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Experimental Validation of an Emission Test Method
for Source Stirred Reverberation Chamber

Alfredo De Leo, Member, IEEE, Graziano Cerri, Member, IEEE, Paola Russo, Member, IEEE, and
Valter Mariani Primiani, Senior Member, |IEEE

Abstract — This paper reports on the experimental validation of a
method to predict radiated emissions of an equipment under test
in a reverberation chamber where the multiple monopole source
stirring technique is implemented. The method is validated for
three different case studies: a loop, a slot in a metal enclosure and
a realistic device comprised of the chassis of a power supply for a
workstation. The reconstruction of the free space electromagnetic
emissions starting from measurements in a reverberation chamber
is compared with measurements in an anechoic environment. A
statistical analysis of the uncertainty due to a positioning error of
the field sample measurement points is also proposed.

Keywords-component: reverberation chamber; source stirring;
emission test

I.  INTRODUCTION

T HE reverberation chamber (RC) is accepted as an
alternative test site in electromagnetic compatibility

(EMC) testing [1]. The field stirring techniques include
various mechanical methods and source stirring methods: a
wide description of the most commonly used RC types and
modes of stirring can be found in [2]. In particular, the source
stirring methods might be achieved by varying the frequency of
the source feeding the chamber, by steps larger than the
coherence bandwidth, or by varying the position of the field
source inside the chamber. A particular way to implement this
second method, without moving anything inside the chamber,
is given by the adoption of many fixed antennas, subsequently
connected to the power generator (immunity test) or to the
receiver (emission test). In [3], several monopoles on the
chamber walls were adopted to that purpose, named multiple
monopole source stirring (MMSS). Regardless of the adopted
stirring techniques, emission determination by an RC is based
on the measurement of the total power radiated by the
equipment under test (EUT). Subsequently, by applying an
estimated maximum EUT’s directivity, the maximum electric
field that the EUT would radiate at a certain distance (e.g. 3 m,
10 m) is determined, assuming a traditional open area test site
(OATS) or a fully anechoic chamber (FAC) [4]. The EUT’s
maximum directivity is estimated from its dimensions and the
operating frequency [5] [6] [7]. In case of an RC already
operating with the MMSS, an alternative way was proposed to
compute the EUT radiation in FAC (or OATS) based on the
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definition of proper equivalent sources [8] [9]. Equivalent
sources are derived from the electric field values sampled on
the chamber walls (normal component) when the EUT is inside
the working volume. The method is also able to provide the
EUT emission along all space directions regardless of the EUT
alignment inside the chamber, therefore without the necessity
of rotating the EUT. In this paper, an experimental validation
of this last method is presented, by applying it to a real MMSS
chamber and considering passive EUTs having increasing
complexity. Since the correlation among results achieved in
different test sites is of crucial importance [10] [11] [12], a
comparison with results obtained in free space is also presented,
together with an analysis of the effect due to monopole
positioning uncertainty on the RC walls.

This paper is organized as follows. In section 11, the theoretical
method, based on the recovery of equivalent sources, is briefly
described. In section 11, the experimental set-up is described
for both RC measurements and free space validation
measurements. In section IV, results are reported for three
EUTs by comparing the maximum distant radiated field
predicted by the RC measurement and verified in free space. In
section V, the uncertainty in the radiation prediction due to
monopole positioning and orientation is analyzed. Finally, a
brief conclusion summarizes the achieved results.

Il. DESCRIPTION OF THE ADOPTED PROCEDURE

The procedure is based on the possibility to represent the
emission of an EUT both inside a RC and in free space through
the same set of equivalent sources, whose values are obtained
from an opportune sampling of the electric field inside the
chamber.

The detailed description of the method to obtain the
equivalent sources, the demonstration of its theoretical self-
consistence, the effect of the number and the position of the
equivalent sources on the accuracy, the determination of their
values through an iterative procedure and the convergence of
the algorithm are reported in [8] and [9]. For sake of
convenience, the Appendix reports a short guide that describes
the use of the method and the algorithm in a real emission test.

