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Abstract

:

Efficiently modeling thin features using the finite-difference time-domain (FDTD) method involves a considerable reduction in the spatial mesh size. However, in real-world scenarios, such reductions can lead to unaffordable memory and CPU requirements. In this manuscript, we present two stable and efficient techniques in FDTD to handle narrow apertures on conductive thin panels. One technique employs conformal methods, while the other utilizes subgridding methods. We validate their performance compared to the classical Gilbert-Holland model and present experimental results in reverberation environments to shed light on these models’ actual confidence margins in real electromagnetic compatibility (EMC) scenarios.
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1. Introduction


Modern on-board equipment is subject to aggressive electromagnetic environmental effects (E3) that impacts it directly and indirectly. As a paradigm, electromagnetic interference (EMI) and lightning indirect effects (LIE) are the main indirect threats to an aircraft from the EMC point-of-view [1]. EMC protection relies on shielded enclosures to safeguard sensitive equipment from disruptive E3 [2]. The shielding effectiveness (SE) parameter evaluates the protective capabilities of these enclosures by assessing their ability to shield the interior from external electromagnetic fields. Two main mechanisms affect enclosure shielding performance. Firstly, the conductive properties of enclosure walls play a vital role in mitigating electromagnetic wave penetration, reflecting or absorbing external electromagnetic radiation. Secondly, discontinuities in the enclosure walls, such as apertures (windows, slots, gaskets, junctions), can potentially facilitate electromagnetic wave propagation, posing vulnerabilities. This work proposes and evaluates three numerical models of slots on conductive panels to address both mechanisms, aiming to assess the overall enclosure shielding capabilities.



Numerical computational tools, including the finite-difference time-domain (FDTD) method, have become reliable tools for assessing EMC at all levels and scenarios. FDTD is formulated as an explicit method on a staggered time and space mesh known as Yee’s cube [3]. The FDTD method is conditionally stable and its analytical expression is determined by the causality Courant–Friedrichs–Lewy (CFL) criterion [4]. The CFL number (CFLN) bound the maximum allowable time step as a function of the minimum space step. Consequently, when dealing with small features, a refined space step is enforced in the usual FDTD, leading to a drastic decrease in the time step and, in turn, an increase in computer memory and CPU time required for the simulation.



An alternative approach to address these cases, is the Dispersive Magnetic Material Approximation (DMMA) method. These are a type of subcell model integrated into the FDTD method. Originally, it was proposed by Gilbert-Holland [5], and since then, numerous improvements have been done, e.g., [6]. The DMMA represents a robust method based on a capacitive approximation, wherein the narrow aperture is substituted with effective permittivity and permeability. Usually, these capacity models are frequency-dependent, but many authors use a static approximation to simplify the model and mitigate computational costs. Nonetheless, despite its strengths, DMMA exhibits certain drawbacks, which include:




	
The finite-difference time-domain (FDTD) method typically uses a mesh size smaller than one-tenth of the wavelength,   λ > 10 Δ  ; therefore, the width of a narrow slot is assumed to be   w ≪ Δ < λ   (where  λ  is the wavelength,  Δ  is the cell size of the mesh, and w is the width of the slot). Consequently, DMMA [7] is inherently applicable only when assuming a uniform field distribution on the slot;



	
It assumes waves are perpendicularly impinging on the slot, with the electric field polarized in the direction across it;



	
The magnetic condition must be placed on the dual grid, not matching the primary grid alignment used for PEC and dielectrics, thus making it tricky to implement in FDTD meshers.








