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Abstract

:

In the last decade, the application of metamaterials has become a very interesting way of implementing passive devices in microwave, terahertz, and optical frequency ranges. Up until now, selective filters, absorbers, polarizers, and lenses have been designed and constructed using these artificial materials, simultaneously showing the possibility for many other potential applications. Because of the simplified fabrication process, in particular, planar structures called metasurfaces (MS), are developing very fast. In the literature, there are many studies on the properties of various metasurfaces, but there are a lack of papers related to the analysis of the impact of structure deformations on their properties. In this paper, three commonly utilized structures of metasurfaces were designed for the same resonant frequency and on the same substrate. The numerical models were built and verified using the measurements of fabricated structures. During the experiment, the geometrical parameters of the metasurface cells were swept and a mechanical in-plane deformation in orthogonal directions was applied to the examined structures. Finally, sensitivity to the geometry distortions of the analyzed structures was evaluated and discussed.
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1. Introduction


Metamaterials (MM) have been known about since the mid-twentieth century, but their rapid development has been observed in the last decade. A metamaterial is an artificial, man-made structure consisting of periodic or quasi-periodic arrays of sub-wavelength size unit elements that can take on the properties of non-naturally occurring materials, for example, a negative refractive index or both negative permittivity and permeability, referred to as double-negative structures (DNG) [1,2,3,4,5]. This allows for new opportunities to interact with the electromagnetic waves. Various field transformations of arbitrary incident fields can be achieved [6]. Metamaterials and their planar versions (metasurfaces (MS)) can potentially find applications in telecommunications [7,8], measuring systems [9,10], selective absorbing structures [11,12,13,14], polarizers [6,15,16], surface wave control devices [6], and imaging systems (for lensing electromagnetic waves) [17,18,19], or in many others that we do not know yet.



Unit elements can be conductive or dielectric. The geometry and size of the unit element, as well as the distance between the elements in the array and the properties of the dielectric substrate can affect the way of interaction with an electromagnetic wave. In the literature, one can find a lot of works on the analysis of the operation, design, and synthesis of various meta-surface structures, where individual unit cells are analyzed, and for which frequency characteristics, formulas for resonance frequencies or equivalent schemes are determined [8,16]. An evaluation of the selected metasurface’s sensitivity to the distortion of its geometry caused, for example, by improper production processes or services, is an important task. Metasurfaces that are less sensitive to deformation or other changes in geometry can be used in existing applications (filters, polarizers, or absorbers), especially where various types of deformation may occur. In contrast, metasurfaces that are more sensitive to deformation or other changes in geometry can be used in sensory applications, where there is a need for wireless measurement of various types of deformation, for example, occurring as a result of the stretching, compression, and bending of mechanical structures.



In the literature, there are many studies on the properties of various metasurfaces, and on the impact of geometry parameters on their behavior [12,20,21,22,23,24,25]. However, there are a lack of papers related to the analysis of the impact of the structure defects or deformations of the metasurface structure on their properties, and related to the comparison of the various structures designed for the same operating conditions.



In this work, the influence of the planar geometry distortions of the following three commonly utilized complementary metasurface structures will be evaluated: cross (CR), Jerusalem-cross (JCR), and split ring resonator (SRR) arrays. The geometries of the selected metasurface cells are presented in Figure 1. All of the considered structures were designed for the same working conditions (the same resonant frequency). Next, the numerical models calculated using the finite element method (Comsol Multiphysics software) were developed and described. Those models were verified using measurements of fabricated metasurface structures. After that, an evaluation of various planar geometry distortions was performed. Finally, the influence of the evaluated parameters on the behavior of the MS structure was discussed and conclusions concerning the potential applications of the considered structures were given.



The proposed analysis can be interesting from the point of view of basic research (analysis of influence of various parameters on the behavior of metasurfaces—here, we are interested in a low sensitivity to any deformation of geometry), as well as from a point of view of applied research, where potential applications in wireless stress/deformation sensing are possible (in this case, we are interested in a high sensitivity to any deformation of geometry).




2. Materials and Methods


2.1. Metasurfaces Design


To compare the sensitivity of selected metasurface structures, they were each designed to work under the same operating conditions, which, in this case, means the following: to have a resonant behavior (in terms of s11 reflection coefficient) for a frequency of fr = 5 GHz. The first initial geometries were determined based on a numerical modeling-based optimization procedure. During the design process, the fixed value of the slot width, w = 0.9 mm, was assumed. This resulted in various sizes of the considered unit cells, as presented in Figure 1. The dimensions of the designed unit cells are shown in Table 1. All of the metasurfaces were manufactured using FR-4 laminates of thickness t = 1.5 mm, for which the dielectric properties were as follows: εr = 4.4 and tanδ = 0.02.