The method has been developed to reconstruct the emissions
of an EUT through the electric field values sampled inside a
rectangular cavity. A MMSS RC is the most suitable structure
to implement the algorithm, because it is already equipped with
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monopoles that can be used for measuring the electric field
emitted by an EUT, so no additional instrumentation and set-up
are required.

The procedure consists of three steps: in the first, the EUT
emission inside the MMSS RC is measured in a set of sampling
points on the walls; in the second, the equivalent sources that
generate the same EUT emission inside the RC are evaluated;
in the third, the field radiated by the equivalent sources in free
space is calculated and compared to measurement in an
anechoic environment.

The method is based on the assumption that the power emitted
by the EUT inside the RC is the same as that of the EUT in free
space.

In more detail, the first step of the model consists in placing
the EUT into the working volume of the RC, as is usually done
in EMC testing. Then, the electric field samples sensed by the
monopoles are collected and stored because they constitute the
reference values. Since the antennas are mounted on the walls,
only the field component orthogonal to the metallic RC surface
is measured.

Subsequently, in the second step, a specifically developed
algorithm generates a set of equivalent electric and magnetic
currents virtually placed in the working volume.

A grid, whose points are regularly spaced by half a
wavelength, is generated in the whole working volume. Three
electric and three magnetic equivalent currents, oriented along
the three orthogonal directions, are placed in each grid point.

These currents, called equivalent sources, are not known a
priori and must represent a quite general radiating structure (the
real EUT).

The values of the equivalent sources are determined by the
algorithm, minimizing the difference between the theoretical
field values due to the equivalent sources in the RC samples
positions and the EUT reference samples measured in the first
step. More details on the model and its theoretical validation
can be found in [8] [9] [15].

Finally, once the equivalent sources are fixed, they are placed
in free space, and their radiation can be calculated in any
direction and for any distance.

In this paper, the radiation of the equivalent sources is directly
compared to measurements performed in an anechoic
environment.

I1l. MEASUREMENT SET-UP

This section describes the experimental set-up used to
compare the reconstruction of the radiated emission of an EUT
placed in an RC, with the measurement of the electric field
radiated by the same EUT placed into an anechoic environment.

A. Radiated Emission in Reverberation Chamber

The RC is a rectangular cavity, made of galvanized steel. Its
dimensions are 800 mm along the x axis, 900 mm along the y
axis and 1000 mm along the z axis.

The receiving monopole is sequentially inserted in the cavity
through holes placed on the walls, as shown in Figure 1. On
each wall, a set of 20 circular holes (radius 2.5 mm) is present,

for a total of 120 holes. Their irregular distribution is necessary
to prevent unwanted effect due to symmetry [13] that could
reduce the uncorrelation degree of the samples. The unused
holes do not affect the quality factor of the chamber [14], and
therefore do not perturb the measurement result.

The receiving monopole is a panel mount SMA female
coaxial connector whose length is 19 mm covered by
polytetrafluoroethylene (inset of Figure 1). The monopoles are
manually inserted and held into the holes present in the RC’s
walls; the availability of an electronic switch can automate the
measurement procedure.

The working volume of the RC is a sub region 15 cm away
from each metallic wall [14].

The EUT is connected to port 1 of the VNA and the receiving
antenna to port 2.

The cable that connects the EUT to the VNA crosses the walls
of the RC from side to side using an N-type pass-through panel
connector.

Each measurement consists in the 2-port scattering matrix
measured in 1601 frequency points in the frequency range
between 675 MHz and 6 GHz. The lowest frequency is three
times the first resonating mode of the cavity, the highest one is
limited by the VNA working frequencies.

1 Working 1
1 volume 1

Fig. 1. Measurement setup using a MMSS RC as test site and the used
monopole.

The proposed method in is used to obtain the electric field
radiated in free space from the measurement of the electric field
collected close to the walls using the monopoles.