Though DMMA proves to be robust even if these conditions are relaxed, in this paper, we show two full-wave computer-affordable alternatives allowing us to gain generality over the hypothesis of DMMA. They do not make any assumption either in the angle of incidence or in the electric polarization. The first one is the conformal approximation (CA) generalized from [8] and extended in ref. [9], which uses a locally conformal treatment embedded in the usual structured FDTD mesh. CA models the aperture and its bendings naturally and only assumes its width is smaller or almost equal to the FDTD cell size (  w ≲ Δ  ). Similar to CA, there are other alternatives but based on the contour path [10]; these are used to treat overlapping joints and on metallic structures. The second method is based on a subgridding technique. In general, subgridding methods are very useful for solving multi-scale problems of general purpose, such as aperture problems [11,12]. In this paper, we use an orthogonalized integral subgridding (SG) technique based on ref. [13] and further proven in ref. [14]; this approach enables the utilization of a high cell resolution solely in the vicinity of the aperture, without any assumptions concerning the aperture width w, polarization, or angle of incidence. The proposed methods (CA and SG) are placed on the primary grid, unlike DMMA. This distinction offers several advantages, such as more natural and easier mesh generation in FDTD. These special characteristics make our approach promising for addressing problems in FDTD where the conductive surfaces are the mesher on the primary grid.



An essential aspect to consider in numerical EMC solutions is the preservation of ohmic connections between objects. In FDTD, structured meshers are not inherently capable of resolving details smaller than the cell size, which drastically compromises the accuracy of EMC problem resolution. This limitation leads to unwanted connections between meshed objects that do not exist in the original CAD model. To address this challenge, we propose the CA and SG methods, which enable the automation of this process, saving valuable time in the computer aided design (CAE) process and ensuring the reliability of electronic devices in diverse environments.



This work extends results shown in ref. [15], with three test cases. We first compare the proposed methods with a simple slot on an indefinite Perfect Electrically Conducting (PEC) or a CFC (modeled as a conductive thin panel). Then, we move to a PEC cage with one side either in PEC or CFC and a rectangular slot. Finally, we simulate a similar cage with curved slots, manufacture and test it in a reverberation chamber (RC) following the IEC 61000-4-21 standard [16]. Both limitations and robustness of DMMA are explored in each scenario.




2. Narrow Slots in FDTD


Let us first summarize, in short, the three numerical models used under FDTD for narrow slots compared in this work. Further details can be found in the references.



2.1. DMMA Model


The DMMA model does not directly address the geometry of the aperture. Instead, this method employs the slot admittance [17] as an equivalent model of its behavior. Through this formalism, the admittance is transformed into an artificial material with effective dispersive permittivity and permeability.


   ε eff  =   C pu   ε 0     and    μ eff  =  1  ϵ eff    



(1)




where C   pu   is the capacity per unit of length [5,18]. Generally, C   pu   depends on the frequency. However, for reducing the computational cost and simplicity, the capacity is taken as constant in frequency and, as a result, the relative effective parameter is also constant in frequency [7,19].



The aperture is determined by the cells centered on the magnetic-field components. Consequently, the electric fields are aligned across the slot (  E w  ), and the magnetic fields are arranged transverse to its gap (  H t  ), as depicted in Figure 1.




2.2. Conformal Approximation (CA) Model


The CA method uses conformal techniques to manage the geometry of the aperture [9]. In this method, the aperture is placed within an FDTD cell. This approach simply assumes that the aperture size is smaller than the cell size, i.e.,   w ≲ Δ  . Figure 2 (left) displays a narrow aperture embedded in a staircase surface mesh aligned with the tangential electric FDTD discretization lines, and Figure 2 (right) depicted a conformal mesh generated according to the aperture geometry and the orientation of the cells that contain the slot. The staircase cells, which initially contain the slot, are substituted with conformal cells. The geometry of these cells is adjusted to account for half of the slot surface lying on each conformal patch. The magnetic field   H t   in each zone is updated by computing the closed line integral of the tangential electric fields (  E l  ,   E w  ) along its contour (see Figure 3), following Faraday’s law,


      H  t , i +  1 2  , j +  1 2  , k   = −  E  l , i +  1 2  , j , k   Δ +  w 2    E  w , i + 1 , j +  1 2  , k   −  E  w , i , j +  1 2  , k        



(2)







It shall be noted that the components   E l   are not meaningful with respect to   E w  , and can be removed in the last equation.




