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Abstract

:

An electromagnetic field penetrating through an aperture or slot of a metallic enclosure generates many standing-waves due to the resonance inside the metallic enclosure, which results in reduced shielding performance. This paper examines the effect of absorbent material (absorber) to improve shielding effectiveness (SE) of large metallic rooms with apertures or slots. First, a theoretical formulation to extract the Q-factor of an absorber with any shape is proposed. Using this, the contribution of the absorber to the SE improvement of a shielded room with different sized circular apertures was investigated. Second, the resonant mode density inside the shielded room was classified into non-resonant, under-moded, and over-moded states with an increase in frequency, and the effect of the absorber in each frequency range was examined. The analysis was conducted through numerical simulation using a commercial full-wave simulator and experimental measurement using a fabricated actual shielded room and commercial absorbers. The accuracy of the analysis results was verified through the comparison of simulated and measured results. The analysis results ensured that the absorber was not effective in improving the SE in the non-resonant state of the metallic room. It was also confirmed that the absorber was effective in improving the SE in the over-moded state of the metallic room where a severe standing-wave occurs. In addition, the SE improvement level differed depending on the location of the absorber in the room.
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1. Introduction


Generally, metallic enclosures have been used in order to electromagnetically shield and mechanically protect the interior equipment and systems from unintentional and intentional electromagnetic fields such as unwanted noises and electromagnetic pulses [1,2,3]. The shielding effectiveness (SE) that represents the shielding performance of the metallic enclosures is determined by three effects, as illustrated in Figure 1 and Equation (1). The first one is material effects, and the other two are structural effects. If the material’s thickness is not greater than its skin depth, the electromagnetic field, especially the magnetic field, can penetrate through the material [4]. Therefore, the material effects are determined by the thickness and the two material properties of conductivity and permeability. They should be considered in the shielding of a magnetic field at a low-frequency range. To analyze this diffusion effect, we can simply use analytic solutions [5,6] or numerical simulation [7].



The second is the leakage effect of apertures or slots on the surface of metallic enclosures. In practical situations, the holes or seams of various shapes are inevitable parts of the enclosure for air ventilation, doors for access, cabling and so on. As large enclosures such as shielded rooms age over time, unwanted seams or gaps may occur. The shielding performance of the enclosures for protecting critical equipment and systems against external electromagnetic fields is compromised by these apertures and holes. To completely protect from electromagnetic penetration, the apertures and slots on the metallic enclosures should be properly handled and managed by using various gasket components [8,9,10]. Until now, the electromagnetic coupling mechanism through apertures on the metallic enclosure has been widely investigated by using analytical, numerical and experimental analyses to minimize the effect of apertures on shielding properties [11,12]. In order to increase the shielding performance of an enclosure without compromising the aperture’s ventilation, a resistive sheet and an electromagnetic bandgap structure loaded around the aperture were investigated [13]. The use of a wire array across the slot was proposed to attenuate and perturb slot resonances as a low-cost shielding approach [14]. These methods can be applied to only the case when the locations of apertures or slots are already known. However, for large, shielded rooms or facilities especially, it is difficult to find out where unwanted seams or gaps appear on the shielding structures. In general, standard methods of shielding measurement such as MIL STD 188 125-1 [9] and IEEE STD 299 [10] are used when finding unknown apertures or slots in large, shielded rooms or evaluating shielding characteristics. These methods measure the SE by placing transmitting (Tx) and receiving (Rx) antennas at a certain distance from the shielding walls outside and inside the shielded room, respectively. However, if there are already installed large, shielded rooms inside the building, there may be no space to place the Tx antenna on the outside [15]. Since the inside of a large, shielded room is already filled with many devices or systems, it can also be difficult to put the Rx antenna in the room. Furthermore, the measurement is time-consuming and expensive, even if it can be measured.


  S E =     A + R + B  ⏟     Material   Effects    −      Leakage   Effect  −  Standing - wave   Effect   ⏟     Structural   Effects     



(1)







The third effect on SE is the generation of a standing-wave within the metallic enclosures. The penetrated electromagnetic fields into a metallic enclosure make many resonant modes due to the standing-wave continually reflecting from the walls of the enclosure. The standing-wave and resonance result in increasing the field strength at the resonant frequencies, lowering the shielding performance, and finally having a negative effect on the internal equipment within the shielding structures and facilities. This phenomenon begins to occur at lower frequencies as the metallic enclosure is larger, such as shielded rooms or facilities.



In previous works, when there were any lossy contents, such as printed circuit boards (PCBs) in a small shielding enclosure, it was shown that the SE of a small enclosure such as a desktop case was improved [16]. In addition, the absorption cross-sections of PCBs were also measured using a reverberation chamber to estimate the SE [17]. Under the assumption that the small-sized enclosure is in a stirring state, a study has been conducted to improve the SE by the absorber in the enclosure [18]. However, if it is not a stirring environment in the enclosure, SE characteristics may vary depending on the position of the absorber [19]. Therefore, it is necessary to study how the absorber affects the SE in a large shielding structure with a non-stirred reverberating environment.



