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ABSTRACT We study the normalized field statistics inside nested reverberation chambers (NRCs), through
the analysis of the shielding effectiveness of enclosures and material samples. The accurate knowledge
of field statistics allows to improve the estimation of probability distributions for high field values inside
electrically large enclosures. Furthermore, the study allows for better selection of the measurement model
for both shielding effectiveness of enclosures and materials and gaskets. We find the correct procedures to
achieve such distributions. We study basic cases of single and electrically small coupling apertures filtering
single or double field components and we show the theoretical statistics of the field components inside
NRCs. The change of inner field distributions is driven by the electrical size of coupling apertures and has
been verified experimentally. The theory developed to obtain such statistics is based upon physics and the
results are supported by measurements. The procedures and results shown in this paper are applicable to
predict the statistics in NRCs as well as in adjacent RCs.

INDEX TERMS Nested reverberation chamber, stochastic electromagnetic fields, electromagnetic coupling,

shielding effectiveness measurements.

I. INTRODUCTION

Reverberation chambers (RCs) have become an important
facility for EMC testing [1], as well as for wireless device
testing [2], [3], [4]. Several specific standardized tests are
performed by RCs, nested RCs (NRCs) and adjacent RCs
(ARC:s). Shielding effectiveness (SE) of enclosures [5], [6],
[71, [8], [9], [10], [11], [12], as well as of materials and
gaskets can be measured by NRCs [1], [13], [14], [15], [16],
and/or ARCs [17], [18]. NRCs and ARCs are systems of
two RCs coupled with each other by one or more apertures.
In the former case, a smaller chamber is positioned inside a
larger chamber. An accurate knowledge of the distributions
of the single field components inside the inner chamber for
NRC:s and inside the chamber that is fed by the other chamber
for ARCs entails an accurate prediction of the probability of
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high values of field that can occur inside the enclosures [19]
or the other chamber for ARCs, for both single components
and total field [1], [20], [21]. Generally, a single component
of the field is received by an unintentional receiver (parts
of circuits, components, or an electrical system in immunity
tests). In [19], a study on the maximum field distribution in
an NRC was addressed by considering a generalized extreme
distribution, which does not require the knowledge of the
distribution of the field inside the inner chamber. Moreover,
the accurate knowledge of the distributions inside the inner
chamber in the measurements of SE of materials allows a
better measurement quality and selection of the measurement
model for both SE of materials and gaskets [1], [22, Subsect.
II-D] and of enclosures [1], [23].

The two chambers are considered to be sufficiently isolated
so that the correspondent inner fields are assumed indepen-
dent of each other [13], [14], [16]. The study performed in
this paper entails the knowledge of the distributions of the
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fields inside the two coupled chambers, when they operate
in a standalone way. In this paper, ‘“‘standalone way’’ strictly
means that the signal is transmitted and received in the same
chamber with the same configuration of coupling between
the chambers. A x distribution with two degrees of freedom
(2 DOFs, also called Rayleigh distribution) is assumed for
the amplitude of each field component in both the chambers,
when they operate in a standalone way. Such a distribution
is achieved when the fields are well-stirred [24], [25]. The
theoretical models we show are valid for both NRCs and
ARCs. However, we have experimental availability of an in-
house NRCs. We are interested in the distributions of the field
components normalized with respect to their mean values.
The field is often compared (normalized) to the average value
so that it is important to know the behaviour of the PDFs for
values greater than the mean value.

In the literature, numerous studies on the distribution of the
maximum field inside complex cavities are present [20], [21].
However, to the best of our knowledge, the literature on field
statistics in NRC:s is rather limited. In addition to the recent
study in [19], there are two papers: one on measurements [26]
and another on theory [27]. In [28, Table 2], some results
were shown for a large coupling aperture, which actually
conflict with the theory in [27]. In [26], rectangular coupling
apertures of different sizes were tested, in order to observe
the change of the distribution of the field components
inside the enclosure' without justifying the choice of the
form of such apertures. Nonnormalized values of the field
were considered. A double-Rayleigh distribution of the field
components was observed for the smaller coupling aperture
used in the measurements, even though the authors specify
that further research were necessary to clarify some anomaly
observed in the results [26, Subsection B]. However, only the
sizes of the coupling apertures were highlighted while the
effect of their form was not mentioned, i.e., only the isolation
between the chambers was considered. In short, in [26], only
the double-Rayleigh was assumed for the distribution of the
components of the filed inside the enclosure regardless of
the form of the aperture. In [27], only cases where the x>
distribution with 2 DOFs were considered for the power
transmitted into the inner chamber. No consideration on
size and form of the coupling aperture and on the possible
consequent filtering behaviour was shown. In [27], the
probability density function (PDF) and related cumulative
distribution function (CDF) of the field components inside
the inner chamber was derived from the normalized received
power inside the inner chamber by a simple transformation
[27,eq. (10)]. The power was normalized to the average value
[27, eq. (7)]. In this way, no correct distribution of the field
can be obtained as such a normalization inhibits the correct
above-mentioned transformation; accordingly, the achieved
PDF and CDF of the field are not correct for any geometry of
the coupling aperture [27, eqgs. (11) and (12)]. For the sake of

INote that we use the words “inner chamber” and ‘“‘enclosure”
interchangeably [1].
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clarity, we specify that the PDF and CDF of the normalized
power to the average value derived in [27, eqs. (8) and (9)] is
only valid for one-dimensional (1D) electrically small (ES)
coupling apertures as shown below; however, the authors
in [27] were unaware of such a restriction and they did not
mention it.