2.3. Subgridding Approximation Model


In general terms, SG methods involve progressively subdividing cells into finer cells. This approach enables an increase in resolution only where it is necessary to resolve fine geometric details, such as apertures. Most SG methods employ recursive division, successively reducing the cell size according to a specific aspect ratio (refinement ratio), from coarsest to finest. This results in a set of regions where the conventional Yee method can be used, except at the boundaries between two regions of different sizes, which require a specific procedure. The complexity of these algorithms lies in the transitions between different levels of subgrid, and each SG algorithm offers various solution approaches based on its particular algorithm.



The SG method used in this work [13,14] is based on dividing each FDTD cell using a 1:2 refinement ratio, which is applied recursively, resulting in multiple subgrid levels. Each subgrid level consists of cells with half cell size of the adjacent level (see Figure 4). To handle narrow apertures, the aim of this method is to position the aperture within the finest grid (with higher resolution). With a   N sg   number of subgrid divisions, the aperture is resolved with a cell size   2  −  N sg     times finer than the coarsest one.



This technique allows us to reduce the cell size within and around the aperture, where the field variations are significant. All of the field components are computed to naturally consider every polarization and propagation direction. Though more costly computationally than DMMA and CA, this method is more accurate and allows us to handle arbitrarily-sized apertures. Furthermore, the algorithm is globally much more efficient than the usual FDTD when combined with causal local time stepping technique, only requiring reductions of the CFL by a factor of   67 %   [14].



It should be noted that, as a disadvantage compared to CA and DMMA, the SG method requires adjusting the size of the slot aperture to fit an integer multiple of the cell size. This adjustment may result in an error equal to or less than half of the cell size in the finest grid. However, this error is mitigated when using a high number of subgrid levels.





3. CFC Numerical Modeling: SGBC for Lossy Thin Panels


This paper employs DMMA, CA, and SG to analyze slots drilled in PEC plates and carbon fiber composite (CFC) panels. For the CFC panels, a convenient subcell model is assumed, treating them as finite-conductivity bulk thin panels (typically tens of kS/m) with a thickness smaller than the cell size. In this work, we have used the Subgridding Boundary Condition (SGBC) techniques described in ref. [20] to model this situation. However, it is worth noting that there are other different techniques based on an impedance model that are equally valid for the same purpose, as presented in the articles [21,22]. The SGBC method calculates the fields on both faces of the panel by conducting a full-wave 1D simulation inside the panel. For this purpose, the panel is meshed with a fine spatial step only along the direction normal to the panel. The size of this fine mesh is chosen to ensure a precise resolution of the wavelength and skin depth at the maximum frequency of interest within the panel [23,24]. Details for the extension of SGBC to CA can also be found in ref. [15].




4. Results


DMMA, CA, and SG have been analyzed in three scenarios, and we have taken the standard FDTD results with a dense space resolution and without any additional sub-algorithm as reference.



	A.

	
A classical validation consisting of a narrow slot placed on an indefinite PEC or CFC, aiming to examine the limits of the normal propagation hypothesis and the field homogeneity along the slot when the thickness is the same as the FDTD cell size;




	B.

	
A typical PEC cage with one of its sides covered either by PEC or CFC, including a rectangular slot with the same width as the FDTD cell size. We evaluate the SE at the center of the cage when a tilted plane wave illuminates it. Here, we seek to assess the actual robustness of DMMA in a highly resonant scenario;




	C.

	
Finally, a real PEC cage with one side, either in PEC or CFC, is tested in an RC, and experimental results are known. To mimic the experimental RC in FDTD simulations, we employ a stochastic plane-wave incidence [25]. Results aim to show a typical EMC real scenario to illustrate the expected differences in simulation versus measurements.







