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Abstract:



Because the traditional transmission line method treats electromagnetic waves as excitation sources and the cavity as a rectangular waveguide whose terminal is shorted, the transmission line method can only calculate shielding effectiveness in the center line of the cavity with apertures on one side. In this paper, the aperture coupling effect of different sides was analyzed based on vector analysis. According to the field intensity distribution of different transport modes in the rectangular waveguide, the calculation model of cavity shielding effectiveness in any position is proposed, which can solve the question of the calculation model of shielding effectiveness in any position in the traditional method of equivalent transmission methods. Further expansion of the equivalent transmission lines model is adopted to study the shielding effectiveness of different aperture cavities, and the coupling effect rule of the incident angle, the number of apertures, and the size of the cavity is obtained, which can provide the technical support for the design of electromagnetic shielding cavities for electronic equipment.
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1. Introduction


Due to the continuous improvement of the complexity and integration of electronic equipment and, because the electromagnetic environment is becoming increasingly complex, the electromagnetic sensitivity of electronic devices is getting lower and lower [1]. At the same time, due to the ventilation and heat dissipation requirements of electronic equipment, a variety of apertures and cables are always necessary. Thus, the High Power Microwave finds it easy to pass through these channels into the cavity of the electronic equipment, resulting in greatly reduced shielding effectiveness. Therefore, the study of metal cavity aperture coupling laws and shielding effectiveness is a hot topic.



At present, there are a lot of papers on the study of aperture coupling problems, mainly analytical methods, numerical methods, and semi-empirical semi-analytical methods [2,3,4,5,6,7,8,9,10,11,12,13]. Moreover, the equivalent transmission line in the analytical method is widely used because of its simplicity and convenience. Robinsion improved the equivalent transmission line method to calculate the effect of the aperture shape, the number of apertures, and the cavity loss on the shielding coefficient of the cavity [7]; Belokour extended it to high-order modes and cavity loss [8]; Renzo has made it possible to calculate the influence of the azimuth and polarization angles on the coupling effect through the improvement of the equivalent transmission line method [9], and Poad F presented the case in which the aperture deviates from the center of the body wall and gave the formula for the effect of the position of the aperture on the shielding effectiveness of the cavity [10]. Dehkhoda has considered the mutual admittance between the aperture array and its coupling effect, and further extended the aperture array impedance formula [11]. Song Hang improved the equivalent transmission line method to calculate the shielding effectiveness of double-layer shielded cavities under the high-order mode [12]. Peng Qiang corrected the excitation source voltage and impedance of the equivalent transmission line method according to the transmission theorem in order to make the calculation result more accurate [13]. The above extension makes the application of the equivalent transmission line method wider. However, there are still two defects in the equivalent transmission line method. That is, only the shielding effectiveness of the single side aperture cavity and the shielding on the center line of the cavity can be calculated efficiently. In this paper, the coupling effect of the High Power Microwave on the aperture coupling of a rectangular cavity is studied. The coupling of the electromagnetic wave to the multi-sided aperture cavity is decomposed into the coupling of the different directional components to the cavity by vector analysis; the shielding effectiveness was calculated separately. After the analysis of the field strength distribution in the different transmission modes of the equivalent rectangular waveguide is carried out, the calculation of the shielding effectiveness is extended to any position within the cavity to obtain a calculation model of the shielding effectiveness at any position within the multi-sided aperture cavity. The shielding effectiveness of the different aperture cavities was studied further by using the extended equivalent transmission line model, and, finally, the coupling effect rules of the incident angle, the number of openings, and the cavity size were obtained.




2. Shielding Effectiveness of Single Side Aperture Cavities


According to the theoretical model of the transmission line established by Robinson et al. [7], when a plane wave is vertically irradiated as a shielded cavity (as shown in Figure 1), the equivalent circuit model shown in Figure 2 can be obtained.


Figure 1. The cavity with an aperture. a, b and d are the length, height, and width of the rectangular cavity, respectively. l and w are the length and width of the gap, respectively.
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Figure 2. The equivalent circuit model.
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The incident plane wave excitation is equivalent to the voltage [image: ] and the impedance [image: ] of the equivalent voltage source. The aperture in the cavity wall is equivalent to a coplanar strip line, according to Gupta’s theory [14], and the effective width of the aperture [image: ]; the aperture characteristic impedance is


[image: ]



(1)




in which [image: ] is the surface impedance of the cavity wall. If the wall material is a good conductor, its impedance is zero. When the aperture is not in the center of the cavity wall, the influence of different aperture positions on the coupling effect can be calculated by introducing the parameters [10] as follows:


[image: ]



(2)




in which X and Y are the distance coordinates from the coordinate origin to the center of the aperture, as shown in Figure 3.


