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Field Statistics Inside Frequency-Stirred Reverberation Chambers : A Summary

I. INTRODUCTION

NESTED reverberation chambers involve two or more reverberation chambers linked together by one or more apertures. These chambers are commonly employed to measure the attributes of the connecting aperture, as well as characterising material shielding effectiveness. The authors of this paper propose two main hypotheses:

The first one is the use of the Frequency Stirring method could be used as an alternative to the well-studied Mechanical Stirring method.

The second hypothesis is that the probability distribution function (PDF) inside of the nested chamber evolves from a Rayleigh distribution to a double Rayleigh distribution depending on the size of a single interconnecting aperture. Both hypotheses will be proven using a statistical goodness-of-fit test called a Kolgomorov-Smirnov (KS) Test. Moreover, the authors want to further prove that the measurements made inside of the nested chamber are coherent by placing numerous receiving antennas inside of the nested chamber, and observe if at each receiving antennas, the results are consistent. A similar study is made for shield effectiveness measurements. They also study the PDF for the case of multiple apertures. 

II. FIELD STATISTICS AND DIFFERENT TECHNIQUES TO ACHIEVE FIELD UNIFORMITY

A. The Kolmogorov-Smirnov (K-S) test

The paper proposes the use of a KS Test to test whether the measured magnitude component of the electric field E rec follows a certain distribution. The K-S test works by calculating the maximum vertical distance between the cumulative distribution of the data (E rec measurements) and the cumulative distribution (CDF) of the known distribution. This maximum distance D is called the K-S statistic or the p-value and is defined by the following formula:

D = sup x |F 0 (x) -F data (x)| (1) 
Where F 0 (x) is the CDF of the hypothesized distribution and F data the distribution of the measured data E rec . Figure 2 shows a visualisation of prior explanations. The D distance is compared to a critical value from a table. If it is greater than the critical value, then the two distributions are significantly different and the null hypothesis is rejected. The procedure of performing a K-S test, in this paper, is as follows: firstly, a significance level needs to be defined to either accept or reject the null hypothesis. The authors define it at 5 %. The null hypothesis H 0 is that the data follows the known distribution. Secondly, measurements of the electric field inside of the larger chamber or the nested chamber are made, normalized and then the measurement's CDF is traced. Additionally, the CDF of the theoretical Rayleigh distribution is traced, compared to the measurement's CDF and the maximum distance between the two CDFs is evaluated. The same procedure is done again but by comparing measurement's CDF with that of a double Rayleigh distribution.

B. The Frequency Stirring method

Frequency Stirring is an alternative method in order to achieve statistical uniformity of the electric field by up-converting Bandlimited white Gaussian noise to microwave frequencies.In this paper, the Bandwidth of the noise will be 100 MHz around the center frequency of study [START_REF] Serra | Reverberation Chambers à la carte: An overview of the different mode-stirring techniques[END_REF]. The main advantage of using this technique over the Mechanical Stirring technique is the fact that this method does not require an additional structure to stir the electric field, it just requires a VNA which will generate the Gaussian noise : it is indeed useful in the case of a nested chamber, where it will not require an additional Mechanical Stirrer to stir the electric field inside of the nested chamber itself. The authors want to prove that the two methods are indeed equivalent by performing the K-S test, inside the larger chamber, which is 4.8m long, 3.2m wide and 2.2m high. Figure 3 shows the experimental setup, the transmitting antenna, connected to port 1 of the VNA, presents no direct line of sight (NLOS) to the receiving monopole antenna, connected to the 2nd port of the VNA. Therefore, one would expect the measured field to follow a Rayleigh distribution. The Mechanical Stirrer is only present as a reference to confirm the Frequency Stirring results, as a result, when performing the Frequency Stirring , the Mechanical Stirrer is removed . The K-S test was performed for frequencies from 1 to 8 GHz. Figure 4 shows the rejection rate of the Rayleigh distribution at the frequencies defined. In order to make their results more precise, the authors perform 100 measurements in each working frequency. Among the 100 group of data, they then observe whether to reject or accept the null hypothesis H 0 and the Rejection Rate (RR) is defined by the following formula :

RR(%) = m N * 100 ( 2 
)
Where m is the number of times H 0 is rejected and N the number of data in a particular working frequency. The authors perform the measurements starting from 1 GHz because at this frequency the chamber is already over-moded.