4.1. Slot on Indefinite Plate


We have used a setup where:




	
The effects of non-normal propagation are relevant: we illuminate one side of the slot with a dipole source and observe the field on the other side at a point where there is no straight line of vision to the source (Figure 5 shows the positions of the dipole and probe with respect to the slot);



	
The slot width is not thin with respect to the FDTD space step, specifically   w = Δ  .








The insertion loss (IL) function of the electric field   E p   is found by


  IL  f  = 20 log      E  free - space , w    f     E w   f      at   p    











We use a Hertzian dipole along   w ^  , excited with a current excitation having a Gaussian time profile with a   − 3  dB   decay in amplitude at a frequency of 5 GHz. The slot has a width of   5  mm   and is placed on a plane aligned with the grid. We compare the results obtained using CA and DMMA with a spatial resolution of   Δ = 5  mm   to FDTD with a higher spatial resolution of   Δ = 0.25  mm  .



Figure 6 shows the results of the IL function for both a PEC and a conductive plane. The conductive plane is modeled using the SGBC method, with a conductivity of   σ = 200   S / m    and a thickness of 1 mm. Note that the tendency of the conductive panel at low frequency (LF) (when the skin depth is greater than the thickness of the panel) is similar with and without the slot. However, above the first resonance, the slot response dominates the results. The convergence of the CA model and brute force at LF is similar to the conductive panel case. In our view, the observed differences with the DMMA model may be attributed to the fact that the DMMA model does not modify the surfaces affected by the slot, whereas the CA method naturally handles them in a conformal integral manner. This difference becomes particularly relevant when the slot dimensions are similar to the cell size. Notably, it is worth noting that this drawback does not appear for PEC panels, as the tangential electric fields are directly zero.



Though DMMA agrees with full-wave methods at LF, we observe that CA outperforms DMMA over the first resonance when the DMMA method loses precision because the assumption that the fields are uniform on it begins to be false.




4.2. Enclosure under Plane Wave Incidence


In this test case, we evaluated the SE of a rectangular PEC cavity with dimensions   300  mm × 300  mm × 120  mm  . The cavity has a   100  mm × 5  mm   slot on one of its rectangular faces, which can be either PEC or made of a CFC material. For the CFC case, we use a SGBC numerical model with an equivalent conductivity of 200 S/m and a thickness of 1 mm. The cavity is illuminated with a non-normal plane wave at an angle of   45 ∘   (see Figure 7). The SE is evaluated at the center point of the cavity for both the electric fields   SE ee   and the magnetic field   SE hh  ,


   SE ee  = 20 log     E →  PW      E →  0    ,     SE hh  = 20 log     E →  PW     η 0     H →  0      



(3)




where    E →  0   and    H →  0   are the electric and magnetic fields evaluated in free space at a location coinciding with the center of the original cavity,    E →  PW   is the field generated by the plane wave, and   η 0   is the intrinsic impedance of free space.



Several setups for the cage are compared: a slot on the PEC cover, a slot on the conductive panel cover, an open box (without conductive panel), and a conductive panel without a slot. The aim is to compare and understand the contributions of each of the different propagation ways. We also include an analytical formulation of the slot on the PEC panel given in ref. [26].



The SE behavior of an enclosed entity can be determined by three main variables: the size of the object, the presence of any apertures, and the conductivity properties of its wall materials. Two regions can be considered for each: LF and high frequency HF. The SE behavior is a function of a combination of the three variables mentioned above, thereby delineating distinct regions.