The relation between V4, the voltage measured by the
VNA, and E,, the normal component of the electric field is (1)



50
Vyna = Enleff m, (1)

where [ is the effective length of the monopole antenna and
Z 4ne 18 its impedance, that can be calculated from the measured
scattering matrix, where

Vina = 521\/ 50P;¢ 2

For all the measurements reported in this paper, the output
power (P,.) of the VNA was set to 0 dBm.

B. Radiated Emission in an Anechoic Environment

The EUT radiated emissions were measured in an anechoic
environment (AE), as shown in Figure 2: the EUT was placed
on a rotating platform and connected to port 2 of the VNA.

The receiving antenna was a double ridge horn antenna, well
matched in the whole explored frequency range, and connected
to port 1 of the VNA. A time domain approach was chosen to
carry out the measurements. The time gating utility of the VNA
was used to isolate the pulse radiated directly from the EUT
from the residual reflections due to the environment.

The distance between the EUT and the receiving antenna is
2.3 m, smaller than the standard prescription of 3 m due to the
environment dimension and length constraints of the cables.
However, at this distance, the far field condition is fulfilled in
the whole analyzed frequency range.

EUT

) u
4 4

Fig. 2. Measurement setup using an anechoic corner as test site: the absorbing
panels are placed on the floor and vertical walls.

IV. EXPERIMENTAL VALIDATION OF THE METHOD

This section reports on the comparison between the radiated
emissions measured in free space and the corresponding values
indirectly calculated from the knowledge of the electric field
close to the walls inside the RC.

Three case studies are reported: a circular loop, a slot on a
metallic box and a realistic EUT consisting of a chassis of a
power supply for a workstation. Three frequencies (f. = 1 GHz,

f, =2 GHz and f; = 3 GHz) were chosen in the range 675 MHz
< <6 GHz to explore all the RC stirring conditions.

In particular, from RC dimensions, the resonating frequency
of the first eigenmode is 225 MHz (fo). As it is generally
accepted, for frequencies lower than 6f; the RC is undermoded,
so the first frequency was chosen in this region.

After performing some measurements as shown in [14] and
[16], it results that at 3 GHz our RC is well stirred, so the third
frequency chosen belongs to the overmoded region. Finally, the
second frequency was chosen as an intermediate frequency.

Subsection A reports on the typical result of an emission test:
the comparison between the maximum radiated emission
measured in the AE and that retrieved from measurements in
the RC.

Subsection B reports on some examples of the spatial
emission reconstruction in the most significant planes, used for
identifying the direction where the electric field assumes the
maximum value.

A. Measurement of the Maximum Emissions Value

In this first case study, the EUT is a near field probe,
characterized by a circular loop having an outer diameter of 6
cm (Figure 3).

The loop is placed at the center of the working volume of the
RC with the loop axis parallel to the z direction and the stick of
the probe parallel to the y axis.

Fig. 3. The loop used in the emission measurement as radiating EUT.

In the second case study, the EUT is a metallic box having
dimensions 90 mm x 100 mm x 200 mm (Figure 4). In the wider
face, a rectangular slot (75 mm x 2 mm) was opened and in the
orthogonal face, an SMA pass-through connector was inserted
to feed a folded monopole placed inside the box. The folded
monopole has a L shape, one side is parallel to the z-axis and
the other side to the x-axis, both are 20 mm long.
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Fig. 4. The slot on the metallic box and its dimension.

The third case study represents a real commercial device. It is
the chassis of a power supply (Figure 5) having an internal
transmitting circuit, plugged using an N-type connector to
simulate the common mode radiation of a PBC board.

e
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Fig. 5. The chassis of a power supply of a workstation (up) and the
transmitting circuit (down).

Table | reports the comparison between AE measurements
and the reconstructed values: the maximum values of the total
electric field are reported.

TABLE | - RADIATED EMISSIONS: MAXIMUM VALUES OVER THE SCANNED
PLANES

Electric Field at 2.3 m [mV/m]
EUT Freq. [GHZ] AE meas. RC meas.