It is known that the first fundamental mode frequency of a reverberation chamber is at mode T M 110 . By calculation, we have found it to be at 56.3 MHz. The EN 61000-4-21 [START_REF]Electromagnetic compatibility (EMC) -Part 4-21: Testing and measurement techniques -Reverberation chamber test methods[END_REF] norm states that the minimum frequency to perform measurements should be from 3 to 7 times more than the fundamental mode frequency. At 56.3*7 = 394.1 MHz, the chamber is over-moded and therefore starting from 1 GHz is safe for correct measurements. In Figure 4 , the rejection rate of H 0 for all frequencies, is under 5%, which is within the acceptable range of the hypothesis. Therefore, we can deduce that the Frequency Stirring method is equivalent to the Mechanical Stirring Method and that it can be used to perform measurements in the larger chamber.

III. PERFORMING CORRECT MEASUREMENTS INSIDE NESTED CHAMBERS

A. Experimental Setup

After the validating measurements in the case of Frequency Stirring in the larger chamber , a nested enclosure was introduced to this chamber in order to test the hypothesis of the Frequency-Stirred field distribution. The experimental set-up and the configuration of VNA is the same as priorly, except that a 0.48 m x 0.48 m x 0.12 m equipment enclosure with a removable front panel was nested in the reverberation chamber as shown in Figure 5. For this test four different interconnecting apertures were tested: 'Large-Center': 160mm×40mm; 'LongCenter': 120mm×5mm; 'ShortCenter': 30mm×5mm; and 'Open': 480mm×120mm (which means the panel is removed). 

B. Measurements procedure

Now that a nested chamber has been introduced, It is evident that it should be inside the working volume of the larger chamber, defined as a cuboid which should be at least λ 4 away from the walls of the chamber [START_REF] Ouaddi | Chambre Révérbérante à Brassage de Mode[END_REF]. λ 4 = 0.76 m is deduced using the minimal frequency to perform measurements in the larger chamber which is 394.1 MHz. the chamber is 2.2 m high therefore the working volume is 0.68 m x 0.68 m x 0.68 m. Correct measurements need to be performed inside of the nested chamber, therefore the authors calculate the appropriate range of frequencies to get a great number of excited modes inside of the nested chamber using the following formula :

M = 8π 3 ( f c ) 3 abd ( 3 
)
Where M is the number of excited modes at a particular frequency , f the frequency, c the speed of light, a,b and d the dimensions of the nested chamber. As the authors do the measurements using the Frequency-Stirring method with 100 MHz Band-Limited Gaussian noise, it would be interesting to see the number of modes excited over a 100 MHz Bandwidth around a particular frequency with the following formula :

∆M = 8πabd c 3 f 2 ∆f ( 4 
)
Where ∆f is the Bandwidth around the center frequency. The authors find the following results :

From the following table it can be seen that starting from 1 GHz would lead to incorrect measurements as there is an insufficient number of excited modes. The authors choose to start their measurements from 3 GHz from the fact that there is an increased number of modes over a 100 MHz Bandwidth. Or, they could have done the same calculations as priorly done with the larger chamber. For the nested chamber, the first resonance frequency is found at 442 MHz. Therefore, 442*7 = 3.1 GHz . The authors will perform measurements ranging from 3 to 8 GHz as the nested chamber will be examined in more details from now on.

It is crucial to confirm the uniformity of the field inside of the nested chamber with the Frequency Stirring method. To do this, 3 receiving monopole antennas were installed in different locations (Figure 5). To test the statistical uniformity of the field in the tested shielding enclosure, the authors performed a Shield Effectiveness (SE) Measurement at 7 GHz in Figure 6. The Shield Effectiveness of a rectangular aperture is defined by the following formula :

SE(dB) = 20log 10 ( λ 2L ) ( 5 
)
Where L is the largest dimension of the aperture. The drawback of this formula is that it should only be applied on a logarithmic scale to really observe the convergence of the measurements to the analytical formula. Every measurement here is done on a linear range of frequencies and the SE measurements result may be influenced by many factors, such as chamber resonance, test set-ups, cable coupling [START_REF]Analyse on shielding effectiveness of board level shielding with apertures[END_REF]. It can be seen the SE (dB) at each antenna is more or less the same, thereby confirming the field's uniformity with the Frequency Stirring method.

IV. RESULTS AND DISCUSSION

The goal of this section is to analyse the second hypothesis made by the authors.