The proposed cage, which includes a conductive panel and slot, exhibits three distinct regions. At LF, before the cutoff frequency of the slot and the cage, the   SE ee   is characterized by an attenuation of   − 20  dB  , while   SE hh   remains constant (assuming that the cage is made using electrically conductive materials for its walls). In this region, the dominant factor influencing both SE is the largest opening in the cage, determined by the size of the conductive panel, as depicted in Figure 8 and Figure 9. The trend is similar to the “open box” curve (without a conductive panel). At medium frequencies (MF), currents start to be induced around the openings following Lenz’s law. This inductive behavior results in an increase of SE with a slope of   + 20  dB   per decade in the LF region. Consequently, the   SE ee   remains constant, while the   SE hh   experiences a gain of   + 20  dB  . The resonant zone occurs at HF where the slot size becomes comparable to the wavelength. In this regime, the finite conductivity of the material does not have any influence, and the resonances are determined by both the slot and the cage size.



In this case, no significant differences between DMMA and CA are found in Figure 8 and Figure 9, even at HF, in the resonant zone. We attribute this agreement to the accurate prediction of cavity resonances by all methods, which dominate the errors introduced by the resonances of the slot.




4.3. Cage with Curved Slots: Numerical and Experimental Data


The final test setup evaluates the shielding effectiveness in a real test case proposed in ref. [27], measured at INTA facilities in an RC, following the standards [16,28]. The box used in the experiments has dimensions of   0.48   m (width),   0.48   m (height), and 1 m (length), and it is primarily made of galvanized steel. One face of the box is removable, allowing for different material panels to be placed inside (Figure 10). In the first test case, the removable panel is made of aluminum and features two semicircular slots, as indicated in Figure 11. In the second test case (Figure 12), the panel is made of CFC material (referred to as CFC-“blue” in ref. [27,29]), and it has two pairs of semicircular slots. The box has been tested in the reverberation chamber at INTA facilities. This setup exposes the apertures to waves with all possible polarizations and directions of incidence. The metals like aluminum and galvanized steel are considered as PEC. The CFC material has a thickness of 2 mm, and we use a SGBC numerical model with an equivalent conductivity of   σ = 10   kS / m    at the frequencies of interest. To simulate the reverberating environment, we use a statistical superposition of plane waves, with random propagation and polarization [25].



Figure 13 and Figure 14 compare results for these configurations using DMMA, CA, standard FDTD, and SG. The minimal cell size for SG is   1.25  mm  , and the maximum is   2.5   mm. Results show that DMMA underestimates the SE, significantly below the first resonance. We can attribute it to the stochastic nature of the incident waves, making the DMMA fail to cope with non-normal incidence relevant.



Table 1 Shows the required computational resources. DMMA and CA have employed a cell size of   5  mm  . For SG, only the box walls and apertures lie within the finest grid region with two refinement levels   N sg   = 1, 3. Note that the test case proposed here is where the subcell method for narrow slots (CA and DMMA) is already computationally very efficient. In this sense, SG is less competitive in computing performance than subcell techniques.





5. Conclusions


This paper proposes and evaluates two subcell full-wave alternatives to the classical capacitive Gilbert-Holland DMMA FDTD model for analyzing the coupling through narrow slots on conducting thin panels: a conformal one (CA) and a subgridding (SG) one. The DMMA method exhibits deficiencies when normal propagation and uniformity of the fields around the slot are not fulfilled. On the other hand, SG and CA do not have this limitation, since they consider all the field components around the slot. Therefore, when the polarization or the incidence angle is relevant, subgridding and CA present better results than DMMA. Three test cases are presented:




	
A classical validation consisting of a narrow slot on PEC and conductive panel, where DMMA assumptions of the normal propagation and uniform field distribution across it produce worse results than CA at HF;



	
A PEC cage with one of its sides covered either by PEC or conductive panel with a rectangular slot under plane wave incidence. There, the actual robustness of DMMA is shown compared to the full-wave CA method since the cage resonances dominate over the slot ones at HF;



	
A real PEC cage with one side, either in PEC or in CFC, in a RC compared with experimental results. Results show a typical EMC real scenario and help the engineer understand the margins in the differences in simulation versus measurements. Results show that DMMA underestimates the SE, especially below the first resonance. This effect does not appear in the well-controlled cage of the previous test case, and we have attributed it to the stochastic nature of the incident waves. For higher frequencies, no clear conclusions can be drawn since the cage resonances clutter the results, and only worst-case margins could be extracted by an EMC practitioner.








