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I. INTRODUCTION

T HE measurement of the shielding effectiveness (SE) of shielded enclosures has a long history in the EMC field. It is currently based on different methods and standards according to their size and the frequency range of measurement. At high frequencies, i.e. frequencies for which the enclosure size is in the order of magnitude of the wavelength, such measurements are tricky due to intrinsic variations of fields according to positions of antennas(s) or probe(s) both within and outside of the enclosure under test (EUT). Moreover, SE depends on the enclosure contents, specifically in the resonance regime of the EUT. These factors have triggered different works over the past twenty years, aiming at improving measurement procedures along with some changes in the SE definition.

The IEEE 299-2006 standard [START_REF]IEEE standard method for measuring the effectiveness of electromagnetic shielding enclosures[END_REF] recommends to perform measurement at different positions and orientations to account for these large variations of field distribution within a cavity at resonance. SE is then considered as the weakest result among all measurements. However, for empty cavities with high Q-factor, the inner probe may sense higher field strength than in the absence of the shield. The effect of enclosure contents was investigated or included as a parameter for SE Manuscript created July 20, 2023; revised September 12, 2023; accepted September 28, 2023. This work is supported in part by the European Union through the European Regional Development Fund, in part by the Ministry of Higher Education and Research, in part by the Région Bretagne, in part by the Département d'Ille et Vilaine through the CPER Project SOPHIE/STIC & Ondes and the CPER CyMoCoD, and in part by the French "Agence Nationale de la Recherche" (ANR) under Grant ANR-22-CPJ1-0070-01. P. Besnier, J. Sol and F. Sarrazin are with Univ Rennes, INSA Rennes, CNRS, IETR-UMR 6164, F-35000 Rennes, France.
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investigations. Experiments and models have confirmed the key role of contents especially at resonance frequency [START_REF] Robinson | Analytical formulation for the shielding effectiveness of enclosures with apertures[END_REF]- [START_REF] Marvin | A proposed new definition and measurement of the shielding effect of equipment enclosures[END_REF]. Meanwhile, new theoretical definitions of SE where provided in [START_REF] Celozzi | New figures of merit for the characterization of the performance of shielding enclosures[END_REF], [START_REF] Araneo | Actual performance of shielding enclosures[END_REF]. These papers introduce two quantities. The first consists in integrating the electric field or the magnetic field in the EUT. It accounts definitely for average fields in the enclosure, a much stable indicator that the field strength at a particular position and polarization. The second quantity is based on the evaluation of spatial derivatives of the electric field components that, according to Maxwell's equations, play a key role regarding induced effects. Alternatively, authors in [START_REF] Marvin | A proposed new definition and measurement of the shielding effect of equipment enclosures[END_REF] suggest that SE could be defined based on a set of representative contents, i.e. representative pieces of materials possibly equipped with multiple probes. On a more theoretical basis, [START_REF] Klinkenbusch | On the shielding effectiveness of enclosures[END_REF] suggests the use of the infinitesimal lossy sphere to define the SE as the ratio of the power dissipated in this sphere in absence and presence of the shield. It ends with an SE definition, combining magnetic and electric SE performances. This definition has to be considered as an intrinsic property of the shield box itself without any contents. Interestingly, it reflects a definition of the SE in terms of losses rather than in terms of independently seen magnetic and electric field values.

Regarding average power or energy definition of SE, reverberation chambers (RCs) were also considered already some decades ago to perform SE measurements [START_REF] Hatfield | Shielding effectiveness measurements using mode-stirred chambers: a comparison of two approaches[END_REF], based on illumination of the shielded box under a set of RC states forming a statistically uniform illumination in the form of the so-called plane wave spectrum. In [START_REF] Holloway | Use of reverberation chambers to determine the shielding effectiveness of physically small, electrically large enclosures and cavities[END_REF] and [START_REF] Marvin | A study of enclosure shielding effectiveness measurement using frequency stirring in a mode-stirred chamber[END_REF], authors concluded that measuring the SE of physically small but electrically large cavities (i.e. sufficiently overmoded) can be performed when placed in a large RC. Furthermore, mechanical stirring inside such EUT is not required, frequency stirring (i.e. averaging) being sufficient. Simulations have confirmed that fluctuations of the average response of a single inner probe are lower for electrically large EUTs, but remain significant for EUTs with several apertures and low SE [START_REF] Fedeli | Accurate analysis of reverberation field penetration into an equipment-level enclosure[END_REF]. A solution was proposed and also adapted to electrically small EUTs using a long wire as empirical sensor of the modal field cartography throughout the enclosure volume [START_REF] Tait | On measuring shielding effectiveness of sparsely moded enclosures in a reverberation chamber[END_REF]. A one-antenna method has also been proposed based on the Q-factor evaluation of an EUT when the aperture is covered by a metallic sheet [START_REF] Xu | Shielding effectiveness measurement of an electrically large enclosure using one antenna[END_REF]. However, as far as small enclosures are concerned, inserting an adequate probe or antenna is an issue [START_REF] Zhou | Shielding effectiveness measurement of small size metal enclosure[END_REF]. The case of printed circuit board shield is even more problematic and could be solved using a jig equipped with probes and soldering or clamping the shield to be evaluated [START_REF] Marvin | Efficient measurement techniques and modelling of printed circuit board shields[END_REF].