A. Single Aperture Case

Measurements for 4 different slot size on the nested chambers have been made from 3 to 8 GHz. The first case (Figure 7) is where the chamber's panel (480 x 120 mm 2 ) is completely removed. It can be seen that the Double Rayleigh distribution is almost completely rejected for all frequencies, whereas the Rayleigh distribution is accepted. This result is obvious because the size of the aperture is very big compared to the wavelength for all different frequencies, as a result, the field inside of the nested chamber is still correlated with that of the larger chamber which manifests as a Rayleigh distribution.

The second case (Figure 8) is an aperture that is 3 times smaller (160 x 40 mm 2 ) than the previous case. Again, the double rayleigh distribution is rejected for all frequencies, however, the Rayleigh case seems to present high rejection rates as well expect except for the case at 8 GHz. The reason why it is rejected from 1 to 7 GHz but not at 8 GHz is simply from the fact that at 8 GHz the wavelength is 37.5 mm and 37.5 mm is smaller than the smallest side of the aperture (40 mm) and consequently, the fields in the nested and the larger chamber still correlate, and the measured PDF follows a Rayleigh distribution. Finally, The third case (Figure 9) is the smallest aperture size (30 x 5 mm 2 ). The Rayleigh Distribution is rejected in all frequencies and now the acceptance rate for a double Rayleigh is remarkable all frequencies expect for 3 and 4 GHz which could be due to the shield effectiveness or the insufficiency of excited modes at these frequencies for the Frequency Stirring method. According to this study, the general trend is that in the case of a single interconnecting aperture, the smaller it becomes, the more the electric field inside the nested chamber will be independent from the one in the larger chamber and will consequently follow a Double Rayleigh distribution. However obtaining a double Rayleigh distribu-tion also depends on several factors such as the shield effectiveness of the aperture (3rd case at 3 and 4 GHz) and the sufficiency of excited modes at a particular frequency . All previous cases were taken from one antenna. The authors therefore check in the case of 3 antennas the rejection rates for the Short Center at 7 GHz. Results from Figure 10 show the coherency of the measurements for the Frequency Stirring Method at the 3 antennas. 

B. Double Aperture Case

The authors now wish to see what the PDF in the case of 2 small aperture (30 x 5 mm 2 ) would be. With Figure 11, They discover that the measured PDF is rejected for both Rayleigh and double Rayleigh distributions in all frequencies, however it seems that rejection rates in the case of double Rayleigh decreases with increasing frequency. The authors aren't sure of the measured PDF at the studied frequencies however it would be interesting to see the rejection rate in frequencies superior to 8 GHz and make a parametric study on the shield effectiveness at frequencies higher than 8 GHz. For the case of n numbers of rectangle apertures the shield effectiveness is defined by the following formula :

SE(dB) = 20log 10 ( λ 2L ) -20log 10 ( √ n) (6) 
It is evident that with an increasing number of apertures, the SE decreases : The plots on MATLAB (Figure 12) have been made from 100 MHz to 10 GHz to depict the SE for Open , 1 Short Center and 2 Short Centers. Figure 13 presents a comparison of the SE for 1 and 2 apertures at each antennas at 7 GHz. First, uniformity is still achieved even with two slots : the SE values are nearly the same at the 3 antennas. Secondly, it seems that the SE drops by 3 dB when passing from 1 to 2 slots. This can indeed be confirmed with the preceding formula where : The author's measurements are therefore in good agreement with the second hypothesis.

-20log 10 ( √ n) = -20log 10 ( √ 2) = -3dB (7) 

V. CONCLUSION

This paper proves that the PDF of E rec in a frequency-stirred reverberation chamber follows the Rayleigh distribution.It also concludes that in the nested enclosure, the internal field depends on the interconnecting aperture number and size. In the case where the aperture is large enough, the two cavities can be seen as one single chamber that follows the Rayleigh distribution. In the case where the aperture is really small compared to the wavelength, the internal field in the nested enclosure starts to show an effect of multiplication and follow double Rayleigh distribution. Besides, this paper also proves the uniformity of the field in the equipment enclosure by using three antennas installed in different positions. It also examined that the case of multiple slots received high rejection rate with both Rayleigh and double Rayleigh distribution. But on the other hand the three antennas give the similar results for the measurement of shielding effectiveness.
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 1213 Fig. 12. Theoretical Shield Effectiveness (dB) from 100 MHz to 10 GHz for different cases

As a suggestion to the authors, making the use of other statistical such as Kuiper or Lillieford's test are proven to be more powerful than the K-S tests. It would also be interesting to make the same study but for the case of different aperture shapes.