Next, we will explore the integration of the Conformal Approximation (CA) method and the subgridding technique proposed in this work for Electromagnetic Compatibility (EMC) applications. By combining these two approaches, we aim to effectively address more complex EMC scenarios, especially in conductive structures with overlapping joints. This integration could lead us to develop a stable and computational efficient method, surpassing the limitations of each method individually, and opening up new possibilities for EMC solutions in various engineering and applied sciences contexts.
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The following abbreviations are used in this manuscript:



	FDTD
	Finite-difference time-domain



	EMC
	Electromagnetic compatibility



	EMI
	Electromagnetic interference



	LIE
	Lightning indirect effects



	CFC
	Carbon Fiber Composites



	CFL
	Courant–Friedrichs–Lewy



	DMMA
	Dispersive magnetic material approximation



	PEC
	Perfect electrically conducting



	CA
	Conformal approximation



	SG
	Subgridding



	RC
	Reverberating chamber



	SE
	Shielding effectiveness



	IL
	Insertion loss



	HF
	High frequencies



	MF
	Medium frequencies



	LF
	Low frequencies
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Figure 1. FDTD cells with a narrow slot centered on the dual grid (magnetic cell). 
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Figure 2. FDTD cells with a narrow slot centered on the primary grid (electric edges). Furthermore, details of the fields that are involved in the CA model. 
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Figure 3. Cross-section of a conformal cell used for aperture treatment using the CA procedure. Detail of the electric (E) and magnetic (H) fields involved in the method. 
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Figure 4. Cross-section of a subgridded region with a refinement ratio of 1:2 and 3 subgrid divisions,    N sg  = 3  . Each color corresponds to cells at the same subgrid level. The aperture of the slot is located in the finest grid. 
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Figure 5. Dipole in front of a narrow slot on an indefinite conductive plane panel. 
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Figure 6. Comparison of the IL results of CA and DMMA methods for a narrow slot on a conductive indefinite plane. 
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Figure 7. Geometry of a rectangular PEC cavity with slot mounted on conductive face. The slot dimensions are 100 mm × 5 mm. 
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Figure 8. Electric field shielding effectiveness (  SE ee  ) evaluated at the central position of the rectangular enclosure. These results correspond to the Test Case shown in Figure 7. 
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Figure 9. Magnetic field shielding effectiveness (  SE hh  ) evaluated at the central position of the rectangular enclosure. These results correspond to the Test Case shown in Figure 7. 
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Figure 10. Experimental setup of a rectangular enclosure with a semicircular slot on the front panel. 
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Figure 11. Sketch of the rectangular enclosure with two semicircular centered slots. 
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Figure 12. Sketch of a rectangular enclosure with a pair of semicircular slots. 
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Figure 13. Electric field shielding effectiveness (  SE ee  ) evaluated at the central position of the rectangular enclosure. These results correspond to the Test Case shown in Figure 10 (left) and Figure 11. 
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Figure 14. Electric field shielding effectiveness (  SE ee  ) evaluated at the central position of the rectangular enclosure. These results correspond to the Test Case shown in Figure 10 (right) and Figure 12. 
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Table 1. Efficiency results.
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	Method
	CFLN
	   Δ min    [mm]
	   Δ max    [mm]
	CPU Gain Respect to Standard FDTD
	Memory Size [GB]





	Standard FDTD
	0.9
	1.25
	-
	1.0
	7.9



	CA
	0.9
	5
	-
	262
	0.1



	DMMA
	0.9
	5
	-
	262
	0.1



	SG   N sg   = 1
	0.67
	1.25
	2.5
	4.2
	0.68



	SG   N sg   = 3
	0.67
	1.25
	10
	14
	0.5
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