All measurement methods in the literature involve the settlement of one or more probes, fixed or moved at different positions to be installed inside the EUT to sense the internal electric or magnetic field strength. The induced electric signal at the probe terminal must be sent out of the enclosure through appropriate connection using or not an optoelectronic converter. This may be impractical and may also be considered as a destructive test since machining is required.

A non-destructive approach is proposed in this paper. The proposed method is based on using a passive sensor made of a simple and efficient-enough absorbing piece of material. The frequency bandwidth of the method is only limited by the lowest usable frequency (LUF) of the RC used for measurements. The RC composite Q-factor is measured in three configurations: i) without the absorbing material, ii) with the absorbing material inside the RC but outside of the EUT, and iii) with the absorbing material inside the EUT. The contrast of these Q-factors allows retrieving the SE according to a specific definition within a large frequency range. The theoretical basis of the method together with experimental validation are provided. To the best of our knowledge, such a non-invasive approach for SE measurement of enclosures is experimentally demonstrated for the first time.

According to the existing literature, the absorbing piece of material allows to make direct measurement of dissipated power if illuminated in absence or in presence of the shield. It is by nature a distributed sensor and not localized. It is therefore a solution to compensate for the insufficient information recorded from a point-like probe. Regarding the discussion about intrinsic or content-dependent definition of SE, though it obviously heavily loads the EUT, it only aims at converting the electromagnetic field into Joule effect. It is therefore not made for being representative of any contents of the EUT.

The rest of this paper is organized as follows. Section II provides the theory of this passive approach for SE measurements in an RC whereas Section III investigates the dynamic range of the proposed method. Then, Sections IV and V are dedicated to two different experiments involving two different RCs and EUTs, respectively. Some conclusions are drawn in Section VI.

II. THEORY

A. The composite Q-factor and its estimation 1) The RC Q-factor: the composite Q-factor [START_REF] Hill | Electromagnetic fields in cavities: deterministic and statistical theories[END_REF], [START_REF] Besnier | Electromagnetic reverberation chambers[END_REF] is a quantity that enables to predict the behavior of an RC according to modal density and the probability of excitation of multiple modes. Even more importantly, its estimation also enables to calibrate the field intensity in the chamber associated to a prescribed injected power at the input of a transmitting antenna in the RC or vice-versa.

The RC Q-factor is said to be "composite" (or sometimes "effective") for two main reasons that may be confused with one another. The first reason is that losses may come from different mechanisms, e.g., dissipation in the cavity walls, absorption by loading objects or receiving antennas, and aperture leakage. The second reason is that several modes are combined in the chamber, and the Q-factor of single modes cannot be easily retrieved. As far as RCs are concerned, the usual definition of the composite Q-factor corresponds to the average electromagnetic energy stored in the cavity over all states of the chamber obtained during the stirring process, per unit of time, and divided by the total dissipated power in the chamber at steady state. The steady state is reached once the dissipated power balances the transmitted power in the chamber. The composite Q-factor links the ensemble average energy over different states of the chamber and the overall dissipated power as follows:

Q = 2πf E[W E ] E[P d ]
.

(

) 1 
This definition of quality factor Q applies to steady-state harmonics fields at frequency f and associated pulsation ω and wavelength λ. The notation E stands for the expected value. The term W E stands for the electromagnetic energy in the chamber and P d represents the active power consumed in the RC.