Meanwhile, studies on optimizing the number and location of ferrite-tile absorbers have been conducted to design a cost-effective anechoic chamber through minimal use of ferrite tiles [20,21]. When the chamber composed of metal walls is in the low-frequency of an under-moded state, the damping effect appears at the resonant mode frequencies depending on the position of the ferrite tiles [20]. However, few studies have analyzed the effects of absorbers to improve the SE of large shielding structures with an aperture or slot in a non-stirring condition. If the SE reduced by the unknown aperture and standing-wave in a large, shielded room can be improved by using the absorber simply placed in the proper position, it would be a time and cost-effective method.



This paper investigates the effect of an absorbent material (absorber) to improve the SE of large metallic rooms with apertures or slots. First, a theoretical formulation to extract the Q-factor of an absorber with any shape is proposed. Using this, the contribution of the absorber to the SE improvement of a shielded room with different sized circular apertures is investigated. Second, the resonant mode density in the shielded room is classified into nonresonant, under-moded, and over-moded states with an increase in frequency, and the effect of the absorber in each frequency range is examined by numerical simulation. A number of flat absorbers that are easy to attach to the inner walls of the metallic room are used in this study. The impact of the absorber position on the SE of the large metallic room is also investigated. For verification of the numerical analyses, the actual shielded room is fabricated, and the experiment is carried out using the commercial absorbers. The measurement results are found to be in good agreement with the simulation results.




2. Theoretical Shielding Analysis Using Q-factors


In [22,23], an analytical method using the Q-factor was proposed for shielding analysis of electrically large (over-moded) enclosures with lossy materials, which has been widely employed as a useful method for reverberation chamber analysis. However, when there is an absorber having an arbitrary shape in the enclosure, it is difficult to calculate the Q-factor by an analytical approach. Therefore, in this section, based on the Q-factor theory, we propose a method to extract the Q-factor of absorbers in the over-moded metallic enclosures such as shielded rooms through numerical simulation or measurement. Using the extracted Q-factor of the absorber, the SE of enclosures with apertures in different sizes can be easily calculated. Furthermore, it has the advantage of quantitatively separating and calculating the shielding improvement by the absorber.



Consider a shielded room with an aperture and lossy or absorbent materials (absorbers) as depicted in Figure 2. The SE of the shielded room is defined as:


  S E = 10   log   10    (     S i     S c     )  = 10   log   10    (     Q 3   Q   )   



(2)




where    S i    is the incident power density into the shielded room and    S c    is the power density inside the shielded room.   Q   is the total Q-factor of the shielded room and    Q 3    is the Q-factor due to the aperture on the shielded room.



The total Q-factor of the shielded room is:


   1 Q  =  1   Q 1    +  1   Q 2    +  1   Q 3     



(3)




where    Q 1    is the Q-factor by the wall losses within the shielded room and    Q 2    is the Q-factor by the absorbers in the shielded room. For these Q-factors, analytical formulations for specific structures such as circular apertures or homogeneous spherical absorbers were presented in [23].



When the shielded room has an absorber, the SE of the loaded room (  S  E L   ) is defined as


  S  E L  = 10   log   10    (  1 +    Q 3     Q 1    +    Q 3     Q 2     )  = 10   log   10    (  A +    Q 3     Q 2     )   



(4)




where   A = 1 +  Q 3  /  Q 1   .



If there is no absorber, then    Q 2  → ∞  . Thus, the SE of unloaded room (  S  E U   ) is defined as


  S  E U  = 10   log   10    (  1 +    Q 3     Q 1     )  = 10   log   10    ( A )   



(5)







From Equations (4) and (5), we can get    Q 2    for the absorber in the shielded room as


   Q 2  =    [    10    (  S  E L  / 10  )    −   10    (  S  E U  / 10  )     ]    − 1    Q 3   



(6)







For convenience, assuming the shape of the aperture is circular,    Q 3    of the circular aperture can be analytically calculated using the following formula [22].


   Q 3  =   9 π V   8  k 3   r 6      for   k r ≤ 1.29  



(7)






   Q 3  =   4 k V   π  r 2      for   k r > 1.29  



(8)




where  V  is the volume of the shielded room,  r  is the radius of the circular aperture, and  k  is wave number of free space.



As a result, if   S  E L    and   S  E U    can be obtained through numerical simulation or experimental measurement,    Q 2   , the Q-factor of absorber having an arbitrary shape can be calculated by Equation (6). Using the extracted    Q 2    of the absorber, first, the SE of rectangular enclosures with circular apertures in different sizes can be easily calculated by Equation (4) without additional measurement, as illustrated in Figure 3.