Figure 3. The aperture coordinate diagram.
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When the cavity is equivalent to the rectangular waveguide with a short terminal in the TE10 mode, the waveguide characteristic impedance and propagation constant are [image: ] and [image: ], in which [image: ]. Then, the equivalent voltage [image: ] and the equivalent impedance [image: ] of the observation point P [image: ] can be deduced from the equivalent Thevenin’s theorem. If there is no shield, the load impedance of P is [image: ]; then, the voltage is [image: ], which can be obtained from the cavity shielding effectiveness as follows:


[image: ]



(3)








3. Multi-Sided Aperture Cavity Equivalent Transmission Line Extension Model


3.1. Vector Analysis of the Coupling Effect


As the aperture cavities are shown on different faces, the electromagnetic waves can be coupled with the cavity through the coupling of the apertures on the different faces. The equivalent transmission line method is equivalent to the excitation source. According to the field strength at the aperture, the direction of the incident wave is arbitrary, so the field strength of different faces are different. Therefore, it is necessary to vectorize the incident wave to obtain the field strength of the different surface seams. As shown in Figure 4, according to the azimuth angle [image: ], the pitch angle [image: ], and the polarization angle [image: ] of the incident plane wave, the components of the three different directions x, y, and z [15] are shown as


[image: ]



(4)




in which [image: ] is the effective value of [image: ], and [image: ], [image: ] and [image: ] represent the three directional components of the field strength coefficient (x, y and z). The decomposition of the propagation constants [image: ] is as follows:


[image: ]



(5)




in which [image: ] is the effective value of [image: ], and [image: ], [image: ] and [image: ] represent the three directional propagation parameters (x, y, and z, respectively).


Figure 4. Vector analysis of the incident electromagnetic wave.
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As shown in Figure 5, the incident wave can be connected to the cavity through the apertures in different faces. On the basis of the above-mentioned vector decomposition, the coupling of the incident wave to the cavity was decomposed into six problems that were analyzed separately. Where the x direction of the incident wave component can produce the y and z directions of the field strength, the y direction of the incident wave component can produce the x and z directions of the field strength, and the z direction of the incident wave component can produce the x and y directions of the field strength in the cavity.


Figure 5. The coupling model of the incident wave to the cavity.
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Although the traditional equivalent transmission line method can only calculate the shielding effect on the center line of the cavity, the important components of the electronic equipment, such as the integrated circuit board, are not necessarily on the center line of the cavity. Therefore, the equivalent transmission line method needs to be improved so that it can calculate the shielding effectiveness of any position within the cavity.



According to the equivalent transmission line method, when calculating the coupling effect of the z-directional incident wave component on a multi-sided cavity, the open-aperture cavity can be equivalent to the rectangular waveguide shown in Figure 6. When the TE-mode wave is propagated in the waveguide, the field intensity distribution at any position is


[image: ]



(6)






Figure 6. The equivalent rectangular waveguide.
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When the TM wave is propagated in the rectangular waveguide, the field intensity distribution at any position in the cavity is


[image: ]



(7)







In order to solve the field strength of the non-centerline position in the cavity, it is necessary to extract the position parameters representing in the y direction field strength in different modes:


[image: ]



(8)







Substituting Equation (8) for the calculation of the equivalent transmission line masking effect, the shielding effectiveness of any position in the cavity can be calculated.




3.2. The Calculation Model of the Shielding Effectiveness


The vector analysis of the incident wave can be calculated for different incident wave components of the aperture coupling effect. This results in the following aspects of the cavity in the direction of the shielding effectiveness of a specific analysis. As shown in Figure 7, the z direction of the cavity is in the direction of the [image: ] surface of the aperture and the [image: ] surface of the aperture, coupling with the cavity. Because the electromagnetic waves through the [image: ] surface of the aperture couples with the cavity in the z direction, and because it does not produce strong energy, it is negligible. When the incident wave is coupled with the cavity from the [image: ] surface, the aperture is equivalent to the coplanar strip line with a length of [image: ] and a characteristic impedance of [image: ]. The cavity is equivalent to a waveguide with a length of [image: ] and an impedance of [image: ], in which [image: ] is mainly determined by the cavity sizes [image: ], [image: ], and the waveguide mode. After obtaining the above parameters, we can obtain the shielding effectiveness of P, which is [image: ] distance from the aperture.