In [28, Sect. IT and Table 2], it is still de facto assumed
that only a good isolation between the chambers is sufficient
to achieve a double Rayleigh distribution of the field
components inside the inner chamber for NRCs or in the other
chamber for ARCs without considering the size and the form
of the coupling aperture.

However, it is necessary to shed light on the field statistics
in the NRCs, as well as ARCs and to enhance them for the
effect of different forms of ES coupling apertures, which is
not considered in the literature.

The distributions of fields and powers can be achieved
for both nonnormalized and normalized values of fields and
powers. Since, we are interested in the distributions of the
field components normalized with respect to their mean
values, we show the procedure to achieve such normalized
distributions of each field components inside the inner
chamber, which has the same form as the distribution of the
amplitude of the transmission coefficient (|S21|) measured
between the chambers. The filtering behaviour due to the
geometry of the aperture is considered. We accurately study
the effect of ES coupling apertures on the statistics of the
amplitude of the field components of NRCs and ARCs.
Hence, individual small coupling apertures between the two
chambers have to be treated separately if the spatial filtering
pertains one or two field planar components. Such a spatial
filtering corresponds to the 1D and two-dimensional (2D)
cases of ES coupling apertures, respectively. A single and ES
coupling aperture de facto implies the independence between
fields inside the two coupled RCs. It is important to note
that coupling apertures can be considered “ES” until the
frequencies in the resonance region of the aperture itself
where the amplitude and phase of the field on the aperture
can still be considered approximately constant. It is specified
that the use of a single very ES aperture in the measurements
can be tricky as the leakage could affect the measurements
quality.

However, we derive the theoretical distributions by a
physical and formal reasoning, i.e., they are not simple
statistical assumptions (null hypothesis to be tested).

When more than one ES aperture is present, their effects
can properly be summed; the mutual coupling has to be
considered if they are not independent [27]. As the number
of the ES apertures increases and/or as the aperture size
increases, the distribution of the amplitude of the field
components inside the nested chamber gradually converges
to a x distribution with 2 DOFs [24], [27] regardless of the
independence of the fields inside the coupled chambers. This
is true for a single aperture as well. Note that an electrically
large (EL) aperture can be considered as a special case of
many apertures [27].
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The paper is organized as follows: in Section II, the theory
is developed; in Section III, the measurement setup and data
acquisition are shown; in Section IV, results are provided
while in Section V, they are discussed. In Section VI,
conclusions are drawn.

Il. THEORY AND COMPARISON METHODS

In this section, we consider specific ES coupling apertures
between the chambers and develop the theory to achieve
the distributions of the field components inside the inner
chamber. Even though the theory is the same for both NRCs
and ARCs as mentioned above, we henceforth mention only
NRCs for ease. As mentioned above, it is assumed that each
field component has a x distribution with 2 DOFs inside each
of the two chambers of the NRCs system, when they operate
in a standalone way. A sketch representing the NRCs system
is shown in Fig. 1. It is specified that the subscript o (i) means
outer (inner) chamber. The subscripts o (i) could be replaced
with different subscripts when ARCs are considered.

I: Stirrer :I

Adgriho

\/ Outer RC

Stirrer

Coupling aperture
Test sample l

Inner RC K
A

\’}“‘“‘""' | Stirrer

Door

A

4

Port 1 k ort 2
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FIGURE 1. Sketch of measurement setup.

A. SINGLE ES APERTURES FILTERING A SINGLE FIELD
COMPONENT (1D CASES)

In this subsection, a single 1D ES aperture, which filters a
single component of the incident field, is considered. In the
measurements, single ES rectangular slots were used. For
such cases, the amplitude of the field transmitted inside the
inner chamber through the small aperture has a x distribution
with 2 DOFs [24]. The field transmitted from the outer
chamber is subject to the stirring inside the inner chamber.
Therefore, the transmitted field component is subject to a
x distribution with 2 DOFs inside the inner chamber again.
Accordingly, each field component measured inside the inner
chamber, which is a random variable (RV) denoted by X,
is achieved by the product of two RVs, which are denoted
by X; and X, respectively. The latter (X7 and X>) have a x
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distribution with 2 DOFs. The distribution of the amplitude
of each field component has double Rayleigh profile inside
the inner chamber, which is achieved by the product of two
Rayleigh distribution. We derive the normalized PDF and the
CDF of the amplitude of the transmission coefficient between
the chambers |S2 1.0,i|» which have the same shape as those of
the amplitude of the field received by an antenna. The PDF
and CDF of the square of the amplitude of the transmission

coefficient between the chambers (|S21,0, i |2> , which have the
same shape as those of the received power, are not derived
for this case because they are as those derived in [27], even
though no mention on the shape filtering of the geometry of
the coupling aperture is found in [27].