Second, using the extracted    Q 2    from Equation (6), the contribution of    Q 2    (absorber) and    Q 3    (aperture) to the SE can also be quantified. For this, Equation (4) is decomposed by replacing    Q 3   /   Q 2    with   α A   as follows:


  S  E L  = 10   log   10   A  (  1 + α  )  = 10   log   10    ( A )  + 10   log   10    (  1 + α  )  = S  E U  + ∆ S  E L   



(9)




where   ∆ S  E L  = 10   log   10    (  1 + α  )    and   α =  (   Q 3  /  Q 2   )  A  .



  ∆ S  E L    indicates the increased SE due to the presence of absorbers. If   S  E U    >   ∆ S  E L   , the contribution of the apertures to the total SE (  S  E L   ) is dominant. On the contrary, if   ∆ S  E L    >   S  E U   , the contribution of the absorbers to the total SE (  S  E L   ) is more dominant.




3. Configuration of Structures Used in Numerical and Experimental Analyses


In this section, the configuration of structures used to analyze the impact of the absorbers on the SE improvement of the shielded room is described. Figure 4 shows the structures and configurations employed in the numerical simulation and measurement. The size of the shielded room was 3 m × 2.5 m × 2.5 m, and its wall was made of a 3 mm thick conductive sheet. Figure 4a shows a shielded room with a circular aperture of r in radius, which was used to calculate the    Q 2    of the absorber in Equation (6) by measuring the SEs with and without the absorber (  S  E L    and   S  E U   ). At this time, three cases of absorber were considered; the case where it was placed on the back wall in the shielded room, the case where it was placed on the left wall, and the case where two cuboid absorber boxes were placed on the floor. The absorber sheet with a thickness of 3 cm fully covered the back or the side inner walls; the detailed dimensions of the cuboid absorber box are depicted in Figure 4c.



Figure 4b shows the shielded room with a slot of L × W, which was used to examine the SE improvement by the absorbers in terms of the mode density inside the shielded room. In this case, the SE improvement for the three locations of the absorber described in Figure 4a was examined by numerical simulation according to the frequency. In addition to the three cases, the SE was investigated for various absorber positions and combinations of them, including the cases where the absorber was located at both walls in the shielded room. All cases, according to the position of the absorbers and their combination, are listed in Table 1.



The absorber used in the experiment was a commercial absorber having a reflection loss of less than −15 dB up to 6 GHz [24]. Since the material properties of the absorber were not provided by the manufacturer, a magnetic material with similar performance to the commercial absorber was used in the numerical simulation. The magnetic absorber had a relative permeability of which    μ r ′    was 60 up to 10 MHz, and the maximum value of    μ r  ″     was 20 at around 1 GHz.



In order to obtain the SE through the numerical simulation, both cases of the plane-wave incidence with horizontal polarization and the antenna excitation were examined. The numerical simulation was conducted using CST Microwave Studio (MWS) [25]. When the plane-wave was incident, electric field probes randomly placed at 72 points in the shielded room were used to capture the penetrated electric fields. Then, the SE was calculated by using the spatially averaged value of the electric fields at 72 locations. In the case of the antenna excitation for both simulation and measurement, the Tx antenna was placed outside the shielded room, 2.05 m away from the front and the Rx antenna was placed in the center of the shielded room. The SE was calculated by using    S  21     between the Tx and Rx antennas.



Figure 5 shows some pictures of the SE measurement. An actual shielded room with a size of 3 m × 2.5 m × 2.5 m, which was the same as that used in the numerical simulation, was fabricated. Figure 5a showed the shielded room with a circular aperture used for extracting    Q 2    of absorber. Figure 5b shows the shielded room with a long slot of 0.57 m × 0.02 m for examining the SE improvement at different mode states due to the absorber positions. As shown in Figure 5c,d, two log-periodic antennas were employed for the measurement at the frequency range from 400 MHz to 6 GHz. However, in the low-frequency band below 300 MHz, two biconical antennas were used. For the SE measurement, a signal generator was connected to the Tx antenna, and a spectrum analyzer was connected to the Rx antenna. First, the received power at the Rx antenna was measured in the absence of the shielded room. Moreover, then the received powers were measured in the same way for each case presented in Table 1. The SE was measured for both horizontal and vertical polarizations. Figure 5e–h shows the inside of the shielded room with absorbers attached and located at different positions.



For a more accurate comparison between the numerical simulation and measurement results, the same structures and configurations were used as much as possible. As mentioned above, the SE is obtained through the antenna excitation in the measurement, while the SE is obtained by the plane-wave incidence as well as the antenna excitation for the numerical simulation.