Figure 7. The equivalent circuit diagram in the z direction.
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The equivalent transmission line method can be seen in the incident wave component of the aperture under the equivalent width:


[image: ]



(9)




in which [image: ] is the width of aperture and t is the thickness of the cavity wall. The characteristic impedance of the aperture is as follows:


[image: ]



(10)







The equivalent impedance of the aperture is corrected according to the relationship between the size of the aperture and the size of the cavity:


[image: ]



(11)







The characteristic impedance and propagation constant of the waveguide in different transmission modes are given by the following equation:


[image: ]



(12)




in which n is the y direction of the mode wavenumber and l is the z direction of the mode wavenumber. In combination with the above [image: ], [image: ], and [image: ], the aperture coupling of the electromagnetic wave to the cavity is equivalent to the excitation of the voltage source including the resistance and voltage to the transmission line, given by the following equation:


[image: ]



(13)







As the coordinates at the observation point P are [image: ], the equivalent voltage and equivalent impedance of P are as follows:


[image: ]



(14)







Finally, the voltage of P is given by the following equation:


[image: ]



(15)







[image: ] is considered as the sum of the different TE modes, multiplied by the incident parameters [image: ], the propagation parameters [image: ], and the position parameters [image: ], as shown below:


[image: ]



(16)







Similarly, when the incident wave is coupled into the cavity from the [image: ] surface, the aperture is equivalent to a coplanar strip line with a length of [image: ] and a characteristic impedance of [image: ]. The cavity is then equivalent to a waveguide with a length of [image: ] and an impedance of [image: ]. Similarly, can be derived in the [image: ] mode, which is determined by m and l. Then, by introducing the polarization parameter [image: ], the incident parameter [image: ], and the position parameter [image: ], [image: ] can be obtained as follows:


[image: ]



(17)







By adding [image: ] to [image: ], we can calculate the equivalent voltage at the P position and in the z direction, which is the incident wave coupling into the cavity through the different surface apertures:


[image: ]



(18)







Similarly, the equivalent voltage [image: ] in the TM mode can be obtained. Then, the total equivalent voltage of point P in the cavity is as follows:


[image: ]



(19)







The same approach can be used for the equivalent voltage solution at the observation point in the x and y directions, and, finally, the total voltage can be obtained by the vector overlapped of the different directions of the equivalent voltage:


[image: ]



(20)







According to the calculation formula of shielding efficiency, this voltage is converted into a shielding efficiency expression as shown below:


[image: ]



(21)









4. Model Verification


4.1. Cavity Center Point Shielding Effectiveness Verification


Figure 8 shows a rectangular cavity with a length of 20 cm, a width of 25 cm, a height of 30 cm, a wall thickness of 1 mm, and a square aperture of 7 cm × 7 cm. The simulation conditions are a plane wave with a pitch angle of [image: ], an azimuth angle of [image: ], a polarization angle of [image: ], an electric field intensity of E = 10 V/m, and linear polarization. Using the proposed method in this paper and CST simulation software (CST, Frankfurt, Germany), we calculated the center of the cavity in the frequency range of 0–2 GHz and observed that the shielding effectiveness changes.


Figure 8. The multi-sided aperture cavities.
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Figure 9 shows the shielding effectiveness of the center of the cavity in the x direction. The solid line in the figure shows the results of the improved equivalent transmission line method, while the dotted line represents the CST simulation results. The figure shows that the results of this method and the CST simulation results are basically consistent.


Figure 9. The shielding effectiveness in the x direction.
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According to Equation (22), the resonant frequency in the x direction in the cavity was calculated, and the x direction resonant frequency values that are shown in Table 1 were obtained. Since the P point is the center point of the cavity, n and l are odd whilst only m is even. The extreme point of the field strength distribution is exactly at the center point of the lower chamber, as shown in Figure 10. Although the field strength distribution in the cavity is different at different resonant frequencies, the extreme value of the field strength distribution point is always at the center of the cavity. According to the calculations, in the frequency range of 0–2 GHz, the cavity has four resonant frequencies that totally meet the above conditions. In Table 1, red numbers show the resonant frequencies, which match the results of this paper and once again prove the correctness of this model.


