, the entire workflow takes 9 hours of wall-clock time.
The computations were carried out on 8 compute nodes using
a parallelized MPI-based distributed memory configuration.

Fig. 1. Schematics of the geometry of the RC with RB and stirrer.

B. Spatial Correlation Analysis

The statistical analysis of the RC with RB is carried out
using a spatial correlation matrix approach, which allows
evaluating the independence of field realizations across the
working volume. The field is sampled at Ns spatial points
inside the chamber for each stirrer position. For the j-th stirrer
position, the field values are arranged into a vector,

ej = [ej,1, ej,2, . . . , ej,Ns ] (2)

where ej,i represents the field at the i-th spatial point. The
mean field vector over all RB/stirrer positions is calculated as,

µ =
1

Ns

Ns∑
j=1

ej,Ns
(3)

capturing the average behavior of the chamber. Using these
vectors, the correlation matrix Σ is computed as,

Σ = E
[
(e− µ)(e− µ)T

]
(4)

where E[·] denotes the ensemble average over all stirrer
positions. The diagonal elements of Σ correspond to the
variance at the same spatial point, while the off-diagonal
elements quantify the correlation between pairs of points.
Large off-diagonal terms indicate strong correlations, implying
that fewer independent field realizations are present.

Σ =


σ11 σ12 . . . σ1Ns

σ21 σ22 . . . σ2Ns

...
...

. . .
...

σNs1 σNs2 . . . σNsNs


To standardize the covariance values, the correlation matrix R
is defined as,

R = (Tr(Σ))
−1/2

Σ (Tr(Σ))
−1/2 (5)

where Tr(Σ) is the trace of the covariance matrix. Each
element ρjk of R represents the Pearson correlation coefficient
between two spatial points. Positions with ρjk ≈ 1 are strongly
correlated and do not contribute to independent sampling,
while positions with ρjk ≈ 0 are statistically independent. The
number of independent samples, Nind, is estimated by applying
a correlation threshold, typically |ρ| < 0.37 (or equivalently
ρ < 1/e), across the correlation matrix. Since some positions
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Fig. 2. Time-domain behavior of the three cartesian components of the electric
field.
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Fig. 3. Average of the transmission coefficient amplitude for the monopole.

are correlated, the total number of independent realizations is
generally less than the number of RB/stirrer positions,

Nind ≤ Ns (6)

III. RESULTS

The results from the simulations using both RB conditions
and mechanical stirring are presented with emphasis on spatial
correlation analysis. The spatial correlation matrix is employed
to quantify the independence of field samples and evaluate
the effectiveness of the combined stirring mechanisms. The
Electric field S21 and the unstirred energy measured show the
chamber’s characteristic behavior. To further examine perfor-
mance and statistical consistency, the Kolmogorov–Smirnov
(KS) statistic is applied. Together, these analyses provide a
concise evaluation of the RC.

The time-domain decay of the electric field inside the
chamber is shown in Fig. 2. The results indicate that the
electromagnetic energy attenuates appropriately over time in
the RC with RB. Fig. 3 presents the average complex trans-
mission coefficient < |S21| > for Ns RB/stirrer positions.
An estimate of the independent positions within the chamber
is provided in Fig. 4. This is done using KS statistics with
the acceptance threshold set, which shows the empirical dis-
tribution of the measured samples relative to the theoretical
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Fig. 4. KS statistics as a function of frequency for RB simulations

distribution in a fully stirred environment. The frequencies
at which the KS statistics exceed the acceptance threshold
point out to the positions that are considered statistically
independent, indicating effective stirring and adequate field
variability across those sample locations.

Fig. 5 illustrates the K-factor in the RC across the frequency
range. As the K-factor shows the ratio between unstirred and
stirred energy, we observe that in lower frequency range, the
amount of unstirred energy is high due to the compact size of
the RC.

2 4 6 8 10

Frequency (GHz)

0

10

20

30

K
-F

ac
to

r

Fig. 5. K-factor analysis of the unstirred and stirred energy in the frequency
range.

The spatial correlation analysis along the field components
for the chamber with RB is presented in Fig. 6. It can
be observed that the results are in good agreement with
the chamber’s unstirred energy. The number of independent
positions, Ns, with respect to the random geometries is equal
to Nind = 64 at high frequency.

Similarly, an analysis of a hybrid approach combining RB
with a MS is presented in Fig. 7. It can be observed that
by using a hybrid stirring approach increases the number
of independent positions at lower frequencies. This indicates
that a chamber with a smaller geometry can achieve a more
uniform and randomized field distribution when using a hybrid
stirring technique.



2 4 6 8 10

Frequency (GHz)

0

10

20

30

40

50

60

In
d
ep

en
d
en

ty
 p

o
si

ti
o
n
s

E-Field_x

E-field_y

E-Field_z

Fig. 6. Spatial correlation matrix based analysis for independent position with
RB.
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Fig. 7. Spatial correlation matrix based analysis for independent position with
RB and MS.

IV. CONCLUSION

In this work, a numerical analysis of the RC with RB and
a MSr is performed to compare the methods based on the
number of independent samples in the chamber. The field
uniformity and resonant fields within the RC are evaluated
using the spatial correlation matrix approach, which effectively
quantifies the field correlation within the working volume.
The findings reveal that RB alone can produce statistically
uniform fields. Furthermore, with a hybrid approach, a more
randomized field can be achieved at lower frequencies in a
small chamber by combining RB and a MS. The combination
of RB and mechanical stirring techniques is shown to improve
the number of independent samples and overall statistical
performance, providing a reliable method for optimizing RC
designs for electromagnetic compatibility testing. Future work
will focus on the experimental validation of the RB approach
to achieve a more precise and robust testing methodology
in the RC. Another promising direction is the exploration
of alternative boundary types, such as structured or semi-
RB, to assess their impact on field uniformity, statistical de-
correlation, and overall chamber performance.
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