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Abstract—A Vibrating Intrinsic Reverberation Chamber 
(VIRC) has been installed in a semi-anechoic chamber that is 
normally used for electromagnetic interference test in the 
automotive industry and its performances evaluated. This 
hybrid strategy permits converting a traditional semi-anechoic 
chamber into a reverberating environment in a few hours. 
Furthermore, the proposed solution makes possible the use of 
two different types of testing environment without searching for 
additional space in the testing house. The work analyzes some 
figure of merits that are normally used for traditional 
reverberation chambers like the autocorrelation of the 
electromagnetic field and its statistical uniformity and isotropy 
properties. The analysis is performed in the frequency range 
from 100 MHz to 6 GHz in a 26 m x 8 m x 6 m cavity.  The 
experimental datasets are finally tested through a goodness-of-
fit test for checking their convergence to theoretical values. 

Keywords—EMC Automotive, Reverberation Chamber (RC), 
VIRC. 

I.  INTRODUCTION 
The introduction of new Electrical/Electronic Sub-

Assemblies (ESA) utilized for autonomous driving systems 
and electrical vehicles increases the risk of susceptibility 
problems to external electromagnetic fields (EM-field). EM-
fields could trigger failure modes in the on-board electronics 
with serious consequences for the vehicle users and 
pedestrians. For this reason, each vehicle and its electronic 
parts are subjected to several electromagnetic compatibility 
(EMC) tests in order to assess the respect of legislative and 
manufacturers’ design rules. This work focuses on the 
radiated immunity (RI) test [1], which is traditionally 
accomplished with a radiated electromagnetic field generated 
by a linearly polarized antenna facing the Device Under Test 
(DUT). The scope of the test is to determine whether the DUT 
has susceptibility problems caused by external 
electromagnetic fields (e.g., the display of the navigation 
system in a vehicle turns off). When preparing the test, one 
shall observe that electronics is, particularly at higher 
frequencies, sensible to the angle of incidence and polarization 
of the incident field. Therefore, when considering the 
validation of large or complex DUTs like trucks or bus, made 
of several subsystems and cables distributed in a large volume, 
one should repeat the RI test by changing the position of the 
transmitting antenna several times. This entails an extension 
of the testing time and new validation methodologies are being 
sought to reduce the economical and time effort needed. For 
the purpose, a reverberation chamber (RC) can be considered 
as testing environment. A RC is a large multimoded cavity 
where an EM-field with statistical homogeneity and isotropy 
features is generated through different stirring strategies [2], 
[3], [4]. Statistical homogeneity and isotropy of the field are 
the necessary conditions to ensure that eventual susceptibility 
problems of electronic equipment can be found wherever the 
transmitting antenna is located. Anyway, a RC needs an initial 

economical investment, which can be considerable high and 
its construction needs extra space which is, sometimes, very 
hard to find. 

The authors have investigated the possibility to install a 
VIRC [5], [6], [7] in a semi-anechoic chamber (SAC) as 
alternative solution to both the RC and SAC.  A VIRC is a tent 
made of metalized cloth and its working principle is intuitively 
simple: some linear actuators positioned around its structure 
shake the flexible conductive walls and the vibrations of the 
surface randomly change the boundary conditions imposed on 
the modes present in the cavity. This mimics the function of 
several mechanical stirrers installed in a traditional RC. In this 
way, the field generated in the working volume (WV) can be 
described as a random process with specific statistical 
characteristics [8]. This solution presents several advantages, 
the tent is easy to install and does not require any extra space 
or new facilities, see Fig. 1. In this case, the tent simply hangs 
from the structure that serves as stripline antenna into the 
SAC. Moreover, the same testing equipment utilized for the 
SAC can be used for the VIRC with the positive difference 
that lower levels of power are required for generating high 
field strengths. The initial investment is limited exclusively to 
the tent, therefore lower than the budget one shall consider for 
building a large RC and eventually the stirrer(s).  Finally, the 
VIRC permits changing from a reverberating environment to 
the traditional absorbing chamber in a small amount of time 
and eventually perform comparison tests to double-check the 
obtained results. 