[image: ]



(22)






Figure 10. The field distribution of the cavity under different resonant frequencies.
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Table 1. The resonant frequencies in the x direction. The red numbers show the resonant frequencies that match the results of this paper.
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	m\n
	0
	1
	2
	3
	m\n
	0
	1
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	0
	0.5000
	0.7810
	1.3000
	1.8682
	0
	1.5
	1.6155
	1.9209
	2.3431



	1
	0.9014
	1.0828
	1.5008
	2.0131
	1
	1.6771
	1.7812
	2.0622
	2.4602



	2
	1.5811
	1.6912
	1.9849
	2.3958
	
	
	
	
	









The following results show the shielding effectiveness in the y direction at the center of the cavity. Figure 11 and Table 2 show that the results obtained from the improved equivalent transmission line method are in good agreement with the CST simulation results. The frequency of the minimum shielding effectiveness in the y direction at the center of the cavity is almost the same as the theoretical resonant frequencies shown in Table 2, requiring an even n and an odd m and l.


Figure 11. The shielding effectiveness in the y direction.
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Table 2. The resonant frequencies in the y direction. The red numbers show the resonant frequencies that match the results of this paper.
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The following results show the shielding effectiveness in the z direction at the center of the cavity. Figure 12 and Table 3 show that the results obtained from the improved equivalent transmission line method are in good agreement with the CST simulation results. The frequency of the minimum shielding effectiveness in the z direction at the center of the cavity is almost the same as the theoretical resonant frequency shown in Table 3, requiring an even n and an odd m and l.


Figure 12. The shielding effectiveness in the z direction.



[image: Electronics 07 00052 g012]





Table 3. The resonant frequencies in the z direction. The red numbers show the resonant frequencies that match the results of this paper.
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	1.6155
	1.9209
	2.3431
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	1.9
	2.1656
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Figure 13 shows the total shielding effectiveness at the center of the cavity. It can be seen that the results obtained from the equivalent transmission line method are in good agreement with the CST simulation results. The frequency of the minimum shielding effectiveness at the center point of the cavity matches the theoretical resonant frequency in each direction shown in Table 1, Table 2 and Table 3, respectively, which proves the correctness of the improved equivalent transmission line method.


Figure 13. The total shielding effectiveness at the center of the cavity.
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4.2. Model Verification of the Shielding Effectivenesses at Any Position in the Cavity


The calculation of the shielding effectiveness at any position in the cavity is simulated below. The observation point P is in [image: ] = 8 cm, [image: ] = 15 cm, and [image: ] = 20 cm, and the simulation results are obtained by using the improved equivalent transmission line method and CST, respectively.



Figure 14 shows the results of the different shielding effectivenesses of different directions at any point in the cavity. The solid line shows the results obtained by using the improved equivalent transmission line method, and the dotted line represents the results obtained using the CST simulation software. These figures show that the results obtained from the transmission line method are in good agreement with the CST simulation results. In this case, since the observation point is not the center of the cavity, the field intensity distribution in other modes will affect the shielding effectiveness. Thus, the shielding effectiveness of the point P is smaller than that of the center point.


Figure 14. The total shielding effectiveness of the position ([image: ] = 8 cm, [image: ] = 15 cm, and [image: ] = 20 cm) in the cavity.
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5. Analysis of the Shielding Effectiveness of a Multi-Sided Aperture Cavity


5.1. Influence of the Azimuth Angle of the Incident Wave on the Shielding Effectiveness


By maintaining the cavity size, the aperture size will be unchanged whilst the incident wave pitch angle [image: ], polarization angle [image: ], and azimuth [image: ] change constantly. The three azimuths under the single side aperture are [image: ], [image: ], and [image: ].