4. Numerical and Experimental Results for Examining the Impact of Absorbers on the SE


In this section, the numerical simulation and measurement results are presented using the structures and configurations described in the previous section. The analysis results are explained in two parts. First, to investigate how the absorber in the metallic enclosure affects the SE improvement, the quality factor of the absorber (   Q 2   ) is extracted using the theoretical models presented in Section 2 and its contribution (  ∆ S  E L   ) to the SE is examined in terms of the absorber position and aperture size. Second, the effect of the absorber on the SE in terms of the nonresonant, under-moded, and over-moded states in the shielded room is investigated and discussed.



4.1. Extraction of    Q 2    and Its Contribution to the SE


Figure 6 shows the extracted    Q 2    of absorbers at three positions (cases #1, #2, and #6 in Table 1). As shown in Figure 4a, when the horizontally polarized plane-wave is incident, the SEs of the shielded room with and without each absorber were calculated at the frequency range from 500 MHz to 3.5 GHz by the numerical simulation. Moreover, the simulated SEs were provided to Equation (6) and    Q 2    was calculated according to the three positions of the absorbers. In this case, a circular aperture of r = 8 cm was used to analytically calculate    Q 3    of the aperture loss. The simulated results in Figure 6 show that absorbers with different positions and shapes have different    Q 2   , resulting in different impacts on SE improvement. The lowest    Q 2    was seen when the absorber was on the back wall (case #1), while the highest    Q 2    was shown for the side absorber (case #2). The    Q 2    of two cuboid absorbers on the floor (case #6) had an intermediate value of the other two cases. The smaller    Q 2    indicates higher absorption and SE improvement.



To examine quantitatively how much the absorbers in the shielded room improves its   S E  ,   S  E U    without absorber,   S  E L    with absorber, and   ∆ S  E L    in Equation (9) were calculated by simulation. Figure 7 shows the SEs with and without absorbers (  S  E L    and   S  E U   ) in the shielded room with each circular aperture of 4 cm and 8 cm in radius. For the absorbers in two cases (cases #1 and #6), the   ∆ S  E L    in Equation (9) was also plotted. Similar to the shielding properties of typical metallic enclosures with apertures, the simulated SEs are high at a low-frequency and gradually decreases as the frequency increases. At a high-frequency above 2 GHz, the decrease of SE is not noticeable. In addition, if there is an absorber in the shielded room, the SE increases by   ∆ S  E L   .



In Figure 7a, the SE improvement is examined when the absorber is on the back wall (case #1). When there is no absorber in the shielded room with a circular aperture of an 8 cm radius, the SE is about 5 dB at frequencies above 1 GHz. However, when loading the absorber, the SE increases to 15~20 dB at the same frequency range. When comparing   ∆ S  E L    and   S  E U   ,   ∆ S  E L    starts to become larger than   S  E U    from a frequency of 0.71 GHz. It can be said that the influence of the absorber on the SE starts to become dominant from 0.71 GHz. If the radius of the circular aperture is reduced from 8 cm to 4 cm, the SE of the shielded room without absorber increases by about 3 to 5 dB above 1.5 GHz. Of course, it increased by 15~20 dB at lower frequencies. This means that the size of the aperture has a greater influence on the SE at lower frequencies. When there is an absorber, it can be seen that the SE is about 25 dB at a frequency of 1.5 GHz or higher. When comparing   ∆ S  E L    and   S  E U   ,   ∆ S  E L    starts to become larger than   S  E U    from 1.35 GHz. Therefore, even if the same absorber is used, the frequency at which the influence of the absorber begins to occur dominantly on the SE varies depending on the SE level determined by the aperture on the shielded room. In other words, as the SE of the shielded room by the aperture is lowered, the SE improvement by the absorber starts to appear from the lower frequency.



In Figure 7b, the SE improvement is analyzed when two cuboid absorbers are on the floor (case #6). Since    Q 2    case #6 was greater than    Q 2    of case #1 shown in Figure 6, it can be seen that   ∆ S  E L    case #6 has a lower value than that of case #1. As a result, the frequency at which   ∆ S  E L    is greater than   S  E U    is 0.73 GHz for a circular aperture with r = 8 cm, and 1.51 GHz for a circular aperture with r = 4 cm. These frequencies are more increased than those of case #1. In addition, improvement is also reduced when compared to case #1. Therefore, the lower the loss of the absorber, the higher the frequency at which the absorber starts to dominantly affect the SE improvement. Consequently, it can be seen that the contribution of the absorber in the shielded room to the SE improvement depends on the SE of the shielded room by the aperture as well as the position of the absorber. In addition, the SE improvement by the absorber is greater at high frequencies than low frequencies, where the influence of the aperture on the SE is dominant.