2.2. Simulation


The numerical models of the designed metasurface structures were developed and computed in the Comsol Multiphysics environment, based on the finite element method (FEM). The model geometry and description, as well as the computational mesh, are shown in Figure 2. The electromagnetic field excitation and detection were implemented through Port 1 and Port 2. The plane wavefront was generated by Port 1, and both ports received the scattered field (Port 1 for the s11 reflection coefficient and Port 2 for the s21 transmission coefficient determination). Because of the advances in electromagnetic field computing technology, in the case of the planned analyzes, there was no need to model the entire structure of the metasurface. In the proposed model, the Floquet-periodic boundary conditions were used in all of the external and parallel to z-direction boundary cases, to simulate an infinite 2D array of unit cell elements. This resulted in a significant reduction of computational mesh size, and thus a simplification of the numerical model. This assumption restricts the domain of the potential geometry deformations to the planar ones (in the x–y plane). Such a simplification of the model is acceptable, as it will be shown later in this paper, by comparison of the modeled and measured s11 reflection coefficient frequency responses. Perfectly matched layers (PMLs) are situated on the top and bottom of the computational domain in order to absorb the mode excited from the source port (Port 1), and any higher-order modes potentially generated by the periodic structure. The models were calculated in the frequency domain for 2–8 GHz frequency bands.



One of the analyzes carried out as part of the experiment concerned the impact of the surface deformation caused by the external mechanical forces. In this case, one of the side unit cell boundaries was fixed in x,y,z space, while the opposite one was loaded with an external force, as it is presented in Figure 3. First, the mechanical problem was solved and the deformed geometry was obtained. Next, the high-frequency electromagnetic problem was solved, based on the previously achieved deformed geometry. The equations solved during numerical the analysis are as follows [26]:


  ∇ ×  μ r  − 1    (  ∇ × E  )  −  k 0 2   (   ε r  −   j  σ e    ω  ε 0     )  E = 0  










  0 = ∇ ⋅ S +  F V   








where E is the electric field, µr is the relative permeability, εr— is the relative permittivity, σ is the electric conductivity, k0 is the wave number, ω is the angular frequency, S is the stress, and Fv is the force per unit volume. The exemplary mesh used during numerical calculations consisted of 11,250 domain elements, 2662 boundary elements, and 380 edge elements.




2.3. Metasurface Fabrication


The metasurfaces were fabricated by etching the 1.5 mm thick FR-4 laminates with one side of 35 μm copper cladding. On the 200 mm × 150 mm laminates, the following matrixes of the unit elements were produced:




	
8 × 6 of cross-unit elements,



	
12 × 9 of Jerusalem cross-unit elements,



	
15 × 11 of split ring resonator unit elements.








The differences in the number of elements resulted from their size—a fixed value of the distance between the elements was adopted. The size of the metasurfaces was chosen in order to obtain an acceptable level of the reflected signal (the smaller the active size of the MS, the weaker the response).




2.4. Measuring System


In order to verify the correctness of the design process, measurements of the developed metasurfaces were taken. The measuring setup, as well as the fabricated metasurface structures and copper reference plate are presented in Figure 4. The examined structures were situated in an open, compact anechoic chamber equipped with pyramidal absorbers in order to reduce the side reflections and multiple reflections of the background of the object under test (OUT). A monostatic setup was utilized in order to obtain a complex s11 reflection coefficient. Measurements were made using a Schwarzbeck BBHA-9120D-718 double ridged broadband horn antenna, connected to the port of a Rohde&Schwarz (Munich, Germany) ZVB20 vector network analyzer (VNA). The power at the output of VNA’s port was set to 0 dBm (1 mW). The lift-off (antenna to OUT) distance was set to be 420 mm. First, the reference measurements without OUT and with a copper-plated plate of the same size as the metasurface structures were performed. Then, the measurements of the MS structures were made, and isolated responses of the metasurfaces were extracted by removing the influence of the interrogation antenna through the de-embedding procedure. A detailed description of this process can be found in the literature [20]. Finally, the total response of the metasurface was obtained by the subtraction de-embedded copper plate response of the MS response. Similar to the case of the simulations, measurements were performed in 2–8 GHz frequency bands.