We denote by P, the power transmitted through the
coupling aperture. We can consider the coupling aperture
represented by two virtual back-to-back antennas, one in
one chamber and one in the other chamber. Note that the
virtual antennas can be considered as linearly polarized
in cases of 1D coupling apertures, whereas they can be
considered as circularly polarized in cases of 2D coupling
apertures. We denote by P; and P, the power transmitted by
the transmitting antenna inside the outer chamber and that
received by the receiving antenna inside the inner chamber,
respectively. These powers are connected to the fields E;,
E;, and E,. We consider the amplitudes of the transmission
coefficients related to such fields and powers by writing:

Bl /P
E|] VP,
E| VP,
Bl /Pa
where |S>1], and |S21 ]|, are respectively the amplitudes of the
transmission coefficients of the outer chamber including the
attenuation though the aperture, which receives and transmits
the power P,, and of the inner chamber. |§ | and |Q | are
the amplitudes of the fields at the reference planes of the
transmitting and receiving antennas, respectively, whereas
|@ ‘ is the amplitude of the field at the reference plane of
the virtual antenna inside the enclosure. Note that |lﬁ | is
reduced by the attenuation of the coupling aperture and that
the reference plane concerning |g | and |& | corresponds to
the calibration plane of the measurements. We consider the
amplitude of the transmission coefficient:

|S 'i_@_\/ﬁa“/ﬁr_\/ﬁr
2ol =15 T VB, VP. VP,

which represents the RV X.
The PDFs of X and X; can respectively be expressed as
follows:

1S21l, = =X ey

1S211, = =X 2

=X=X1X2 3

X1 T2
fxi(x1) = —e i )
01
X2 T2
fx,(x2) = —e 273 (5)
)
115953



IEEE Access

A. Gifuni et al.: On the Field Statistics in Nested Reverberation Chambers

where 012 and 022 are the variances of the Gaussian

components of the related field components. It is specified
that the subscripts of the variances 012 and 0’22 are different
from the subscripts o (i) as 012 or 022 includes the attenuation
through the aperture due to the mismatches of the two
virtual antennas, which is denoted by A.,. Note that, the
transmission coefficients are reciprocal; we can consider
that 612 includes A.,. The attenuation through the coupling
mechanism between the chambers can be assumed constant,
i.e., it changes only if the frequency changes. Note that it
limits the use of frequency stirring (FS). It is worth noting that
the attenuation A, could be estimated by measurements [22],
or by calculations [29], [30], [31]. However, o1 and o> can
also be estimate by measurements.

V2

The mean values of X; and X, are ux, = “3%o0; and
nx, = ‘/%702, respectively. Therefore, we can write:
X
Xip = — (6)
155¢}
X
X2n = (7)
12563

99

We specify that the subscript “n
throughout the paper.
Accordingly, we obtain:

means normalized

2
1n

T T,

S, (x1) = 7 X1ne 1 (8a)
2
r!xz

T
X0, (x2) = SXme

(8b)

Clearly, the PDF of X»,, is the same as that of Xi,,.
We are interested in the PDF and the CDF of the
normalized RV

Xy = X12Xon = |S21,0., 9

where X1, and X5, are independent. We achieve:

foon = (5) ko () (10)
T g
Fy, ) = 1= SxKy (3) an

where Ky and K; are the modified Bessel functions of
second kind and of zeroth and firth order, respectively.
Equations (10) and (11) were achieved using the theory
on the statistical distribution of the product between two
independent RVs [32].

It is worth comparing (10) and (11) with the corresponding
expressions (11) and (12) in [27]. Figure 2 shows the plot of
PDF in (10) along with some PDF comparisons.

We can note that the tail of the PDF (10), which is a
normalized double Rayleigh, is fatter than both PDF [27, eq.
(11)] and normalized x with 2 DOFs. We specify that the
PDF [27, eq. (11)] de facto corresponds to a nonnormalized
double Rayleigh, whose scale parameter ¢ = o107 is equal
to1 / 2 [26] and the mean value is equal to / 4. Indeed, the
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FIGURE 2. PDFs. The blue-coloured and cross-marked trace is the
normalized PDF (10), which is a Double Rayleigh; red-coloured and
square-marked trace is the normalized PDF (15); green-coloured and
circle-marked trace is the PDF [27, eq. (11)]; black-coloured and
unmarked trace is the normalized x with 2 DOFs.

PDF of a nonnormalized RV X, which has a double Rayleigh
distribution, is [26]:

X X
= K 12
Jx(x) o102 0 (0102) (12)

where o107 is the scale parameter of the data [26].

B. SINGLE ES APERTURES FILTERING TWO FIELD
COMPONENTS (2D CASES)

In this subsection, a single 2D ES aperture, which filters
two components of the incident field, is considered. In the
measurements, single ES circular apertures were used for
ease of the practical realization. In these cases, the amplitude
of the field transmitted inside the inner chamber has
a x distribution with 4 DOFs [33], [34]. Indeed, two
random field components require four independent Gaussian
distributions in complex representation, whose amplitude
has the abovementioned distribution. Accordingly, each field
component measured inside the inner chamber is achieved
by taking the product of two RVs, of which one has a x
distribution with 4 DOFs [33], [34] and the other has a yx
distribution with 2 DOFs; we denote them by Y; and X»,
respectively. We are now interested in the PDF and CDF of

the normalized RV
Yy = Y1uXon = |S21,0,i] (13)

The PDF of X5, is given by (8b) whereas the PDF of Y1,
is given by

n°

8lm? , _9xy2
Qi) = —oevige (14)
The PDF and CDF of Y; turn out to be, respectively:
2773 , (3w
v, On) = m)’nlﬁ 2 n (15)
972 3
Fr,0m) =1 = 253K (Tyn) (16)
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where K is the modified Bessel functions of second kind and
of second order.

Fig. 2 shows a comparison between the plots of PDFs (10),
(15), [27, eq. (11)] and of a normalized x with 2 DOFs. This
comparison highlights the differences between the proposed
PDFs of the amplitude of each field component and the
previous one ( [27, eq. (11)]).