1 18 19
Loop
(planes  ¢=0 2 29 28
and 0=r/2) 3 53 56

1 829 84.6
Slot
(planes =0 2 74.6 77.0
and ¢ =n/2) 3 32.9 36.1

1 26.6 28.6
Power Supply
(planes  ¢=0 2 32.9 33.8
and ¢ =r/2)

3 37.8 38.4

It is well evident that the proposed method is very accurate
also in the case of a complex object whose dimensions are
comparable with wavelength.

B. Determination of the Emission in the Space

This subsection presents further results related to the radiation
emission reconstruction of the same EUTs of the previous
subsection.

Even though the proposed method is not intended for antenna
radiation pattern measurements inside an RC, the ability of the
algorithm to explore the 3D emission is crucial for obtaining the
maximum radiated field of the EUT considering all space
directions. For practical reasons, only emissions in the principal
planes are reported.

Figure 6 shows the emission of the loop. In particular, the red
pattern represents the experimental electric field measured in
the AE, whereas the blue line describes the field pattern
retrieved from field sampling on the RC walls. The capability
of the method to reconstruct the emission in all directions of the



space can be appreciated, as well as its quite satisfactory
accuracy. In Figure 6, with reference to the coordinates system

reported in Figure 3, the planes =0 and 6 = n/2 are reported.

Due to the field sampling technique, (40 monopoles for each
direction), and the quasi-cubic geometry of the structure, we
assume that inside the RC there are no preferential planes in
observing the EUT emissions. Therefore, it is not expected that
the algorithm has different level of accuracy in the evaluation
of the EUT emission when considering different planes.

6 cm Loop, 1 GHz, ¢=0, var §
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Fig. 6. Radiated emissions of a loop having 6 cm of diameter measured at 1
GHz at the distance of 2.3 m: comparison between measurements in RC (blue)
and AE environment (red). Planes ¢=0, (up) and 6=n/2 (down) are shown. The
unit of the reported results is [V/m].

The good level of prediction is confirmed also for different
EUTs and when varying the frequency. As regards the slot in
the metallic chassis, Figure 7 shows the capability of the
method for providing information about the directional
properties of the radiating structure, that exhibits the maximum
emission in the direction (6 = 0), and negligible radiation in the
opposite direction.
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Fig. 7. Radiated emissions of a metallic box having a 7.5 cm slot, measured at
2 GHz at the distance of 2.3 m: comparison between measurements in RC (red)
and AE environment (blue). Planes ¢=0, (up) and ¢=n/2 (down) are shown. The
unit of the reported results is [V/m]

Itis interesting to observe that, due to the finite dimensions of
the aperture plane, a considerable emission occurs also in the
lateral direction (8 = 1/2).

Finally, the third case study was implemented to test the
algorithm in a realistic situation and to stress the method with a
complex object: the chassis of the power supply, as shown in
Figure 5, has many apertures that are comparable to the
wavelength at the frequency of 3 GHz with different
dimensions, shapes and orientations.

For this reason, the radiated emissions along different spatial
directions (Figure 8) are irregular and exhibit many lobes. In
this case, the reconstruction of the single lobe is less accurate
than in the previous cases, however, the measured pattern
envelops the estimated one, and moreover, the space regions
with the higher emission are correctly predicted.
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Fig. 8. Radiated emissions of a chassis of a power supply, measured at 3 GHz
at the distance of 2.3 m: comparison between measurements in RC (blue) and
AE environment (red). Planes ¢=0, (up) and p=n/2 (down) are shown. The unit
of the reported results is [\V/m]

V. ANALYSIS OF THE EFFECT OF THE MEASUREMENT
UNCERTAINTY

In this section, the effect of experimental uncertainty on the
reconstruction of radiated emission based on the samples of the
electric field inside an RC is explored.

Two causes of uncertainty mainly affect this experimental set-
up: the uncertainty of the exact position of the monopole that
senses the field and the uncertainty of its direction.