2.5. Description of the Experiment


The base metasurface structures developed for the proposed experiment are presented in Figure 1, and their dimensions are shown in Table 1. As was mentioned earlier, all of the structures (CR, JCR, and SRR) must operate under the same conditions. Thus, in the case of all of the base structures, for the reflection coefficient, there was resonance at a frequency of fr = 5 GHz. In order to determine the sensitivity of the analyzed metasurface structures to the changes of their geometric properties, an experiment was conducted in which the following deformations were carried out:




	
slot width w change in the range of 0.3–1.5 mm,



	
resonator to resonator distance d change in the range of 2–10 mm,



	
dielectric laminate thickness t change in the range of 0.5–2.5 mm,



	
mechanical deformation in the x-direction—constant strain up to 1% (external mechanical force F = 8.2764 kN in case of CR, F = 5.4615 kN in case of JCR, and F = 4.3098 kN in case of SRR),



	
mechanical deformation in the y-direction—constant strain up to 1%.








The s11 reflection coefficient frequency response was determined for all of the above deformations. On its basis, the impact of a given deformation on the parameters of the resonance curve was examined, namely: the resonance frequency fr and the value of the reflection coefficient modulus in the resonance state |s11(fr)|. These parameters were used to assess the selected metasurfaces’ sensitivity to planar geometry distortions, because they can be treated as a measure of deviation from the assumed operating conditions (5 GHz resonance). This enabled us to obtain the distributions of fr and |s11(fr)| as a function of the degree of deformation. Such distributions were utilized for the final assessment in the next section.





3. Results and Discussion


The exemplary results of the simulations are presented in Figure 5. As was expected, the electric field was distributed only in the vicinity of the structural elements, where the copper layer was removed during the etching process. Based on the presented frequency responses of the scattering parameters, it is clearly visible that similar operating conditions were obtained in the case of all of the evaluated structures. The achieved resonant response was more selective in the case of the SRR.



The comparison of the resulting reflection coefficient |s11|obtained using numerical simulations and measurements is shown in Figure 6 for the selected MS structures. One can observe the good agreement. The resonant frequencies in both cases were very similar (the difference is less than 75 MHz), as well as the amplitudes in resonance (the difference of about 3 dB). The frequency responses obtained as a result of the calculations have standard, smooth shape characteristics for the resonance curves. In the case of the frequency responses obtained through the measurements, one can observe periodic oscillations caused by calibration errors during the de-embedding procedure. The agreement between the results of the simulations and measurements proves the correctness of the metasurface design procedure and numerical models. This means, the assumptions made during the modeling process, like the application of plane wavefront and Floquet-periodic boundary conditions, are valid and appropriate. Thus, the developed numerical models can be used for further analyses.



3.1. Study of Geometric Parameter Distortion


The results of the proposed numerical experiment are presented in Figure 7, Figure 8, Figure 9, Figure 10 and Figure 11. The distributions of the resonant frequency values, fr, for various slot widths, w; resonator to resonator distances, d; and for various dielectric laminate thicknesses, t, are shown in Figure 7, Figure 8 and Figure 9 for the CR, JCR, and SRR structures, respectively. The following general remarks can be drawn from the obtained distributions:




	
The resonant frequency, fr, increases with the increase of the slot width. In the case of the SRR structure, the relation is quasi-linear, contrary to other evaluated structures (CR and JCR), especially if the laminate thickness t is bigger than the optimal one.



	
In the case of the SRR, the influence of the element to element distance d was negligible. For the CR structure, the fr slightly (for lower w values) and noticeably (for higher w values) increased with the increase of the d parameter. In the case of the JCR, independent of the w value, fr increased with the increase of distance d.



	
Increase of the thickness of the dielectric substrate t (indirectly, an increase in frequency dependent equivalent permeability of substrate and capacitance in equivalent circuit [27,28,29]) causes a decrease of resonant frequency fr.








The quantitative description of the obtained results is presented in Table 2. Variations of the resonant frequency caused by the changes of the unit cell selected geometrical parameters are shown in the following two cases:




	
whole parameters space is utilized (t Є ‹0.5–2.5› mm, w Є ‹0.3–1.5› mm, and d Є ‹2–10› mm);



	
dielectric substrate thickness is restricted to t = 1.5 mm (w Є ‹0.3–1.5› mm and d Є ‹2–10› mm).