 
Fig. 1. Mounting of a VIRC in a SAC. 

The next sections describe the performance of an empty 
VIRC mounted in the SAC of an EMC laboratory. The 
measurement set-up is described in Section II. The field 
samples independency is analyzed in Section III with the 
introduction of the autocorrelation function. Finally, the field 
uniformity and Goodness-of-Fit (GoF) tests are evaluated in 
Section IV and V to compare the empirical statistics with the 
theoretical one. Conclusions and possible future works are 
reported in the Section VI. 
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II. MEASUREMENT SETUP 
The VIRC is installed in a large SAC normally used for 

vehicle testing according to original equipment manufacturers 
(OEMs) and legislative standards [9]. The tent is 26 m (L) x 8 
m (W) x 6 m (H) and made of conductive fabric with a 
declared shielding performance of (45±5) dB in the 
investigated frequency range. The fundamental resonance 
frequency  is about 20 MHz giving the value of the Lowest 
Usable Frequency (LUF) at about 6 ∗  , i.e. 120 MHz. The 6 ∗  rule is generally given for conventional RCs with 
rectangular geometries and could be different for the VIRC 
presented in this document, therefore it is here given only as 
general indication. The Working Volume (WV) within the 
tent is 15 m (L) x 4.5 m (W) x 4.5 m (H). The EM-field is 
sampled through fast 3-D probes that sensed the amplitude of 
each rectangular component of the field at the eight corners of 
the WV with a sampling rate of 1 ms. Each probe is collocated 
at a minimum distance of 1 m from the tent or the reflective 
floor. The field samples were sent to the acquisition system 
positioned outside the SAC through fiber optic cables and 
saved into text files. The transmitting antenna was positioned 
outside the WV and illuminates a corner of the tent in 
horizontal polarization, see Fig. 2. A distance of 2 m is kept 
between the antenna and this corner because, as observed 
during preliminary tests, a smaller distance gets the result of 
the field uniformity worse. 

 
Fig. 2. The transmitting antenna illuminates a corner of the tent. 

Three linear actuators shake the VIRC structure 
continuously, the amplitude of the shaking is about 50 cm. The 
actuators have been anchored to two opposite angles and a 
sidewall of the tent. The positions of the three motors used for 
the test are described in the Fig. 3. 

 
Fig. 3. Positions of the three linear actuators around the tent. 

In order to improve the randomness of the field and 
remove any correlation in the configurations assumed by the 
tent, there was no synchronization between the angular 
positions and velocities of the three actuators. The tent had a 
capacitive coupling with the conductive floor covered by a 
vinyl foil. A ground continuity between the tent and the 
reflective floor of the SAC has been ensured through strips of 
conductive material at several points.  

Finally, the level of the power transmitted to the antenna 
was kept constant to 150 W without controlling or regulating 
the total net power. 

III. ASSESSMENT OF THE TENT EFFICIENCY 

A. The Autocorrelation Function 
The number of independent samples or, equivalently, the 

number of different boundary conditions that can be found in 
a reverberating environment is determined through the 
assessment of the stirring efficiency defined in [10]. In a 
VIRC, the energy is randomly distributed among different 
modes through the vibrations of the walls. The rotating 
structure with large metallic paddles present in traditional RCs 
is here not used and the circular autocorrelation indicated in 
[10] is therefore not suitable for the VIRC. 