The uncertainty of the position of a hole centered in (Xo, Yo)
and having diameter d = 5 mm can be assumed having a
rectangular distribution in the intervals [xo-d/2, xo+d/2] for the
coordinate x and [yo-d/2, yo+d/2] for the coordinate y.

Supposing 68 = 0° the ideal direction of the monopole,
orthogonal to the wall of the RC, it can be assumed that also
this parameter could have a rectangular distribution in the
interval [-10°, 10°].

A rectangular distribution has been considered for both
uncertainties because they are due to the uncertainty of a
measurement procedure, concerning the coordinates of the hole

center the first case, and the alignment of the monopole in the
second one. Being the contributions of these two uncertainties
statistically independent, their combined distribution can be
assumed as a normal function. So, for a confidence level of
95%, the interval bounded between (ugc— 20xc) and
(Uge + 20gc) is considered.

The propagation of these two uncertainties on the
reconstruction of the radiated emission has been explored
using the analytical model [8] that allows to take into account
both parameters.

Table Il reports the results of 100 simulations, obtained by
randomly varying the coordinates of all the sample points and
monopole directions in the above-mentioned uncertainty
ranges. The mean values (ugrc) and the standard deviations
(orc) are computed for each direction of the 3D emission of
each EUT.

It can be appreciated that the maximum values of the radiated
emissions measured in free space (AE,.x) are bounded
between (trc — 20rc)max @nd the (Urc + 20r¢)max

TABLE Il — UNCERTAINTY EFFECT ON RADIATED EMISSIONS OVER THE
SCANNED PLANES
Electric Field at 2.3 m [mV/m]
EUT Freq.
[GHz] (Mre + 20Rc) Max (Mrc — 20Rc) Max AEyax

1 2.1 1.7 1.9
Loop
(planes  ¢=0 2 31 2.6 2.8
and 0=r1/2)

3 5.9 5.1 5.6

1 96.1 65.4 84.6
Slot
(planes  ¢=0 2 87.8 61.8 77.0
and ¢=m/2)

3 40.2 30.1 36.1
Supply
(planes  $=0 2 37.1 31.2 33.8
and ¢=r/2) 3 48.7 26.2 38.4

Figure 9 shows the radiation of the loop measured in AE (red
line), compared to (ppc — 20rc)max and (Urc + 20rc)Max
values (dashed and dotted blue lines, respectively). It can be
noticed that AE emissions are reconstructed in an acceptable
way over most of the directions in the considered planes,
especially where the EUT radiation is higher.
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Fig. 9. Effect of an uncertainty on the radiated emission of a 6 cm loop, due
to an uncertainty of 2.5 mm on the position of the monopoles and 10° on their
direction. Planes =0, (up) and 6=n/2 (down) are shown. The unit of the
reported results is [V/m]

As regards the slot (Figure 10), also in this case study, the
uncertainty analysis returns values of electromagnetic radiation
that almost includes the AE measurements in the interval of
prediction (ugc + 20%¢) max-
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Fig. 10. Effect of an uncertainty on the radiated emission of a 7.5 cm slot on a
metallic box, due to an uncertainty of 5 mm on the position and 10° on the
direction of the electric field samples on the RC walls. Planes ¢=0, (up) and
¢=n/2 (down) are shown. The unit of the reported results is [V/m]

Finally, from the uncertainty analysis on the emission of the
EUT made by the chassis of the power supply, it emerges
(Figure 11) that the effect is greater than in the other two case
studies. It is due to the fact that at 3 GHz, the uncertainty of +
2.5 mm on the position becomes greater in terms of wavelength.
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Fig. 11. Effect of an uncertainty on the radiated emission of a chassis of a power
supply, due to an uncertainty of 5 mm on the position and 10° on the direction
of the electric field samples on the RC walls. Planes ¢=0, (up) and ¢=n/2
(down) are shown. The unit of the reported results is [V/m]

VI. CONCLUSIONS

The work presents the experimental validation of a method to
predict radiated emission starting from electric field samples
collected on the walls of an RC equipped for the MMSS
technique.