As one can observe, in both cases, the smallest variation caused by the changes of unit cells’ geometric parameters is for the CR structure, while the biggest is for the split-ring resonator. Thus, from the point of view of analyzed parameters changes, the CR structure seems to be the most stable and robust in terms of potential structure variations.



The next parameter that was evaluated was the amplitude of the frequency response for resonance |s11(fr)|. This parameter is not as reliable as the resonant frequency, because it is strongly dependent on, for example, metasurface fabrication quality. Despite this, the analysis was carried out, and its results were presented in Figure 10. One can observe similar distributions of |s11(fr)| in all of the evaluated structures. The resonant amplitude decreased (tends to 0) quasi-linearly with the increase of distance d. This effect can be easily explained—a lower spatial density of unit elements in the metasurface causes a lower power/amplitude response. For the CR and JCR structures, an increase in w causes a higher amplitude |s11(fr)|. A similar relation can be observed in the case of the SRR structure, only for lower values of d, this relation was inversed.




3.2. Study of Metasurface Mechanical Deformations


The next experiment concerned the mechanical excitation caused deformations. The results of this numerical analysis are shown in Figure 11. As was mentioned in the previous paragraph, metasurfaces were subjected to external stress in x- and y-directions, separately. The application of stress in an x-direction caused an extension of all of the geometric parameters in an x-direction, and a decrease in the y- and z-direction. Similarly, the application of stress in the y-direction (see Figure 3) caused an extension of all of the geometric parameters in a y-direction, and a decrease in the x- and z-directions. Influence of mechanical excitation on the behavior of the evaluated metasurfaces was also analyzed using fr and |s11(fr)| values. In the case of the CR and the JCR structures, because of their symmetry in orthogonal directions, these were the same results in the case of x- and y-direction stress application. In the case of the SRR cells-based material, there were various responses for various directions of mechanical excitation. Generally, in the case of all of the evaluated structures, there was a linear dependence between strain and resulting resonant frequency fr (operation in the linear range of stress–strain curve). The slope of the linear function depends on the metasurface structure. The highest sensitivity to mechanical excitation was for the CR structure, while the lowest sensitivity had the SRR stressed in the y-direction. The high sensitivity of the CR structure, in this case, may seem to contradict the result of the previous experiment (regarding the change of parameters w, d, and t), where the CR structure was stable and relatively a little dependent on the changes in geometry. However, it should be noted that (as already mentioned), in the case of stretching, the geometry changed in a completely different way than in the first experiment. When stretching the CR structure in an x-direction, there was an elongation (increase of l) and narrowing (decrease of w) of the cross arm parallel to the x-axis, and at the same time a shortening (decrease of l) and extension (increase of w) of the cross arm perpendicular to this axis. This operation was significantly different from, for example, increasing the width of both arms (changing the parameter w) from the previous experiment. This allowed us to state that the analysis of the metasurfaces’ susceptibility to geometry changes should be performed concerning specific applications and the resulting restrictions/parameters. Thanks to the consideration of the relative strain (in [%)), the influence of various dimensions of unit cells was minimized. Additionally (not shown in any Figure) the effect of the external mechanical excitation in the presented range had a negligible influence on the module of the reflection coefficient in the resonant state |s11(fr)|.





4. Conclusions


In this paper, the selected complementary metasurface structures (cross, Jerusalem cross, and split ring resonator) were evaluated, and their sensitivity to planar geometry deformations was analyzed. Each structure was designed to have similar operating conditions—to have a resonance behavior (fr = 5 GHz) in the case of the reflection coefficient. Numerical models of the considered metasurfaces were developed, and designed structures were fabricated. The measured responses of fabricated structures were in very good agreement with the numerical modeled ones.



During the proposed experiment, various deformations were applied to the previously designed structures. The main feature that was utilized for the evaluation was the resonant frequency fr. Another one (less reliable) was the amplitude of the reflection coefficient in the resonant state |s11(fr)|. Depending on the analysis type and the assumed criterion, various structures were optimal.



In the case of the geometric parameters (w, d, and t) of the distortion experiment, the best one (less sensitive to any changes) was cross unit cell-based metasurface, and the worse one was the split ring resonator structure.



If the external stress application experiment is considered (there is another mechanism for changing the geometrical parameters compared to the previous experiment, e.g., the slot expands in one direction, it narrows in the other), the cross structure is the most sensitive for such an influence. This means that, in the case of the current applications of metasurfaces, this structure should not be utilized in places where such planar deformations could happen. In the case of future applications (e.g., for the wireless measurement of 3D deformation), the CR structure would be applied.