2) The Q-factor estimation: The Q-factor estimation can be performed with a set of two identical antennas, each connected to one port of a vector network analyser to perform the measurement of the complex-valued scattering matrix elements. The derivation of the estimation of the Q-factor is recalled here for convenience [START_REF] Besnier | Various estimations of composite q-factor with antennas in a reverberation chamber[END_REF]:

Q = |S 21 -⟨S 21 ⟩| 2 Z 0 ωϵV (λ 2 /8π)(1 -|⟨S 11 ⟩| 2 )(1 -|⟨S 22 ⟩| 2 )η 1 η 2 , (2) 
where Z 0 may be considered as the free-space impedance associated with each individual plane wave composing the whole spectrum, λ 0 is the wavelength, S ij (i, j ∈ 1, 2) stands for scattering parameters between ports i and j and η 1 , η 2 are efficiencies of each antenna.

B. Q-factor of the RC loaded with an empty shielded enclosure

As a first step, the shielded EUT is installed in the RC in an arbitrary position. The initial Q-factor in these conditions is denoted Q 0 and estimated from (2). It is estimated using N uncorrelated positions of a mechanical stirrer. Moreover, the resulting Q-factor is further averaged over M uncorrelated frequencies. Therefore, this estimation leads to an estimation of Q with a total of N × M realizations. According to the central limit theorem, the Q-factor estimation behaves as a Gaussian distribution centered around the expected value with a standard deviation σ Q / √ N × M , where σ Q is the standard deviation of the underlying probability density function of the Q-factor. In order to reach an acceptable statistical uncertainty for the Q-factor estimation, the product N × M must be high enough and typically well beyond 1,000.

C. Q-factor of the RC loaded with an empty shielded enclosure and a piece of absorbing material Adding a piece of absorbing material in the RC induces a modification of the initial composite Q-factor Q 0 due to additional losses. Given the hypothesis of independence of the different loss mechanisms, the addition of an object in the RC only changes the distribution of the dissipated power among the different loss mechanisms. Therefore, the Q-factor Q 0 is changed to Q 1 :

1 Q 1 = 1 Q 0 + 1 Q abs out EUT . (3) 
The Q-factor of this piece of absorbing material (or any other absorbing object) immersed in the RC can be defined from (1) [START_REF] Hill | Electromagnetic fields in cavities: deterministic and statistical theories[END_REF], [START_REF] Besnier | Electromagnetic reverberation chambers[END_REF]:

Q abs out EUT = 2πV λ 1 σ abs out EUT . ( 4 
)
where σ abs out EUT is the averaged absorbing cross section (AACS) of the object, defined as:

σ abs out EUT = E[P d obj ] E[S 0 ] . (5) 
Therefore, the AACS of the object represents the expected value of the part P d obj of the total active power P d absorbed by the object given the scalar power density S 0 generated in the RC. In the particular case of an absorbing material with a total surface S exp exposed to the RC diffuse field, its AACS can be approximated as [START_REF] Hill | Aperture excitation of electrically large, lossy[END_REF], [START_REF] Hallbjorner | Extracting electrical material parameters of electrically large dielectric objects from reverberation chamber measurements of absorption cross section[END_REF]:

σ abs out EUT ≈ ⟨T ⟩ S exp 4 . ( 6 
)
where T is a transmission coefficient expected to be approaching the ideal value T = 1 for a well-designed material. As a result, its associated Q-factor is given by:

Q abs out EUT ≈ 8πV λ 1 ⟨T ⟩ S exp . (7) 
It is important to note that this factor depends on the ratio between the chamber volume and the exposed surface of the absorbing element. It is also proportional to frequency. According to (3), the AACS of the absorber can be retrieved from Q 0 and Q 1 measurements from:

σ abs out EUT = 2πV λ 1 Q 1 - 1 Q 0 . ( 8 
)
This AACS represents the absorbing cross-section of the absorbing material directly exposed to the diffuse field generated in the RC. D. Q-factor of the RC loaded with a shielded enclosure containing a piece of absorbing material

The piece of absorbing material is now placed inside the shielded enclosure itself. The composite Q-factor Q 2 in this new configuration can be defined as

1 Q 2 = 1 Q 0 + 1 Q abs in EUT . (9) 
Therefore, a new absorbing cross-section σ abs in EUT can be estimated from Q 2 such as:

σ abs in EUT = 2πV λ 1 Q 2 - 1 Q 0 . (10) 

E. SE evaluation

The SE can be assessed from the contrast of absorbed power by the piece of absorbing material placed outside of the EUT (but inside the RC) and inside the shielded EUT. Therefore, it can be defined as:

SE = σ abs out EUT σ abs in EUT (11) 
Injecting ( 8) and ( 10) into [START_REF] Fedeli | Accurate analysis of reverberation field penetration into an equipment-level enclosure[END_REF], it comes:

SE = (Q 0 -Q 1 ) Q 2 (Q 0 -Q 2 ) Q 1 (12)
Therefore, the SE assessment relies on the evaluation of three composite Q-factors of the RC: (i) without the absorbing material (Q 0 ), (ii) with the absorbing material inside the RC but outside the EUT (Q 1 ), and (iii) with the absorbing material inside the EUT (Q 2 ). According to this definition, if the absorbing material is placed in a transparent EUT, the two AACS should be identical and SE = 1. On the contrary, if the EUT is perfectly shielded, σ abs in EUT tends to zero and SE tends to infinity. However, for obvious reasons, the dynamic range of this measurement is limited and must be carefully examined prior determining measurement configurations.

III. DYNAMIC RANGE OF THE PROPOSED NON-INVASIVE SHIELDING EFFECTIVENESS MEASUREMENT METHOD

According to [START_REF] Fedeli | Accurate analysis of reverberation field penetration into an equipment-level enclosure[END_REF], the dynamic range of such a measurement is bounded, on the one hand, by the absorption performance of the piece of absorber and, on the other hand, by the ability of measuring very low values of AACS, i.e., low values of σ abs in EUT for well-shielded EUTs. The AACS of the piece of absorbing material should be as high as possible. According to [START_REF] Araneo | Actual performance of shielding enclosures[END_REF], its AACS is proportional to its illuminated external surface (its thickness being supposed larger than the skin depth in the considered frequency range). It should be as large as possible while being limited by the EUT size when placed into it.

Assuming an exponential distribution for Q (with standard deviation σ Q = 1), the lowest achievable measurement value of σ abs in EUT depends on the uncertainty level for the Qfactor estimation. The smallest measurable difference δQ of two Q-factors corresponds to the confidence interval of its estimation:

δQ = k √ M eff N eff ( 13 
)
where M eff and N eff are the effective size associated to measurements performed with M stirrer positions and N averaging frequencies, respectively, whereas k is a scalar value chosen to correspond to the confidence level choice. At a confidence level of 95% and 99%, k = 1.96 and k = 2.575, respectively, for a Gaussian distribution. Thus, the minimum deviation of Q 2 from Q 0 writes:

Q 2 = (1 -δQ)Q 0 (14) 
Therefore, from [START_REF] Marvin | A study of enclosure shielding effectiveness measurement using frequency stirring in a mode-stirred chamber[END_REF] and assuming δQ ≪ 1, we easily derive the following result for the minimum achievable AACS if the piece of absorbing material is placed in the EUT:

σ abs in EUTmin = 2πV λ δQ Q 0 ( 15 
)
The maximum measurable SE (SE max ) is then given from:

SE max ≈ ⟨T ⟩ S exp 4 Q 0 λ 2πV 1 δQ = ⟨T ⟩ S exp 4 Q 0 λ 2πV √ M eff N eff k (16 
) It turns out that increasing the dynamic range may be achieved in two ways. The first one consists in increasing the number of stirrer positions M and averaging uncorrelated frequencies N for Q estimation. The second one consists in testing simultaneously several units of the same EUT, each one associated with its own piece of absorbing material. SE max is then proportional to the number of simultaneously measured units.

According to [START_REF] Klinkenbusch | On the shielding effectiveness of enclosures[END_REF], a small volume EUT (correspondingly small S exp ) in a larger RC would lead to higher Q abs out EUT values that would not compensate for the corresponding increase of Q 0 which is also proportional to V but inversely proportional to the RC surface S RC . Therefore, for small EUTs and large RCs, Q 0 , Q 1 and obviously Q 2 would become less distinct from each other although large RCs could provide an increasing number of states (i.e. larger M eff and N eff ). In other words, without accounting for the possible increase of M eff or N eff , the dynamic range provided in ( 16) is proportional to the ratio of S exp /S RC , i.e. losses in the RC walls must not be too large with respect to that of the piece of absorbing material. Still, the used RC must be large enough to operate as a well-stirred RC in the considered frequency range.