We note that the tail of PDF (15) has slightly lower
values than the PDF (10) after about the abscissa of value 2.
However, the PDF (15) has higher values than the PDF (10)
from about the abscissa of value 0.5 to the 2 one. We note that
the normalized yx distribution with 2 DOFs has the highest
values of these PDFs from about the abscissa of value 0.65 to
the 2 one.

Conversely, the PDF [27, eq. (11)], which is not correct,
gives a higher probability for moderate values of abscissas
(up to about an abscissa value of 0.6). Graphs of the CDFs
related to the PDFs in Fig. 2 are not shown to save space.

In a similar way, we can calculate the PDF and CDF of the
power received by the antenna inside the inner chamber. The
powers can be considered RVs as is the case of the amplitudes
of fields and equivalently of S71. The power transmitted
through the hole has a X2 distribution with 4 DOFs [33], [34]
whereas the power distribution received by the antenna inside
an RC has a x?2 distribution with 2 DOFs when they operate
in standalone way. We denote the RV representing the power
transmitted through the hole by Wj. Inside the inner chamber,
the power transmitted from the outer chamber is subject to
a X2 distribution with 2 DOFs, which is the same as an
exponential distribution [35]. We denote the RV representing
such a power by Y>. Accordingly, the power measured inside
the inner chamber is obtained by the product of W; and Y5.
We can achieve the PDF and CDF of normalized RV

Pr 2
Wy = WinYon = = 1S21.0.i], - (17)
t
Therefore, we can write:
S, Win) = dwi,e” 2 (18)
Sr2,(Von) = €72, (19)

It follows:
finy ) = 42w K1 (2V20m,) . 20)
Fi, (wn) = 1 — dw, Ko (2f2ﬁ,,) . 21)

C. ALTERNATIVE METHOD TO ACHIEVE THEORETICAL
RESULTS

We note that (10) could also be achieved by manipulating (12)
and the expression of the mean value of X, which is given by
Ux = Mx,Mx, = 50102. Indeed, by setting uy = 1 and
replacing o107 = 7% in (12), we achieve (10). This rationale
could also be applied to achieve (11), (15), (16), (20) and (21)
as they are derived from one parameter distributions. In other
words, the same rationale of normalization applied on the
starting PDFs in previous subsections could be applied
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to the nonnormalized PDFs and CDFs of the RVs X, Y
and W. This alternative procedure could be useful only if
the expressions of the nonnormalized PDFs and CDFs are
explicitly known, as well as those of the related means,
otherwise no advantage is obtained compared to the method
used in this paper. Indeed, the integrals to be solved to achieve
the nonnormalized theoretical results could also be harder.
In our case, only the nonnormalized PDF corresponding
to (10) was explicitly known, which is eq. (12) [26].
Therefore, the direct normalized approach is used as shown
above.

D. COMPARISON METHODS USED FOR THE
DISTRIBUTIONS

We need to compare experimental results from measurements
to the theoretical ones. As mentioned above, we compare the
distributions of the values of the field components normalized
with respect to the mean values. It is specified that we
do not know the theoretical mean values. Therefore, the
normalization is performed from the theorical point of view
as if we knew the theoretical mean, whereas the mean is
estimated by measured data and used for the normalization of
measured data themselves. For goodness-of-fit (GOF) tests,
these cases are equivalent to those where some parameters of
the theoretical PDF are estimated by measured data. A similar
situation is found for a normal distribution in [36]. In the other
words, GOF tests such as standard Kolmogorov-Smirnov (K-
S) and Anderson-Darling (A-D) tests are unapplicable [36],
[371, [38], [40], [41], [42]. These GOF tests can be applied,
if the distributions of the statistics “d” and “A2” are achieved
by simulations for such two tests, respectively, as well as
the relative critical values and/or p-value [36], [37], [38],
[39], [40], [42]; i.e., these GOF tests can be applied by
supporting the analysis with Monte-Carlo simulations. x 2 for
GOF test and relative p-value can be applied to any univariate
distribution for which one can calculate the CDF [36], [39].
Since we have the availability of 50 measured samples for
each frequency, we use the p-value from A-D test enhanced
by Monte Carlo simulations. This test also gives more weight
to the tails than does the K-S test [39]. However, by following
the rationale shown in [42] and the suggestion by Stephen
Senn in [43], we also used other tests and methods, whose
results are only briefly discussed in this paper (see Sect. V
below).

Ill. MEASUREMENT SETUP, DATA ACQUISITION AND
PREPARATION
According to the abovementioned specifications, the scatter-
ing parameters S21,0,i, 521,0,0 and S»p i ; are the transmission
coefficient between the chambers and those of the outer and
inner chambers, respectively. The measurements of these
three coefficients were performed over the frequency range
(FR) from 1 GHz to 18 GHz, to compare theoretical and
experimental distributions.

The measurements were performed in a cubic RC of 8 m3
volume at the Universita degli Studi di Napoli Parthenope,
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where the input electromagnetic field is randomized by
means of three metallic stirrers rotating in continuous mode
as described in [25] and [44]. Random mechanical stirring
(MS) due to the vibrations of the chamber walls under the
effect of the motors of the stirrers improves the efficiency of
the baseline MS. Figure 3 shows the inside of the RC where
the inner chamber is visible.

(@) - )

FIGURE 3. (a) Inside the RC where the inner chamber is well-visible.
(b) Particular of the inner chamber where the coupling aperture is a slot
of 32 mm x 2 mm.

The inner sizes of the inner chamber are exactly
473 mm x 473 mm X 473 mm. It has a removable side,
which is exploited to change the coupling configuration.
Specifically, a few and meaningful coupling apertures were
used in our measurement campaigns.