In order to verify the simulated results in Figure 6, we compared the simulated    Q 2    with the measured one in Figure 8. Strictly speaking, the measured    Q 2    indicates the    Q 2    obtained through the measured SEs of the shielded room using the antenna excitation with horizontal polarization. The measurement setup is already shown in Figure 5a. In addition, the simulated    Q 2    was also obtained through the simulated SEs using the antenna excitation. As can be seen in Figure 8, if the absorber was placed on the back or floor (cases #1 and #6), the measured    Q 2    was larger than the simulated one and the difference between them gradually increased as the frequency increased. In particular, the difference between simulated and measured results seemed to be a little larger because the structure of absorbers in case #6 was not exactly the same in simulation and measurement. However, it can be seen that the measured and simulated    Q 2    agree well with the absorber lying on the side wall.




4.2. Effect of Absorbers on the SE in Terms of Mode Density


As a second analysis, the effect of the absorber on the SE was investigated in terms of the nonresonant, under-moded, and over-moded states in the shielded room. For this, we analyzed the SE for the shielded room with a long slot by the numerical simulation and measurement, as shown in Figure 4b and Figure 5b, respectively.



Before discussing the analysis results, the frequency of the first resonant mode and the over-moded frequency of the metallic shielded room used in this study are first calculated. Here, the over-moded frequency is defined as the frequency at which the number of resonant modes becomes more than 60 inside the shielded room [23]. The first resonant frequency of the rectangular enclosure usually occurs at (110) mode. In the case of the shielded room used here,    f  110     = 78.1 MHz. However, the first resonant mode in which the incident electric field is parallel to the long direction of the enclosure actually occurs at the (011) mode, and its frequency is    f  011     = 84.9 MHz. The over-moded frequency is calculated by using the formula shown in [23] and    f N    = 225 MHz. Therefore, as shown in Figure 9, three mode states can be defined based on these two frequencies. In the frequency range lower than 84.9 MHz, the shielded room is in a non-resonant state. The shielded room is in an over-moded state at the frequency range above 225 MHz. In the frequency range from 84.9 MHz to 225 MHz, the shielded room can be defined as an under-moded state. Therefore, we can analyze the change of SE according to the absorber in three frequency ranges corresponding to each mode state.



Figure 10 shows the simulation results of SE at the frequency range from 10 MHz to 6 GHz in the presence or absence of absorbers in the shielded room with three different slots. The sizes (L × W) of three different slots are 0.2 m × 0.02 m (slot #1), 0.57 m × 0.02 m (slot #2), and 0.7 m × 0.7 m (slot #3). The resonant frequency of each slot is simply calculated by    f r  = c / 2 L  , where c is the speed of light in free space. The absorbers are also the same as the structure examined earlier (cases #1, #2, and #6). A plane-wave with horizontal polarization is incident, and then the SE is calculated by spatially averaging the electric field values at 72 positions in the shielded room. Note that the resonance occurs very densely in the over-moded frequency range, and an SE with very severe fluctuation is obtained even if the spatially averaging is performed. This makes it difficult to accurately distinguish the SE improvement depending on the absorber. To resolve this matter in the over-moded frequency range, the moving average in the frequency domain was applied to the spatially averaged electric field to get a smoother SE curve.



When the slot size is 0.2 m × 0.02 m (slot #1), the slot resonance occurs at around 700 MHz, as shown in Figure 10a. In this case, the slot resonant frequency is placed in the over-moded frequency range. When the slot size is 0.57 m × 0.02 m (slot #2), the resonant frequency of the slot is 263 MHz, as shown in Figure 10b, which lies around the over-moded frequency (225 MHz). When the slot size is 0.7 m × 0.7 m (slot #3), the resonant frequency of the slot is 214 MHz, as shown in Figure 10c, which lies in the under-moded frequency range.



Looking at the change of SE according to the frequency in Figure 10, the SE generally decreases as the frequency increases up to the slot resonant frequency. However, at frequencies higher than the slot resonant frequency, the SE does not decrease significantly and has an almost constant level. This phenomenon is the same, even if the slot size is different. In the non-resonant frequency range, it can be seen that the SE is not changed by the presence of an absorber. This means that in the low-frequency range at the nonresonant state of the shielded room, the SE is not improved by the absorber in the shielded room. In the under-moded frequency range, the resonance mode starts to occur one-by-one, and the resonant frequency also changes according to the position of the absorber. Therefore, we can say the SE improvement by the absorber at a specific resonant frequency, but it is difficult to say that the overall level of SE was increased by the absorber. Further simulation and measurement in the under-moded frequency range are shown later, and a more detailed discussion is provided.