The concept of coherence time ( ), introduced to define 
the time over which a channel remains coherent in wireless 
communications [11], comes in handy. The  of the test field 
in a VIRC is indeed determined by the correlation between 
volume configurations of the tent which follow one another 
during the stirring of the field. Hence, the faster the linear 
actuators change the internal configuration of the cavity, the 
shorter is the    of the field. The coherence time of the total 
electromagnetic field, can be evaluated through the 
autocorrelation function (ACF) defined in (1):   ( ) =  [ ( ; ) ∗( + ; )][| ( ; )| ]  (1) 

The E(t; ) in (1) refers to the total electric field strength 
measured in a position  of the WV, but it can be applied to 
its rectangular components as well. In this case, 24 ACFs (8 
measurement points, 3 directions) must be evaluated. It is 
assumed that the random process describing the EM-field in a 
point of the WV is ergodic and Wide-Sense Stationary (WSS). 
It follows that the ACF depends only on the time difference τ 
between two independent configurations of the tent. When the 
ACF value goes below the critical value r, it is assumed that 
the tent is generating independent field samples. The critical 
value used to determine the lag in time between two 
independent samples is based on [10]:  ≈ 0,37 ∗ 1 − 7,22,=  0,37 ∗ 1 − 7,2260000 ,≅ 0.36 (2) 
where N is the size of the analyzed dataset, 60000 for this case. 
Fig. 4 presents the ACFs, at 1 GHz in a 1 s interval, calculated 
for dataset measured in different measurement points. The 
ACF decreases exponentially and, at the time , its value 
goes below the critical value (2). The ACF shall be, for well-
stirred reverberation environments, not location-dependent. 
Anyway, for frequencies close to the LUF some differences 
can be observed between ACFs measured in different regions 
of the WV. For this reason, the largest , between each of the 

57

Authorized licensed use limited to: UNIVERSITY OF TWENTE.. Downloaded on January 13,2021 at 14:58:55 UTC from IEEE Xplore.  Restrictions apply. 



8 ACFs measured, is chosen as the coherence time of the 
cavity. 

 
Fig. 4. ACF calculated at 1 GHz for the total electric field strength in 
different measurement points located at the corners of the WV.  

The  for the cavity is thus extracted for each frequency 
and represented in the Fig. 5. 

 
Fig. 5. Value of  vs. the frequency. 

It is worth considering that  provides information about 
the rate of change of the field value during the test. The curve 
in Fig. 5 says that, at 300 MHz, the EM-field changes about 
4.5 times slower than at 1 GHz. This behavior is confirmed in 
the Fig. 6 where the magnitudes of the field rectangular 
components at 300 MHz and 1 GHz are represented in the time 
domain.  

 
Fig. 6. Magnitude of the field rectangular component  observed in a 10 s 
temporal interval at 300 MHz (red) and 1 GHz (black). 

From the WSS assumptions, the ACF should depend only 
on the time lag between two independent volume 
configurations of the VIRC and its characteristics remain 
stationary in time. The Table I shows the values of  
measured in five independent tests for some frequencies 
between 100 MHz and 1 GHz.  

 

TABLE I. VALUE OF  MEASURED FROM 100 MHZ TO 1 GHZ. 

Test 
Nr. 

 @  
100 MHz 

[ms] 

 @  
200 MHz 

[ms] 

 @  
300 MHz 

[ms] 

 @  
400 MHz 

[ms] 

  @ 
1 GHz 
[ms] 

1 1015 660 221 120 51 
2 1495 589 241 117 49 
3 612 482 263 114 50 
4 995 388 215 123 50 
5 1219 458 201 116 51 
 

At 100 MHz and 200 MHz, the value of  shows large 
deviations between successive trials, this means that the 
process is non-stationary and a real conclusion about the 
number of independent samples for the dataset cannot be 
drawn. For this reason, both frequencies have been excluded 
from the uniformity analysis. At 300 MHz and above, the 
differences between  are less evident confirming the 
stationarity of the field characteristics.  

B. The Number of Independent Samples 
The Fig. 7 shows a 3-D representation of 10000 samples 

of the EM-field strength measured at 100 MHz. Each point in 
the figure is located at the coordinates x, y and z of the 
rectangular components of the field (their magnitude). A 
spatial correlation between samples is easy to localize where 
the points follow specific trajectories. 

 
Fig. 7. 3-D representation of the field positions (x,y and z coordinates of 
each E-field sample, /〈 〉) during the test at 100 MHz. 〈 〉 indicates the 
ensemble mean of the field samples. 