The removable side was positioned on the flange of width
of 40 mm of the inner chamber, which was covered by
a sealing gasket. An ad-hoc stirrer was used as shown in
Fig. 4(a) to acceptably achieve the assumed field distribution
also at low frequencies of the FR. The stirrer, which works
in continuous mode, includes a vertical prism, metalized by
adhesive aluminium except for the top wall.

(a) (b)

FIGURE 4. Inner chamber configurations. (a) Stirrer ad hoc built including
a metalized rectangular prism. (b) Antennas used for measurements.

The apertures were created by cutting off parts of
aluminium slabs, which were used as removable side. These
interchangeable aluminium slabs can be considered as test
samples, which were properly placed on the top of the inner
chamber. The ES apertures had rectangular slot shape of
20 mm x 2 mm and 32 mm x 2 mm, as well as a circular
hole shape of 16 mm and 32 mm in diameter.

115956

With reference to the set-up in Fig. 1, the antennas
Agdrwh,o and Agrwh,i were ETS-Lindgren 3115 double-ridge
waveguide horn antennas; the FR of such antennas ranges
from 1 GHz to 18 GHz. Since the coupling aperture were
small, no potential direct coupling from the aperture to the
antennas inside the inner chamber can significantly affect
the measurements. Note that under the abovementioned
assumptions on the stirring of the fields inside the two
chambers, the position of the coupling aperture on the walls
of the inner chamber does not affect the results. The other
two antennas were ultra-wideband image transmission TEM
antennas (model XR 170); in Fig. 1, they are denoted by A,
and A;. The FR of such antennas ranges from 1.4 GHz to
10.5 GHz. We denote these antennas by I-T-TEM antennas
in the text. All the antennas used in the measurements are
linearly polarized. However, since the I-T-TEM antennas
were operated outside their intrinsic FR, we performed some
measurements by replacing them with two equal dipole
antennas shown in Fig. 4(b). These results were not shown for
brevity. However, they allowed us to check that the I-T-TEM
antennas behave as linearly polarized antennas when they
work over the whole used FR. Fig. 4(b) shows the antennas
used for measurements. The dipoles antennas have SMA
connectors with straight terminals. The measurement set-up
includes a two-port Agilent 8363B vector network analyzer
(VNA).

The measurements were performed up to 18 GHz to show
the effect of the electromagnetic behaviour of the apertures
on the distribution of the field components inside the inner
chamber, which changes from ES to EL, by crossing the
resonance region, according to the ratio between the size of
the apertures and the wavelength over the FR. Such an effect
entails a change of the distribution of the field components
as shown below. In particular, considering the apertures used
in the measurements, we show that the distributions of the
field change from one concerning an ES aperture to another
concerning an EL aperture over the FR.

A. DATA ACQUISITION AND DATA PREPARATION

In the measurements, 1700 uniformly distributed samples
over the whole FR from 1 GHz to 18 GHz were acquired
for each frequency sweep. Fifty frequency sweeps were
acquired for each of the three measured scattering parameters.
A step frequency (SF) of 10 MHz was used. Considering the
spread of the spectrum of the signal inside the RC [44], the
width of the intermediate frequency filter bandwidth IFBW)
was set to 2 kHz. Acquired samples can be represented
by a matrix of 1700 columns (frequency points) and
50 rows (frequency sweeps) so that the frequency is constant
for each column. Hence, 50 uncorrelated samples were
acquired for each of the 1700 frequency points. Specifically,
1700 set of 50 uncorrelated samples each corresponding
to different frequency points were considered for data
processing. Therefore, we achieved and tested 1700 CDFs
of the normalized |S21,0,i|. The results are presented for
each of the used coupling apertures. Some verification tests
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were performed on the normalized |SZL,-J-| and ]521,0,0| to
check if the necessary conditions on the distributions of the
fields inside the single chambers were acceptably met. The
possible biases of the real and imaginary parts were removed
frequency by frequency. Consequently, the samples to be
processed were also independent. Moreover, the amplitudes
of the samples of each group were normalized to the relative
average values.

Itis specified that the uncorrelation of the acquired samples
was checked by Pearson’s autocorrelation coefficient and
autocorrelation function. Finally, by SE of the inner chamber
(enclosure), which is obtained by measurements, the assumed
isolation conditions were verified [1], [13], [14], [16], [22],
[23]. Results are not shown here for brevity.

IV. EXPERIMENTAL RESULTS

In this section, we show the comparisons between theoretical
and experimental CDFs by p-value from A-D test. We specify
that no statistical difference was found in the results when
the different abovementioned antennas were used in the
measurements. For |821,0,,~ , the comparisons are also shown
by considering the theoretical CDF achieved in [27, eq. (12)].
We recall that all the tests were performed on 50 samples for
each of the 1700 frequency points.

It is specified that only comparisons from the filed
component distributions (RVs X, Y) are shown in the paper.
However, it is highlighted the results from comparisons using
the power ratios exactly lead to the same conclusions. In order
to simplify the reading of the results, they are presented by
a mapping of the p-values, which represent the probability
value from the test for each frequency point. Therefore,
the map of the p-values gives an overview of the results
for each configuration of coupling between the chambers.
Moreover, an horizontal line representing the threshold at
the 5% of significance level further helps the reading of
the results.