IV. EXPERIMENT #1 (UP TO 18 GHZ) A. Experimental Setup

This first experiment takes place in an RC of size 1.75 × 1.50×2.00 m 3 (volume of 5.25 m 3 ) equipped with two rotating mode stirrers (one horizontal and one vertical) made of 4 Zfold shape paddles (Fig. 1). The RC lowest usable frequency (LUF) is estimated to be around 600 MHz. The considered EUT is an aluminum box of size 42.5 × 38.8 × 19.6 cm 3 . The lid of the box is screwed to the base of the box by a series of screws at regular intervals of 5 cm. Thus, the main leakage is supposed to be caused by a set of 6 square apertures of 3 cm arranged in the center of the upper wall. Three identical EUTs are used in this experiment in order to increase the dynamic range of the measurement. Two doubleridged guide horn antennas (ETS-Lindgren Model 3115) are placed on masts within the chamber and connected to two ports of a vector network analyzer (VNA) (Keysight P5024B) in order to measure their scattering parameters. Measurements are performed over the frequency range from 1 GHz to 18 GHz with a 200 kHz frequency step (85001 frequency points). The pieces of absorbing material used are of type Hyfral P150. Their average transmission coefficient ⟨T ⟩ was determined from their intrinsic properties over the frequency range of 2 GHz to 3 GHz [START_REF] Andries | On the prediction of the average absorbing cross section of materials from coherence bandwidth measurements in reverberation chamber[END_REF]. It is supposed here to be approximately constant over the measurement frequency range and equal to 0.8. Each piece of absorbing material is of size 0.42 × 0.38 × 0.10 m 3 . All parameters are recalled in Tab. I.

B. Q-factor Estimation

According to [START_REF] Tait | On measuring shielding effectiveness of sparsely moded enclosures in a reverberation chamber[END_REF], the SE estimation requires a Q-factor measurement for three different configurations: Frequency stirring

N = 1000

Mechanical stirring M = 30

• Step 1: Estimation of the Q-factor Q 0 of the RC loaded with the EUTs alone, without any absorbers. • Step 2: Estimation of the Q-factor Q 1 of the RC loaded with the EUTs and absorbers located outside of the EUTs, i.e., lying on the RC floor. • Step 3: Estimation of the Q-factor Q 2 of the RC loaded with the EUTs in which the absorbers have been placed. Q-factor estimations are performed based on (2) using a frequency averaging (N = 1000, i.e., an overall bandwidth of 200 MHz) of ensemble averages obtained from M = 30 stirrer positions (two stirrers are moved). The Q-factors Q 0 , Q 1 and Q 2 are compared in Fig. 2. Q 1 is significantly lower than Q 0 over the entire frequency range. as expected. Indeed, the presence of the absorbers within the RC drastically increases the losses. However, the estimated Q 2 (once the absorbers are placed inside the EUTs) is much closer to Q 0 . These are not distinct from each other below 3 GHz but the absorption due to the absorbers placed inside the EUTs is clearly evidenced above this frequency. 

C. Dynamic range

The dynamic range is provided from ( 16) where an approximation of SE max can be derived from Q 0 . The RC volume is 5.250 m 3 and Q 0 is about 17000 at 9 GHz (Fig. 2). As a result, the coherence bandwidth is about 500 kHz. A rough estimation is N eff = 400 over a 200 MHz bandwidth. All stirrer positions are supposed to provide independent realizations: M eff = 30. The 3 pieces of absorbing materials (⟨T ⟩ = 0.8) lying on the floor are exposed over 5 of their faces. The overall surface S exp = 0.3196 × 3 m 2 . From ( 16), using a 99% confidence level (k = 2.575), we obtain:

SE max,#1 ≈ 140 (21.5 dB) (17) 
This range is limited due to two limiting factors. The first one is the limited surface of the pieces of absorbing materials. The related to the limited number of uncorrelated RC states (M eff × N eff ). Both aspects may be improved but this dynamic range budget is acceptable for the proof of concept introduced in this paper.

D. SE Results

The corresponding AACS σ abs out EUT and σ abs in EUT are shown in Fig. 3. It appears that σ abs in EUT is not significant below 3 GHz and reaches a small but still detectable value above this frequency. According to [START_REF] Marvin | Efficient measurement techniques and modelling of printed circuit board shields[END_REF], the detectable AACS is estimated to be 0.0015 m 2 (≈ -28 dBm 2 ). Apertures are one-tenth of the wavelength at 1 GHz and still appear as small apertures. Absorption is therefore limited in the lowest frequency range and is not detectable due to the limited dynamic range.