Lastly, let us look at the characteristic of the SE improvement by the absorber in the over-moded frequency range. In the case of slot #1 shown in Figure 10a, since the slot resonant frequency is within the over-moded frequency range, we will consider the effect of the absorber by dividing the frequency range into higher and lower frequencies than the slot resonant frequency. First, in the frequency range higher than the slot resonant frequency ( f  > 700 MHz), the SE improvement by the absorber is clearly seen. When the absorber is on the back wall (case #1), the SE is improved by about 10 dB in the frequency range of 1 to 6 GHz. When the absorber is on the side wall (case #2), it is improved by around 6 to 8 dB at the same frequency range. In the case of two cuboid absorbers on the floor (case #6), the SE improvement is similar to case #1 at 1~2 GHz and case #2 at 2~6 GHz. Therefore, it can be seen that different improvement characteristics of SE are shown depending on the position of the absorber. These results are also consistent with the    Q 2    results of the three absorbers shown in Figure 6. At the frequencies lower than the slot resonant frequency (225 MHz <  f  < 700 MHz), it can be seen that the SE of the shielded room with the absorber has a higher value within 10 dB than that without the absorber. In addition, cases #1 and #6 have slightly higher SE values than case #2. Therefore, we can conclude that the SE improvement can be achieved by the absorber when the shielded room is in an over-moded state even at frequencies lower than the slot resonant frequency.



When the slot size is 0.57 m × 0.02 m (slot #2), as shown in Figure 10b, it is meaningless to divide the over-moded frequency region based on the slot resonant frequency because the slot resonant frequency (263 MHz) and over-moded frequency (225 MHz) are similar. It can be seen that the SE of the shielded room with the absorber is improved by 6~10 dB in the over-moded frequency range. However, it is difficult to say that the overall SE is improved by the absorber in the under-moded range lower than the slot resonant frequency. When the slot size is 0.7 m × 0.7 m (slot #3) as shown in Figure 10c, in the over-moded frequency range, when the absorber is in the back wall (case #1), the SE is improved by 5~8 dB in the frequency range above 500 MHz. In cases #2 and #6 of absorbers, the SE improvement was not significant. This is because if the size of the slot is too large, the intensity of the reverberating field in the shielded room is weakened, and then the field attenuation by the absorber is not great. Therefore, it can be seen that the degree of SE improvement by the absorber in the over-moded frequency range alters accordingly to the slot size of the shielded room.



In order to examine the SE improvement characteristics by the absorber at the under-moded frequency range in detail, the results of Figure 10b were redrawn in Figure 11 by expanding the frequency up to 300 MHz only. The SE results are compared with two cases: the presence and absence of two cuboid absorbers on the floor (case #6) in the shielded room with slot #2 (0.57 m × 0.02 m). Here, we can see that the SE of the shielded room is greatly reduced at the resonant mode frequencies. However, if there is the absorber of case #6, the amount of reduction decreases and then the SE is improved. In addition, it can be seen that SE is hardly improved by the absorber at frequencies other than the resonant mode frequencies. As a result, it can be said that in the under-moded frequency range, the SE is improved by the absorber only at the resonant frequencies of the shielded room, but the overall SE level is not improved.



In order to verify these results through an experiment, the SE was measured in the frequency range of 30~300 MHz using the structure in Figure 4b and biconical antennas with horizontal polarization. Figure 12 compares the measured SEs for the cases with and without two cuboid absorbers on the floor (case #6). For verification, the SE calculated using the simulated electric field at the center of the shielded room in the presence of the absorber was also plotted. First of all, Figure 12a shows that the simulated result agrees relatively well with the measured SE. It can also be seen that the SE increases slightly at two resonant frequencies (88 MHz and 133 MHz) when there is the absorber (case #6). To check whether the SE is improved overall by the absorber in the under-moded frequency range, Figure 12b shows the results of applying the moving average to the measured SEs in Figure 12a. The measured SE of the absorber on the back wall (case #1) was also plotted. When comparing the measured SE without the absorber, it is difficult to say that the SE is improved by the absorber.



Next, the variation of the SE improvement by different absorbers in the over-moded frequency range was examined through measurement. The SE was measured in the frequency range of 400 MHz~6 GHz using the structure in Figure 4b and log periodic antenna with both horizontal and vertical polarizations. The slot size of the shielded room is 0.57 m × 0.02 m (slot #2). The measurements were performed in all cases listed in Table 1. As mentioned earlier, to show the degree of the SE improvement more clearly by each case in the over-moded frequency range, the SE was calculated by applying the central moving average to the original measured results with a very reverberant behavior.



Figure 13 shows the measured SE results of the shielded room in the presence of the horizontally polarized incident field. In Figure 13b, the SE improvement values for the cases with absorbers compared to the SE of the room without absorbers are plotted as the frequency varies. First, the SE of the room without an absorber is 10~13 dB in Figure 13a. For the cases of the room with absorbers, case #1 (back wall) and case #3 (back and side walls) had the highest SE with a maximum improvement of 8.6 dB at 4 GHz compared to the SE of the room in the absence of absorbers. Comparing these two cases in Figure 13b, it can be seen that case #3 has a higher SE than case #1 in the frequency range below 2 GHz while having almost the same SE at frequencies above 2 GHz. As a result, applying the absorbers only to the back wall can achieve a sufficient improvement in the SE. However, if it is needed to be improved further at a lower frequency, an additional absorber should be attached to the side wall together with the back wall.