A. SINGLE ES APERTURES FILTERING A SINGLE FIELD
COMPONENT (1D CASES)
In this subsection, the results regarding the two cases of single
apertures filtering a single component of the field are shown:
the slot of 20 mm x 2 mm and the one of 32 mm x 2 mm.
We check the distributions of the field components in the two
chambers when they operate in a standalone way as they are
essential to test the theoretical results obtained in Sect. II.
In these two cases (inner and outer chamber), the theoretical
CDF is a normalized x with 2 DOFs. Figures 5 and 6 show
the p-value for the normalized amplitude of S>; measured
inside the internal chamber and inside outer chamber,
respectively. In these measurements, the inner chamber was
inside the outer chamber and the coupling aperture wase of
32 mm X 2 mm.

For the inner chamber (Fig. 5), the theoretical hypothesis
was rejected at the 5% and 1% of significance levels; the
rejection rates were 10.5% and 3.1%, respectively. Note that
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FIGURE 5. P-value from A-D test of 50 samples on the normalized
amplitude of S,; ; ;. The coupling aperture was the slot of 32 mm x 2 mm.
The theoretical CDF is a normalized x distribution with 2 DOFs.
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Frequency (GHz)

FIGURE 6. P-value from A-D test of 50 samples on the normalized
amplitude of S; 4 o- The theoretical CDF is a normalized x distribution
with 2 DOFs.

the red line represents the threshold at the 5% of significance
level as mentioned above.

For the outer chamber (Fig. 6), the theoretical hypothesis
was accepted both at the 5% and 1% of significance levels as
expected; in this case, the rejection rates were of 4.1% and
0.5%, respectively.

The rejection of the test on the distribution of the amplitude
of the field components inside the inner chamber was likely
because of an ordinary imperfect stirring inside the inner
chamber due to the limited volume and only to the use of
MS. Such an imperfection was rather generalized over the
entire FR even though it was more significant at the lower
frequencies as expected. However, the map of the p-values
and the rates of the reject of the test show that results are
acceptable for the comparisons in the paper.

9.0 100 11.0 120 13.0 140 15
Frequency (GHz)

FIGURE 7. P-value from A-D test of 50 samples on the normalized
amplitude of S,; ,, ;. The coupling aperture was the slot of 20 mm x 2 mm.
The theoretical CDF is a normalized double Rayleigh (eq. 11) for the blue
and full circle and the CDF in [27, eq. (12)] for the black and empty circle.

Figure 7 and 8 show results of the p-value for |Szl’0,i ,
under the hypothesis that the theoretical CDF is a normalized
double Rayleigh (eq. 11), in case where the coupling aperture
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FIGURE 8. P-value from A-D test of 50 samples on the normalized
amplitude of Sy , ;- The coupling aperture was the slot of 32 mm x 2 mm.
The theoretical CDF is a normalized double Rayleigh (eq. 11) for the blue
and full circle and the CDF in [27, eq. (12)] for the black and empty circle.

are the slots of 20 mm x 2 mm and 32mm X 2 mm,
respectively. Fig. 7 and 8 also show results of the p-value
under the hypothesis that the theoretical distribution is the
CDF [27, eq. (12)].

For the slot of 20 mm (Fig. 7), the cut off frequency is
7.5 GHz. However, the A-D test was performed over the sub-
FR from 1 GHz to 9 GHz for the normalized double Rayleigh
distribution. The theoretical hypothesis was rejected at the
5% and 1% of significance levels; the rejection rates were
10.4% and 2.9%, respectively.

The theoretical CDF [27, eq. (12)] was rejected at the
5% and 1% of significance levels over the same sub-FR
from 1 GHz to 9 GHz; the rejection rates were 99.6%
and 86.1%, respectively. Note that the results in [27, eqs
(11) and (12)] were obtained regardless of the form and
size of the coupling aperture; however, we note that the
rejection rates (p-value map) strongly worsen for frequencies
from 9 GHz to 18 GHz. It is specified that p-values
were mapped to 10™* for plotting and numerous rejected
samples concerning the theoretical CDF [27, eq. (12)] are not
visible.

Results in Fig. 8 are coherent with those in Fig. 7. In this
case, the cut off frequency of the slot of 32 mm is about
4.7 GHz. The A-D test was performed over the sub-FR
from 1 GHz to 7 GHz for the normalized double Rayleigh
distribution. The theoretical hypothesis was rejected at the
5% and 1% of significance levels; the rejection rates were
8.5% and 3.0%, respectively.

The theoretical CDF [27, eq. (12)] was rejected at the 5%
and 1% of significance levels over the same FR from 1 GHz
to 7 GHz; the rejection rates were 98.7% and 89%,
respectively. Again, note that the rejection rates (p-value map)
strongly worsen for frequencies higher than 7 GHz.

Note that the rejection rates in the Fig. 7 and 8 are totally
compatible with those due to imperfect stirring inside inner
chamber (see Fig. 5). Therefore, even though the test was
rejected at the 5% and 1% of significance levels for these
apertures, the rejection ratios and the p-value maps show that
the experimental and theoretical CDFs match well. Moreover,
the visible migration toward a different distribution is
also expected for the electromagnetic behaviour of the
two apertures, which de facto represents the real physical
problem.
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It is important to note that the distribution [27, eqgs. (11)
and (12)] is totally unsuitable to represent the distribution of
the field for these apertures across the entire FR.

We specify that the tests in this paper were performed up
to more than the cut off frequency of the coupling aperture
as the results were reasonable and acceptable up to about
the considered frequencies. We also specify that results led
to the same conclusion when FS was considered in data
set. Actually, the results gradually worsened in terms of
rejection rate with the increasing of the FS bandwidth (FSB)
as expected. This behaviour in the results of the tests was
not present for an EL coupling aperture. It is due to the fact
that FS is not included in the development of the theoretical
models. Note that several results were not shown in the paper
for brevity. However, even though theoretical models do not
include the FS effect, it was verified that the use of FSBs of
the order of some hundred MHz led to the same conclusions.