The SE results obtained thanks to the measurements of σ abs out EUT and σ abs in EUT are compared to a standard SE estimation where a horn antenna is placed inside the EUT. The horn antenna is placed above the absorbing piece of material inside the EUT as shown in Fig. 4. Such a standard measurement could have been done with or without any piece of absorbing material within the EUT. However, as already discussed, resonances in an empty cavity may lead to negative shielding effectiveness, which makes no sense from the energy-conservation point of view. As the method proposed in this paper uses an energy-based definition that aims to be much less dependent on the shape of the cavity and resonance phenomena, we decided to carry out this measurement with a piece of absorbing material in the cavity. Furthermore, the absorbing material was kept identical to maintain the same loss conditions as for the non-invasive measurement. A single EUT is used and equipped with a pass-through connector. The SE is then measured as the ratio of the average power collected in the RC and in the shielded box. The results of the present method and of this standard measurement are highlighted in Fig. 5. However, this standard SE estimation suffers from the usual drawbacks of invasive SE measurements which are sensitive to antenna location and properties. Furthermore, the average field in the EUT is not measured, the antenna being placed in a single position. This specific antenna was selected due to its large bandwidth and compactness. From the standard measurement, it can be seen that the SE drops from 60 dB at 1 GHz down to 20 dB at 3 GHz. The non-invasive method also identifies the decrease of SE above 3 GHz but the estimated SE is bounded to about 30 dB due to the limited dynamic range. Above 3 GHz the results are consistent with the standard measurement, the SE being overestimated with respect to the measurement performed with a horn antenna whose apparent directivity remains high in a non-reverberating environment. It was also observed that the apertures are responsible for the leakage. Indeed, when closed by metallic tapes, the SE reaches the dynamic range as also shown in Fig. 5. The resulting curve exhibits erratic fluctuations as soon SE exceeds the dynamic range of 21 dB as estimated above. Experiment #1 confirms the ability of this non-invasive SE measurement concept to mimic the trend of a standard measurement performed with an inner sensor.

V. EXPERIMENT #2 (UP TO 30 GHZ) A. Experimental setup

In this section, we propose a second experimental validation of the non-invasive SE measurement method. This experi- ment #2 is performed in a smaller RC of size 0.580 × 0.592 × 0.595 m 3 , whose LUF is estimated to be around 2 GHz. Two EUTs are placed inside RC, each of them being an aluminum box of smaller size (18.3×11.6×4.8 cm 3 ) where two circular apertures of diameter of 2 cm are present on both small sides of the box. A picture of the setup is presented in Fig. 6. Two antennas (RF-Spin DRH 67a) are placed within the cavity and connected to a VNA. Measurements are performed over the frequency range from 6 GHz to 30 GHz with a 400 kHz frequency step (60001 frequency points). All parameters are summarised in Tab. I.

B. Q-factor Estimation

The same three-step procedure is followed for this second experiment. The three Q-factor estimations Q 0 , Q 1 and Q 2 are compared in Fig. 7. Once again, Q 1 is really small compared to Q 0 due to the high absorption provided by the two large absorbers lying on the RC floor. However, in this experiment, Q 2 is significantly lower than Q 0 over the entire measurement frequency range. Indeed, the cylindrical apertures are not electrically small even in the lowest frequency range, their diameter being close to half of a wavelength at 6 GHz. This explains that absorption is measurable even at the lowest frequency range.

C. Dynamic Range

The RC volume is 0.204 m 3 and Q 0 is about 18000 at the central frequency (18 GHz). As a result, the coherence bandwidth is about 1 MHz and N eff = 200. All stirrer positions are also supposed to provide uncorrelated realizations, i.e., M eff = 30. The 2 pieces of absorbing materials (⟨T ⟩ = 0.8) lying on the floor are exposed over 5 of their faces. The overall surface S exp = 0.043 × 2 m 2 . From (16), using a 99% confidence level (k = 2.575), we obtain:

SE max,#2 ≈ 120 (20.8 dB) (18) 

D. SE Results

The corresponding AACS σ abs out EUT and σ abs in EUT are shown in Fig. 8. When placed in the EUT, the AACS of absorbing materials σ abs in EUT exhibits a nearly constant value over the entire frequency range. According to [START_REF] Marvin | Efficient measurement techniques and modelling of printed circuit board shields[END_REF], the detectable AACS is estimated to be 0.00015 m 2 , i.e.