Three different EUTs are considered, at three different
frequencies, and the measurements confirm the capability of the
method to reconstruct the radiated emissions.

It means that the maximum value of the electric field is
detected over all the directions, and the comparison with the
measurements in an anechoic environment have a good level of
agreement.

The analysis on the effect of the uncertainty of the position
and the direction of the monopole was successfully performed,
and it emerges that the maximum value of the radiated emission
measured in the anechoic environment is bounded into the
uncertainty range predicted by the model.

All the results are satisfactory and encourage research activity
to be developed.

The next step of the research activity would be the extension
of the method in order to reconstruct the emissions from the
absolute values of the electric samples, so that a spectrum
analyzer, or an EMI receiver, will be used instead of the VNA.
In a general scenario, in fact, the phase correlation between the
EUT and the field samples might not be available.

The achieved results also confirm that the initial assumption
of comparable emission of the EUT in the RC and in free space,
is acceptable for the analyzed situations (general, practical and
lossless EUTS) and for the investigated frequency range (lowest
frequency equal to 4.4 times the chamber fundamental mode
resonance). In other cases, the chamber loading on the EUT
might be heavier, especially at even lower frequencies. Future
activities will be devoted to analyze this aspect.
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APPENDIX

In this appendix the procedure based on the theoretical model
described in [8] [9] [15], is briefly reported, and aimed at
applying the algorithm to the situation of a real emission test.

The reference scenario is a rectangular cavity with metallic
walls. Inside, an EUT radiates electromagnetic power and the
electric field is measured in Ny sampling points on the walls,
so only the normal component is considered. The electric field
samples radiated by the EUT constitute the measured reference

set (¥, n=1,...,N,), that is stored, and provided to the
algorithm for the emission estimation. Another measurement
required by the algorithm concerns the size and the position
inside the cavity of a sub-volume containing the EUT, called
equivalent source volume (ESV). The ESV can be the whole
working volume, or a sub-volume of its.

Using these geometrical data, the algorithm defines
preliminarily a regular grid of points in the ESV, where N,

equivalent sources ST (SP7 =] 0r ST = M i =
1,...,Neq ) are placed. In [9] it is demonstrated that the optimal
choice is to space these points by half a wavelength. In each
point, three magnetic ant three electric equivalent currents,
having orthogonal directions, are positioned. These points can
be chosen on the surface of the ESV, or in its whole volume,
but, if the radiation mechanism of EUT is a priori known, for
example after a visual inspection, a great advantage in terms of
algorithm efficiency can be achieved with an “ad hoc” location
of the equivalent sources.

After this preliminary setup, the algorithm can start the
iterative procedure aimed at computing the value of the
equivalent currents, and, in particular, at each iteration the value
of only one current is determined. First, the electric field
Eﬁq (5;") due to each equivalent current is reconstructed by the
algorithm in correspondence of all the sampling points, and the
distance d; between the reference field and reconstructed values
is evaluated according to (A.1)
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d; = (A1)

The i*-th equivalent current §iiq that minimizes d; among all
the equivalent sources is found and fixed.
Then the residual field is computed according to (A.2).

Epes = B —EJ(SSY), n=1,..,N, (A2)

Next iterations follow the same procedure from (A.l),
assuming at the k-th iteration the reference values equal to the
residual field related to the previous iteration (A.3).

ExYe = (Epe)sLn=1,.. Nk =1,..,Nyer (A3)

so that in each step the equivalent current that best fits the
residual field is found.

The iterations are stopped when the desired accuracy in the
reconstruction of the samples is reached.

Finally, once all equivalent sources have been determined, the
algorithm regards them as if they were in free space, their
radiation is computed in all directions, the maximum emission
found, and then compared with the emission limits provided by
the standard. In the current paper, the radiation of the equivalent
sources in free space has been compared with measurements in
AE.
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