In cases where the absorbers were attached only to the side walls (cases #2 and #4), the SE was slightly lower than those attached to the back wall. When the absorber was on both sides, the SE was about 1~2 dB higher than that of the absorber on only one side, but the difference was not large. Therefore, attaching the absorbers only on one side could sufficiently reduce the standing-wave effect. In the case of the absorber in the box form (cases #5 and #6), the SE could be improved up to 4 dB compared with the case without the absorber. However, the improvement was less than the cases that the absorbers were attached to the back or side walls.



Figure 14 shows the measured SE results of the shielded room in the presence of the vertically polarized incident field. Compared with Figure 13, the SE was higher in the case of vertical polarization. This was because the electric field penetrating through the slot was reduced if the electric field direction was the same as the axis of the long side of the slot. The degree of the SE improvement by the absorbers was slightly reduced compared to that of the horizontal polarization. However, there clearly was an SE improvement by the absorbers: cases #1 and #3 were about 6 dB, cases #2 and #4 were about 4 dB, and cases #5 and #6 were around 2 dB, as shown in Figure 14b. The change of the shielding improvement effect according to the position of the absorbers was the same as the horizontal polarization.



Figure 15 and Figure 16 show the comparison of measured and simulated SE results using the antenna excitation for the three cases of #1, #2, and #3. Although the simulation model was not exactly the same absorber as that used in the measurement [26], it can be seen that the SEs of the measurement and the simulation correspond well at the frequency range up to around 3.5 GHz in both horizontal and vertical polarizations. The simulation results also showed slightly higher SEs in both polarizations if the absorber was on the back wall than if it was on the side wall. In particular, the difference occurring at the frequency range above 4 GHz seemed to be caused by the inaccuracy of the high-frequency model of the absorber used in the simulation. However, it can be seen that the measurement and simulation results presented in Figure 15 and Figure 16 were generally similar, although there are differences depending on the frequency. These results confirm the accuracy of the simulation and measurement results.




4.3. Summary of the Effects of Absorbers on the SE


As mentioned in the introduction, the shielding characteristics of a shielded room are determined by three effects. One of them is the leakage effect due to the unknown aperture, and another is the standing-wave effect of electromagnetic waves penetrating into the shielded room. So far, we have investigated how the absorber existing in a large, shielded room with an aperture or slot affects the SE improvement through numerical simulation and experimental measurement. Using an absorber in the shielded room could improve the SE reduction due to the standing-wave of electromagnetic waves penetrated into the aperture. However, the effect changed according to the aperture size, the position of the absorber, and the mode density in the shielded room. Based on the analysis results, the effects of the absorber and aperture in the three frequency ranges divided by the mode density in the shielded room are summarized in Figure 17.



In the non-resonant frequency range, there is no SE improvement by the absorber because the standing-wave by resonance in the shielded room does not occur. In this frequency range, the size of the aperture or slot greatly affects the shielding performance of the shielded room. Therefore, in order to improve the SE, an unknown aperture or slot must be found and removed. In addition, at low frequencies below the kHz band, the diffusion effect of the magnetic field penetrating through the conducting wall cannot be ignored, so the selection of the material and its thickness of the shielded room walls becomes important [7].



In the under-moded frequency range where the number of resonant modes is not large (typically less than 60 modes), it can be said that the SE improvement obtained by reducing the aperture size is greater than the SE improvement obtained by placing the absorber. If the resonant frequency of the slot is within the under-moded frequency range, reducing the aperture size is only effective at frequencies lower than the slot resonant frequency. This can be seen by comparing the SE results according to the three different sizes of the slot in Figure 10. Furthermore, in the under-moded frequency range, the absorber is effective only at the resonant mode frequencies of the shielded room but does not increase the overall SE level.



In the over-moded frequency range, the standing-wave caused by the reverberating field is severely generated due to the numerous resonant modes, resulting in a SE reduction in the shielded room. Using the absorber in this environment increases the overall SE level effectively by reducing the standing-wave. In addition, based on the simulation and measurement results [27], the location of the absorber influences the amount of SE improvement.