-38 dBm 2 for this case study which is in the same order of magnitude than the experimental result.

The SE results obtained thanks to the measurements of σ abs out and σ abs in EUT are shown in Fig. 9. The estimated SE is close to 15 dB over the entire frequency range. Due to the small size of the EUTs, no standard measurement have been carried out with an inner antenna for this experiment. Results of the present method when the four cylindrical apertures are short-circuited metallic tapes are presented in Fig 9 . It can be seen that the corresponding SE is higher than 22 dB over the entire frequency range and exhibits erratic fluctuations as a function of frequency which is coherent with the theoretical SE max,#2 equal to 20.8 dB. It clearly highlights that the four cylindrical apertures are mainly responsible for the leakage.

VI. CONCLUSION

A novel RC-based SE measurement method has been introduced in this paper. The method is based on the evaluation of the RC composite Q-factor when an absorber is placed successively inside and outside of the shielded EUT located within the RC. The Q-factor contrast allows retrieving the SE of the EUT without the need of any inner probe within the EUT, making this method the first non-invasive approach to perform SE measurements. This method is therefore suitable for SE measurement of shielded box of electronic units or printed circuit board shields.

The method has been validated in a 5.25 m 3 RC in the frequency range from 1 GHz to 18 GHz, where the retrieved SE is similar to the one obtained through a conventional SE measurement method based on the use of an invasive inner probe. A second experiment in a smaller RC (volume of 2 m 3 ) has confirmed the capability of this method up to 30 GHz.

The measurement dynamic range has been analyzed in order to evaluate the limitation of the current approach. The dynamic range is bounded by the limited absorption provided by the absorbers on the one hand, and by the uncertainty regarding the Q-factor estimation on the other hand. Both experiments that have been presented in this paper exhibit an estimated maximum measurable SE of about 21 dB. The dynamic range can be improved by either increasing the number of uncorrelated RC states, increasing the number of identical EUTs, or using absorbers with higher absorption properties.

Fig. 1 .

 1 Fig. 1. Photograph of Experiment #1 where three copies of the same EUT as well as three identical pieces of absorbing material are installed in the 1.75 × 1.50 × 2.00 m 3 RC of IETR. Two horn antennas are placed on masts in order to measure the scattering parameters. The test configuration shown corresponds to the estimation of σ abs out EUT (Q 1 ).

Fig. 2 .

 2 Fig. 2. Q 0 , Q 1 and Q 2 estimations for the large RC loaded by the three shielded boxes as a function of frequency (Experiment #1).

5 Fig. 3 .

 53 Fig. 3. AACS of the set of the 3 absorbers while inside and outside of the large EUT as a function of frequency (Experiment #1).

Fig. 4 .

 4 Fig. 4. Picture of the large shielded box equipped with an inner horn antenna for standard SE measurement.

Fig. 5 .

 5 Fig.5. SE of the large shielded box as a function of frequency estimated with the proposed method and compared to the standard method (Experiment #1). The SE estimated when the EUT apertures are closed is also shown.

Fig. 6 .

 6 Fig. 6. Photograph of the two copies of the small shielded box #2 installed in the 0.580 × 0.592 × 0.595 m 3 RC of IETR. The test configuration shown corresponds to the estimation of σ abs out EUT (Q 1 ).

Fig. 7 .

 7 Fig. 7. Q 0 , Q 1 and Q 2 estimations for the small RC loaded by the two small shielded boxes as a function of frequency (Experiment #2).

15 Fig. 8 .

 158 Fig.8. AACS of the 2 absorbers while inside and outside of the small EUT as a function of frequency (Experiment #2).

Fig. 9 .

 9 Fig. 9. SE of the small shielded box as a function of frequency (Experiment #2).

TABLE I EXPERIMENTAL

 I 

	Frequency	1 GHz to 18 GHz	6 GHz to 30 GHz
	range		
	Frequency	200 kHz	400 kHz
	step		
	Antennas	ETS-Lindgren 3115	RF-Spin DRH 67a
	Absorber		Hyfral P150
	type		
	Absorber	42 × 38 × 10 cm 3	18 × 11 × 4 cm 3
	size		

PROPERTIES Property Experiment #1 Experiment #2 RC size 1.75 × 1.50 × 2.00 m 3 0.580×0.592×0.595 m 3 EUT size 42.5 × 38.8 × 19.6 cm 3 18.3 × 11.6 × 4.8 cm 3
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