B. SINGLE ES APERTURES FILTERING TWO FIELD
COMPONENTS (2D CASES)

In this subsection, results regarding the two cases of single ES
apertures filtering two field components are shown. Single ES
circular apertures were used for ease of practical realization;
however, the same results are obtained if different forms
of 2D coupling apertures are used. The coupling apertures
were two holes of 16 and 32 mm in diameter. It is specified
that results for the normalized amplitude of S»; ; ; inside the
internal chamber are the same as those in Fig. 5 except for
the intrinsic statistical fluctuation. They are not shown to save
space.

] 00 d o olooe b ood LG
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FIGURE 9. P-value from A-D test of 50 samples on the normalized
amplitude of S; , ;. The coupling aperture was the hole of 16 mm in
diameter. The theoretical CDF is given by (16) for the blue and full circle
and the CDF in [27, eq. (12)] for the black and empty circle.

Figure 9 shows the p-values from the comparison between
the theoretical CDF given by (16) and the normalized
amplitude of S21 o.i, where the aperture is the hole of 16 mm
in diameter.

For a circular hole of 16 mm in diameter, the cut off
frequency is about 11 GHz. However, the A-D test was
performed over the sub-FR from 1 GHz to 13 GHz. The
theoretical hypothesis was rejected at the 5% and 1% of
significance levels; the rejection rates were 7.8% and 1.8%,
respectively.

The theoretical CDF [27, eq. (12)] was rejected at the
5% and 1% of significance levels over the same sub-FR
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from 1 GHz to 13 GHz; the rejection rates were 100%
and 99.7%, respectively. Again, note that the rejection
rates (p-value map) strongly worsen for frequencies higher
than 13 GHz.

Figure 10 shows the p-value from the comparison between
the theoretical CDF given by (16) and the normalized
amplitude of S71 0.i, Where the aperture is the hole of 32 mm
in diameter.

10 20 30 40 50 60 70 80 90 100 1.0 120 130 140 150 160 170 180
Frequency (GHz)

FIGURE 10. P-value from A-D test of 50 samples on the normalized
amplitude of S,; 4 ;. The coupling aperture was the hole of 32 mm in
diameter. The theoretical CDF is given by (16) for the blue and full circle
and the CDF in [27, eq. (12)] for the black and empty circle.

For a circular hole of 32 mm in diameter, the cut off
frequency is about 5.5 GHz. However, the A-D test was
performed over the sub-FR from 1 GHz to 6 GHz. The
theoretical hypothesis was rejected at the 5% and 1% of
significance levels; the rejection rates were 7% and 2.4%,
respectively.

The theoretical CDF [27, eq. (12)] was rejected at the
5% and 1% of significance levels over the same sub-FR
from 1 GHz to 6 GHz; the rejection rates were 99.8%
and 99.4%, respectively. Again, note that the rejection
rates (p-value map) strongly worsen for frequencies higher
than 6 GHz.

Again, we note that the rejection rates in the Fig. 9 and 10
are totally compatible with those due to imperfect stirring
in the inner chamber (see Fig. 5). Therefore, even though
the test was rejected at the 5% and 1% of significance
levels for these apertures, the rejection ratios and the
p-value maps show that the experimental and theoretical
CDFs match well. Moreover, the visible migration toward a
different distribution is also expected for the electromagnetic
behaviour of the two apertures, which de facto represents the
real physical problem.

It is important to note that the distribution [27, eqs. (11)
and (12)] is totally unsuitable to represent the distribution of
the field for these apertures across the entire FR.

C. EFFECTS OF THE BEHAVIOUR OF AN APERTURES FROM
ESTO EL

We also verified that the normalized yx distribution
with 2 DOFs is totally unsuitable to represent the distribution
of the field components inside the inner chamber for a
single ES coupling aperture. However, with increasing the
frequency, the distribution of the field components moves
gradually toward such a distribution according to the ratio
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between wavelength and size of the coupling aperture. Such
an electromagnetic behaviour can clearly be seen from the
results shown in Fig. 11, which concern the hole of 32 mm
in diameter. Fig. 11 shows the results of the p-value from
the comparison between theoretical and experimental CDFs,
where the former is a normalized y distribution with 2 DOFs.
The theoretical hypothesis was rejected at the 5% and 1% of
significance levels over the sub-FR higher than 8 GHz; the
rejection rates were 7.5% and 2.7%, respectively.

10 20 30 40 50 60 70 80 90 100 1.0 120 130 140 150 160 170 180
Frequency (GHz)

FIGURE 11. P-value from A-D test of 50 samples on the normalized
amplitude of S; ,, ;. The coupling aperture was the hole of 32 mm in
diameter. The theoretical CDF is a normalized y distribution with 2 DOFs.

Hence, by the map of the p-value, we showed the migration
of the distribution of the amplitude of the field components
inside the inner chamber toward a y distribution with 2 DOFs
with increasing frequency.

The results in Fig. 11 confirm the theory in [27] on
the expected statistics for the field components inside the
enclosure when the coupling apertures is EL and the fields
inside the two chambers are still independent.