The same 3-D representation from Fig. 7 is repeated for 
the field samples measured at 6 GHz in Fig. 8. Here the 
samples distribute uniformly along the three directions x, y 
and z according to what is expected from the isotropy 
assumption of a field in reverberating cavity. 

 
Fig. 8.  3-D representation of the field positions (x,y and z coordinates of 
each E-field sample, /〈  〉) during the test at 6 GHz. 〈 〉 indicates the 
ensemble mean of the field samples. 
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In conclusion, as the number of modes increases with the 
frequency, the number of independent stirring configurations 
of the VIRC and, therefore, the quality of the stirring process 
improves as well, see Fig. 9. Starting from 300 MHz, a dwell 
time of 10 seconds (10000 samples) is considered for each 
frequency. Each dataset ensures more than 12 independent 
samples as suggested in [10] for the analysis of the field 
uniformity.  

 
Fig. 9.  Number of independent samples of the field generated in a 10 s 
dataset. 

The number of independent samples of the EM-field could 
still be improved, [12] points out the importance of shaking 
the walls of the flexible surface of the VIRC with an amplitude 
comparable to the wavelength of the test signal. However, the 
main difficulty, for the frequencies below 1 GHz and working 
with a large tent, was ensuring a shaking with enough large 
amplitude along the whole structure of the tent. This will be 
improved, for future analysis, by using more actuators around 
the VIRC.  

IV. MEASUREMENT OF THE FIELD UNIFORMITY 
The field uniformity is used as assessing criteria to verify 

the statistical properties of the EM-field in a RC [10]. This 
validation is based on the maximum values of the rectangular 
component of the field , ( ) normalized to the square 
root of the average power transmitted to the antenna. The field 
was simultaneously sampled by the 8 field probes and the 
normalization to the square root of the average power was not 
considered. For brevity, the spatial dependence  of the field 
is omitted for the rest of this document.  

In [10], the standard deviation of the field maximum 
values found at the corners of the working volume is 
normalized to the dataset´s mean and expressed in dB:   = 20 ( + 〈 〉〈 〉 ) (3) 

where 〈 〉  indicates the averaged value of the field 
maxima observed in 3 directions and 8 positions and  is 
its linear standard deviation. Equation (3) can be expressed for 
a single direction R, with R=x, y or z in (4):  σ = 20 ( + 〈 〉〈 〉 ) (4) 

As already mentioned in Section 3-A, in particular at the 
higher operating frequencies, the electromagnetic field is fast 
varying in time. Such a time-varying field stimulates the 
majority of electronics with safety relevant functions, which 
have fast response time. Nevertheless, the fast varying 
electromagnetic field produced into the VIRC ensures the 

presence of multiple field strength peaks in the test signal 
during the dwell time.  However, short field strength peaks 
could not be able triggering failure modes into DUTs 
characterized by a slow response time to external 
perturbations. For this reason, the averaged value of the EM-
field has been evaluated together its maxima. [13]. These 
considerations follow the experience made with some 
electronic prototypes that have responded only to an 
increasing average value of the EM-field.  

Hence, the time-averaged values of each rectangular 
component of the field are measured for each position of the 
working volume according to (5):  〈 〉 = ∑ ,  (5) 
where N is the number of samples. This value is related to the 
quality factor (Q) and the volume (V) in (6) [4]: 

〈| )|〉 = 3 =  6  
(6) 

Assumed that the vibrations of the surface of the VIRC do 
not change the total volume of the cavity, it follows from (6) 
that the averaged field shall be in the reverberation 
environment space and time independent. Furthermore, from 
the ergodic assumption, it follows that the operation of time 
averaging on a random variable is equivalent to find its 
statistical expected value. 