The observed discrepancy of the results in both experiments (resulting from different mechanisms of changing the set of geometric parameters describing the structure of the metasurface) led us to the following conclusion: the analysis of the metasurfaces’ susceptibility to geometry changes should be performed concerning specific applications and the resulting restrictions/parameters.



In future work, more structures will be evaluated, as well as non-planar deformations’ influence on metasurface behavior will be investigated.
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Figure 1. Evaluated metasurface unit elements with the following geometric parameters: (a) complementary cross, (b) complementary Jerusalem cross, (c) complementary split-ring resonator, and (d) designed metasurfaces (dimensions in mm; the gray color is the copper cladding, the white color is the lack of copper cladding). 
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Figure 2. Numerical model of a metasurface: (a) model geometry and description and (b) computational mesh shown on the selected model boundaries. 
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Figure 3. External mechanical load application (in a y-direction). 
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Figure 4. Experimental setup for metasurfaces measurements: (a) photo of test stand and (b) photo of exemplary metasurfaces and reference conductive plate. 
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Figure 5. Exemplary results of simulations—normalized electric field distribution (in case of resonant frequency) and frequency characteristics of scattering parameters s11 and s21 in the case of base structures (dimensions shown in Table 1): (a) cross cell geometry, (b) Jerusalem cross cell geometry, and (c) split ring resonator cell geometry. 
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Figure 6. Comparison of the simulated and measured frequency responses of the selected metasurfaces. 
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Figure 7. Resonant frequency, fr, distribution as a function of slot width, w; resonator to resonator distance, d; and dielectric laminate thickness, t; in cases of cross (CR) cell geometry: (a) t = 0.5 mm, (b) t = 1.0 mm, (c) t = 1.5 mm, (d) t = 2.0 mm, (e) t = 2.5 mm. 
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Figure 8. Resonant frequency, fr, distribution as a function of the slot width, w; resonator to resonator distance, d; and dielectric laminate thickness, t, in cases of Jerusalem cross (JCR) cell geometry: (a) t = 0.5 mm, (b) t = 1.0 mm, (c) t = 1.5 mm, (d) t = 2.0 mm, and (e) t = 2.5 mm. 
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Figure 9. Resonant frequency, fr, distribution as a function of slot width, w; resonator to resonator distance, d; and dielectric laminate thickness. t, in cases of split ring resonator (SRR) cell geometry: (a) t = 0.5 mm, (b) t = 1.0 mm, (c) t = 1.5 mm, (d) t = 2.0 mm, and (e) t = 2.5 mm. 
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Figure 10. Reflection coefficient modulus in the resonance state |s11(fr)| distribution as a function of slot width, w; and resonator to resonator distance, d, in cases of dielectric laminate thickness t = 1.5 mm: (a) cross cell geometry, (b) Jerusalem cross cell geometry, and (c) split-ring resonator cell geometry. 
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Figure 11. Resonant frequency, fr, as a function of the strain caused by mechanical excitation (dielectric laminate thickness t = 1.5 mm). 
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Table 1. The dimensions of designed unit cells.






Table 1. The dimensions of designed unit cells.





	Parameter
	Cross Unit Cell
	Jerusalem-Cross Unit Cell
	Split Ring Resonator Unit Cell





	d [mm]
	6
	6
	6



	w [mm]
	0.9
	0.9
	0.9



	l, l1 [mm]
	19.08
	8.75
	−



	l2 [mm]
	−
	6.87
	−



	r [mm]
	−
	−
	3.53
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Table 2. Resonance frequency variation under the influence of unit cells geometric parameters.
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Parameter

	
Cross Unit Cell

	
Jerusalem-Cross Unit Cell

	
Split Ring Resonator Unit Cell






	

	
fr max [GHz]

	
6.020

	
6.156

	
6.600




	
t Є ‹0.5–2.5› mm

	
fr min [GHz]

	
4.626

	
4.486

	
4.358




	

	
Δfr [GHz]

	
1.394

	
1.670

	
2.243




	

	
fr max [GHz]

	
5.181

	
5.236

	
5.698




	
t = 1.5 mm

	
fr min [GHz]

	
4.825

	
4.675

	
4.455




	

	
Δfr [GHz]

	
0.356

	
0.561

	
1.243








fr max, fr min—maximum and minimum, respectively, value of fr; Δfr = fr max—fr min.
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