5. Conclusions


This paper has explored the effect of an absorbent material (absorber) to improve the SE of large metallic rooms with apertures or slots. First, the theoretical formulation to extract the Q-factor of an absorber with any shape was proposed. Using this, the contribution of the absorber to the SE improvement of a shielded room with different sized circular apertures was examined. Second, the mode density in the shielded room was classified into nonresonant, under-moded, and over-moded states with an increase in frequency, and the effect of the absorber in each frequency range was investigated. The analyses were conducted through a numerical simulation using a commercial full-wave simulator and experimental measurement using a fabricated actual shielded room and commercial absorber. The accuracy of the analysis results was verified through the comparison of simulated and measured results. The analysis results show that the absorber is not effective in improving the SE in the nonresonant frequency range. It is also confirmed that the absorber is effective in improving the SE in the over-moded frequency range where standing-wave occurs severely, and the SE improvement level differs depending on the location of the absorber in the shielded room. Consequently, the absorbers could be used to cost-effectively improve the shielding performance of large, shielded rooms or facilities with unknown apertures or slots at the over-moded frequency range. However, there was little effect of shielding improvement in the under-moded frequency range. Therefore, as an extended work, it is necessary to study the placement method of the absorbers that is effective for under-moded resonant frequencies.
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Figure 1. Shielding effectiveness of a large metallic enclosure: (a) material effects; (b) leakage effect due to apertures or slots; (c) standing-wave effect. 
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Figure 2. Three losses in a large, shielded room that determine the shielding effectiveness (SE). 
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Figure 3. Calculation flow for    Q 2    and SE of the enclosure with circular apertures in different sizes. 
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Figure 4. Configuration of structures used in numerical and experimental analyses: (a) geometry for analyzing    Q 2    of absorber; (b) geometry for examining the SE in terms of the mode density in the shielded room; (c) top view and dimension of the cuboid absorber. 






Figure 4. Configuration of structures used in numerical and experimental analyses: (a) geometry for analyzing    Q 2    of absorber; (b) geometry for examining the SE in terms of the mode density in the shielded room; (c) top view and dimension of the cuboid absorber.



[image: Electronics 10 00237 g004]







[image: Electronics 10 00237 g005 550] 





Figure 5. Pictures of SE measurement: (a) front view of the fabricated shielded room with a circular aperture; (b) front view of the fabricated shielded room with a long slot; (c) transmitting (Tx) antenna in front of the room; (d) receiving (Rx) antenna inside the room; (e) absorber attached to the side wall; (f) absorbers attached to back and side walls; (g) absorbers attached to both side walls; (h) two boxes with absorbers on the floor. 
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Figure 6. Simulated    Q 2    of three absorbers (cases #1, #2, and #6 in Table 1) using plane-wave incidence. 
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Figure 7. Comparison of simulated   S  E U   ,   S  E L   , and   ∆ S  E L   : (a) absorber on back wall (case #1); (b) absorbers on the floor (case #6). 
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Figure 8. Measured and simulated    Q 2    of absorbers using antenna excitation with horizontal polarization: (a) absorber on the back wall (case #1); (b) absorber on the side wall (case #2); (c) absorbers on the floor (case #6). 






Figure 8. Measured and simulated    Q 2    of absorbers using antenna excitation with horizontal polarization: (a) absorber on the back wall (case #1); (b) absorber on the side wall (case #2); (c) absorbers on the floor (case #6).



[image: Electronics 10 00237 g008]







[image: Electronics 10 00237 g009 550] 





Figure 9. Three frequency ranges in terms of mode density inside the shielded room. 
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Figure 10. Comparison of simulated SE results at the three mode states in the frequency range from 10 MHz to 6 GHz: (a) SEs of the shielded room with slot #1; (b) SEs of the shielded room with slot #2; (c) SEs of the shielded room with slot #3. 
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Figure 11. Simulated SE results of the shielded room with the slot of 0.57 m × 0.02 m at the under-moded frequency range. 
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Figure 12. Measured SE results of the shielded room with the slot of 0.57 m × 0.02 m at the under-moded frequency range: (a) before applying the moving average; (b) after applying the moving average. 
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Figure 13. Measured SE results of the shielded room for horizontal polarization: (a) moving averaged SEs; (b) SE improvement by the absorbers. 






Figure 13. Measured SE results of the shielded room for horizontal polarization: (a) moving averaged SEs; (b) SE improvement by the absorbers.



[image: Electronics 10 00237 g013]







[image: Electronics 10 00237 g014 550] 





Figure 14. Measured SE results of the shielded room for vertical polarization: (a) moving averaged SEs; (b) SE improvement by the absorbers. 
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Figure 15. Comparison of measured and simulated SEs for the shielded room with the absorber for horizontal polarization: (a) case #1; (b) case #2; (c) case #3. 
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Figure 16. Comparison of measured and simulated SEs for the shielded room with the absorber for horizontal polarization: (a) case #1; (b) case #2; (c) case #3. 
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Figure 17. Summarized effects of adding absorber (reducing standing-wave) and reducing aperture or slot (reducing leakage) on SE in terms of the mode states in the shielded room. 






Figure 17. Summarized effects of adding absorber (reducing standing-wave) and reducing aperture or slot (reducing leakage) on SE in terms of the mode states in the shielded room.



[image: Electronics 10 00237 g017]







[image: Table] 





Table 1. Cases of absorber configuration.
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	Cases
	Position of Absorbers





	Reference
	No absorber



	#1
	Back wall



	#2
	Side wall



	#3
	Back and side walls



	#4
	Two side walls



	#5
	One box on the floor



	#6
	Two boxes on the floor
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