From the independence of the field samples and from the 
Central Limit Theorem (CLT), (5) is normal distributed and 
its expected value  and standard deviation  are:   = ∑ ∑ 〈 〉 ,, ,24  (7)  =  ∑ ∑ (〈 〉 , − ), ,24 − 1  (8) 
where the index j considers the space averaging operation 
among the positions of the WV. The standard deviation can 
refer also to a specific rectangular component of the field R=x, 
y or z:   = ∑ 〈E 〉 ,8  (9)  =  ∑ (〈 〉 , − )8 − 1  (10) 

Finally, the standard deviation for all the positions and 
polarizations and for each rectangular component of the field 
are expressed relative to the mean and converted to dB:  , = 20 ( + ) (11)  , = 20 ( + ) (12) 

Table II summarizes the values of ,  =, , , ,  ,  = , , , ,〈 , 〉  and  found for the VIRC analyzed with dataset of 
10000 samples or equivalently 10 seconds.  
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TABLE II.  FIELD UNIFORMTY TABLE (10000 SAMPLES). 

Frequency 
[MHz] 

 
[V/m] 

,   
[dB] 

,   
[dB] 

〈 , 〉  
[V/m] 

300 52.3 1.2 1.3 133 
400 54.4 0.9 1.4 160 
500 53.8 0.9 1.1 147 
700 50.8 0.8 1.2 148 
900 64.2 0.6 1.0 181 

1000 65.1 0.9 1.6 184 
2000 61.2 0.6 0.9 186 
6000 46.6 1.0 1.3 145 
 

From Table II, the values show good (< 3 dB) statistical 
uniformity and isotropy properties from 300 MHz. The field 
strength (both average and maximum values) at 6 GHz is 
lower than in other frequencies because of the higher power 
attenuation over the channel from the signal generator to the 
transmitting antenna, which have not been compensated 
during the test.  

V. THE ANDERSON-DARLING TEST 
When the VIRC works in the overmoded region, the 

distribution of the rectangular component of the field follows 
a Rayleigh distribution [3]. In [14], the Anderson-Darling 
(AD) GoF is indicated for testing the statistical distribution of 
EM-field samples generated in a RC. For each position and 
frequency, independent samples of the EM-field have been 
collected for the directions x, y and z and then normalized to 
their sample mean. The sample size is of 250 samples at 100 
MHz, 450 samples at 200 MHz and of 1000 samples for the 
other test frequencies. 

The null hypothesis ( ) says that the population, from 
which the samples are drawn, is Rayleigh distributed. The  is rejected at a significance level of 5% if the modified 
statistics exceed a significance point of 1.3 [15]. The 
independent field samples are extracted from the data stream 
by sampling the dataset with a period equals to . The results 
of the test are reported in Fig. 10, they bring to similar 
conclusions made in the previous sections. The high rejection 
rate (93%) at 100 MHz and 200 MHz (50%) supports the 
thesis that these frequencies are below the LUF. 

 
Fig. 10.  Rejection rates for the empirical data using a confidence level of 
5% in the AD test. 

VI. CONCLUSIONS 
This work describes the experience of the authors with the 

use of a VIRC installed in a SAC. This method has been 
implemented to turn a SAC into a reverberating environment 
and assessing the electromagnetic performances of ESAs 
installed on board of large commercial vehicles. This solution 
permits to create a statistical homogeneous and isotropic 
electromagnetic field in the working volume where the DUT 
is located.  

The statistical characterization and validation of the 
chamber described in this work provides to the EMC 
community some general indications and results obtained with 
a validation procedure which can be performed within a few 
hours. From the analysis made on the electromagnetic field, 
the LUF of the cavity is located at 300 MHz. Below this 
frequency, the current implementation of changing the 
boundary conditions of the VIRC is not efficient in providing 
an adequate number of independent spatial positions of 
maximum and minimum values of the field during the test. 
Above the LUF, the VIRC shows good isotropic and uniform 
properties for both the maximum and average values of the 
field. 

Future work will be devoted to the study of the VIRC 
performance when a large DUT loads the working volume. 
During the experiments presented in this paper, only the losses 
on the walls and antenna were present and the degradation of 
the performances due to the presence in the WV of large 
commercial vehicles like a truck or bus shall be investigated.                    
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