Fig. 11 also shows that the distribution of the components
of the field inside the inner chamber in the measurements
of SE of materials and gaskets could not be a x distribution
with 2 DOFs at the low frequencies of the working FR of
the aperture regardless of the volume of the inner chamber.
Such low frequencies could correspond to a part of the
resonance region of the coupling aperture according to sizes
of the aperture itself [1, pag. 74, note 1], [11], [13], [14],
[16]. Hence, at the low frequencies, the distribution of the
components of field inside the inner chamber could be
affected by both the size of the coupling aperture and volume
of the inner chamber itself. Such two causes are independent;
the latter produces resonance phenomenon inside the volume
of the inner chamber, whose effects were shown in [23],
where the distribution of the field inside the enclosures was
expected to be a x distribution with 2 DOFs being connected
to leakage. For the former cause, notable differences in the
measurements of SE could be obtained, when a measurement
model including the ratio between maximum values is used,
for both SE measurements of materials and gaskets [1],
[22, Subsection I-D] and SE of enclosures. Indeed, such
maximum values (the one in the numerator and that in the
denominator of the ratio) could come from different distri-
butions. The abovementioned former cause includes both the
size and the form of the coupling aperture (or apertures) for
the SE of enclosure. Even though measurements model on SE
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of materials and gaskets in [1, Annex G] is inefficient [14],
[22], it can be improved by also considering the ratio between
maximum values [22, Subsection I-D]. The ratio between

. 2 Max 2 Max
maximum values (|Szl,0,0| )N (|S21,0,,~| )N , where

the superscript “Max’’ and the subscript “N”° mean that the
maximum value is taken among N samples, which represents
the SE of the enclosure [1], [23], would tend to reduce
the estimate of the SE for both enclosures and materials
and gaskets, when the distribution of the denominator has
values concerning the tails greater than the y distribution
with 2 DOFs. Note that no affectation would be present
for the so-called SE4 measurement model [11, eq. (14)],
[16, eq. (15)], [22, Fig. 12 and 13], if the ratio between
the maximum values were used in SE measurements of
materials and gaskets. Hence, we note that the distributions
found inside the inner chamber have a conservative effect
on the estimates of SE for both enclosures and materials
and gaskets, when a measurement model including the ratio
between maximum values is used. However, they reveal a
higher probability of high values of field inside an enclosure
according to the ES coupling aperture. This is relevant in
electromagnetic compatibility. On the other hand, since the
conservative estimation of SE is subject to the statistical
fluctuations, the higher probability of high values of field
inside an enclosure is however a warning.

V. DISCUSSION

The results presented in this work confirms findings achieved
through alternative methods, i. e., the rationale in [42] and
the suggestion by Stephen Senn in [43] were followed. Such
results are not shown in the paper for brevity. The p-values
achieved from K-S test (which is enhanced by Monte Carlo
simulations as mentioned above) on the same measurement
datasets used in the paper led to the same conclusions. The
p-value from x2 for GOF, as well as from A-D and K-S
tests, performed on different datasets, obtained by the same
measurements, by considering FS and consequently a greater
number of independent samples, led to the same conclusions,
albeit with the limitation on FS mentioned above. Also,
the results from the comparison between theoretical and
experimental CDFs [45] by mean square error still led to the
same conclusions.

Results from measurements where different antennas were
used, shown in Fig. 4(b), led to the same conclusions.

It should be highlighted that the mathematical models were
developed under the assumption that the fields inside both
the chambers are perfectly stirred, i.e., each sample acquired
inside the inner chamber was produced both by internal and
external stirring. It is worth noticing that the results in this
paper do not contradict the results in [19, Fig. 6(b)] as the
internal stirrer was fixed in the latter case.

Concerning the results in [28, Table 2], we found a
difference with the expectation calculated in in [27]. They
also disagree with the result shown in this paper for a large
coupling aperture. Indeed, the expected result was a Rayleigh
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distribution (the size of the coupling aperture was 1 m x 1 m,
[6, Fig. 6]), but a double Rayleigh was found instead. Only
the isolation between the chambers was mentioned to justify
the results achieved.

About the inconsistent results at the frequencies
3 and 4 GHz in [26, Fig.5d], we think that the reason was the
low stirring efficiency inside the enclosure, i.e., considering
the shorter dimension of the enclosure (0.12 m) and only
the use of FS, probably, the stirring was imperfect inside the
enclosure. In other words, an ideal Rayleigh distribution was
not achieved inside the enclosure up to frequencies about
of 4 GHz for the amplitude }Szl,,-,i , when it worked in a
standalone way and only FS was used.

Finally, we stress that the theoretical models found and
verified in this paper is derived from physical basis. This
aspect is very important as discussed in [43, pag. 152].

VI. CONCLUSION

We studied the statistical distribution of the amplitude of
the field components inside the inner chamber of NRCs,
as well as inside the RC fed by the other chamber for ARCs.
The results are applicable to electrically large enclosures,
as well as to fixtures for SE measurement of materials
and gaskets in RCs. We showed the correct procedures to
achieve the normalized distributions of the amplitude of the
field components, which are useful for SE measurements of
enclosures with a single and ES aperture. For the first time,
we showed that it is necessary to distinguish between the
apertures that filter a single component of the field (1D aper-
tures) and those that filter two components of the field (2D
apertures). We provided novel normalized distributions of the
amplitude of the field components for basic cases of single
and electrically small coupling 1D and 2D apertures. The
novel distributions showed a higher probability of high values
of the field inside an enclosure according to the electrically
small coupling aperture. We found that the leakage of the
inner chamber has not affected the results from the aperture
used in these measurements. Based on this study, extensions
to two or more independent apertures can easily developed.
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