It can be seen from Figure 15 that the effects of different azimuth angles on the single sided aperture cavity and the three-sided aperture cavity are different. When the azimuth angle is equal to zero, the shielding effectivenesses of the two are basically the same. When the azimuth angle is equal to [image: ], due to the presence of the other two faces on the multi-sided cavity, the overall shielding effectiveness is weaker than that of the single side aperture cavity, which brings about an increase of the number of minimum values in the shielding effectiveness t. This is because of the other two sides of the aperture, which are of different directions of the field strength component, resulting in an increase in the cavity field strength component at the center of the cavity. When the azimuth angle is equal to [image: ], there is quite a difference in the shielding effectivenesses. The shielding effectiveness of the single-sided aperture cavity is very high, between 300 dB and 425 dB, because it has been shielded from electromagnetic interference. The shielding effectiveness of the multi-sided aperture cavity is between −50 dB and 100 dB, because the incident wave illuminates the cavity from the side under the aforementioned azimuth angle, as the multi-sided aperture cavity has an aperture under the aperture referred to above.


Figure 15. The shielding effectiveness of different azimuths.
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5.2. Influence of the Number of Apertures on the Shielding Effectiveness


If the cavity size and the total area of the aperture array remain unchanged, the aperture of the cavity form is divided into single-sided, two-sided, and three-sided apertures (all the aperture sizes are 1.5 cm × 1.5 cm). The shielding effectiveness of the multi-sided apertures show in Figure 16 using the improved transmission line method is shown in Figure 17. If the total aperture area is kept constant, the multi-sided apertures can enhance the shielding effectiveness of the cavity, but the multi-sided apertures will produce the extra shielding effectiveness at the minimum point, thereby increasing the probability of electronic equipment interference. It can also be seen from the figure that the number of shielding effectiveness minima of the two-sided and three-sided apertures are the same, because the x direction of the incident wave component can produce a field strength in the y and z directions of the cavity that are the same as the y and z directions of the incident wave component. Therefore, only two different sides of the aperture can be generated in the cavity in three directions of field strength. It is thus possible to effectively enhance the shielding effectiveness of the cavity by sewing the aperture on different sides, which would create additional minima points of the shielding effectiveness. Therefore, different aperture forms should be selected according to the characteristics of the electronic equipment.


Figure 16. The multi-sided apertures.
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Figure 17. The shielding effectivenesses of the multi-sided apertures.
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5.3. Influence of Cavity Size on the Shield Effectiveness


If the cavity volume is 0.009 cubic meters, the incident wave elevation angle, the azimuth angle, and the polarization angle are [image: ]; the field strength is 10 V/m; the size of the No. 1 cavity, the No. 2 cavity, and the No. 3 cavity are 30 cm × 45 cm × 20 cm, 30 cm × 36 cm × 25 cm, and 30 cm × 30 cm × 30 cm; and all the apertures are 3 cm × 3 cm squares. Using the improved method of equivalent transmission lines, the shielding effectiveness of the different cavities of Figure 18 are shown in Figure 19. The shielding effectivenesses of the three cavities is the same, with minimum points of shielding effectiveness between −20 dB and 20 dB. Compared with the No. 1 cavity and the No. 2 cavity, the No.3 cavity has fewer minimum points of the shielding effectiveness. This is because it is a square, and the resonant frequency of the cavity in different directions is consistent, resulting in a decrease in the minimum point of the shielding effectiveness graph. It can be concluded that under the same volume, the size of the cavity is set to a square. Although it cannot increase the shielding effect, it can reduce the shielding efficiency minimum point. Therefore, it will reduce the probability that electronic devices are subject to electromagnetic interference.


Figure 18. The different sizes of cavities.
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Figure 19. The shielding effectiveness of different sizes of cavities.
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6. Conclusions


In this paper, the shielding effectiveness of a multi-sided aperture cavity is studied and analyzed, and the defects of the equivalent transmission line method are improved to calculate the coupling effect of the incident wave on the multi-sided aperture cavity. The results of the equivalent transmission line method and the results obtained from the CST simulation software and the cavity resonant frequency are compared to verify the correctness of the method. The influence of the angle of incidence, the number of openings, and the size of the cavity on the coupling effect were analyzed by using the improved equivalent transmission line method. The results showed that any incident angle can produce a coupling effect, because of the presence of multi-sided apertures in multi-sided cavities. In the case of having the same aperture area, the multi-sided aperture can effectively enhance the shielding effectiveness of the cavity but will produce an additional shielding effectiveness for the minimum point. In the case of having the same volume, the shielding effectiveness of the cube is basically the same as that of the cuboid but is the minimum point of the shielding effectiveness of the cube lessens.
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