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The paper compares and optimizes through modeling conductive polymer composite slabs having different architectures of corrugated surfaces, designed to minimize both the reflectivity and its sensitivity to the angle of incidence of a microwave/millimeter wave signal impinging on the corrugated surface of the slab. Simulations using CST Studio software consider Poly-Lactid-Acid as dielectric material since it is widely used for 3D printing and offers very good possibilities of recycling in the frame of sustainability and green processing. Various profiles of corrugation are investigated; triangular, sinusoidal, or square-dot profiles, and compared with a uniform profile. Parameters such as height, width, and periodicity of the corrugations are varied in order to optimize the performances in terms of reflectivity over a large range of frequencies, between 20 GHz and 100 GHz. The configuration considered is the reflective screen, when the corrugated lossy dielectric slab covers a metallic plate mimicking the target. The goal is to maintain the reflectivity below 10 dB, in order to ensure up to 95% of absorption, for incidence angles up to 60°. Guidelines for the design and optimization of corrugated dielectric slab absorbers are proposed using specific gauges (Rozanov formalism and figure of merit) for the assessment of performances. Particular attention is devoted to the feasibility of manufacturing corrugated structures using additive 3D printing techniques.
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1 INTRODUCTION
Because electromagnetic (EM) pollution of the environment is becoming such a pervasive issue, highly efficient solutions for EMI protection are keenly sought, as electromagnetic interferences can have a detrimental effect on human health and the operation of electronic devices (Violette, 2013). Among these solutions, microwave absorbers have been developed for military as well as civilian applications in order to make a target invisible to radar signals. Well-known applications of the reduction of reflectivity include stealth military bombers and prevention of parasitic reflections induced by mast and rotating blades of wind turbines. For more than 2 decades microwave absorbing materials (MAM) are developed based on a polymer dielectric matrix containing conductive inclusions and aiming to absorb the signal through ohmic dissipation of the incident power (Chambers, 1994; Oh et al., 2004; Kim et al., 2008; Kim, 2011; Kim, 2012). The reflection is consequently reduced and absorption is favored via the penetration of the signal in the absorber. In the overall context of developing light-weight and thin broadband MAM absorbers, the majority of research is devoted to nanofiller surface modification, high-concentration multi-filler nanocomposite, and automated numerical techniques to synthesize randomly arranged multilayer topologies of the nanocomposite, so in (Wen et al., 2011; Thomassin et al., 2013; Wang and Zhao, 2014; Shital Patangrao PawarBiswas et al., 2016; Micheli et al., 2017). A MAM layer coating a metallic target allows for reducing the reflectivity to make the target invisible to the radar signal.
On the other hand, corrugated surfaces and profiles are investigated for many years as MAM. 2D grooves or grid arrays are proposed in (Rodriges, 2012; Zhou et al., 2021). Reflectivity less than -10 dB was obtained for incidence up to 45°. In (Abdullahi and Ali, 2021) an array of 3D printed cross-shaped dots again achieves reflectivity less than −10 dB for incidence up to 45°. In (JulianaSharif et al., 2020) pyramidal/triangular shape absorbers realized in coconut coir achieve reflectivity below −15 dB from 2 to 20 GHz and for incidence angles up to 60°. In (Sun et al., 2022) another pyramidal configuration is proposed for flame-retardant applications. A broadband—10 dB reflectivity bandwidth is observed, from 3.64 to 18 GHz, under incidence up to 60°. In (Chen et al., 2023) A “bionic” truncated pyramidal structure mimicking the moth-eye structure is proposed. Reflection below −10 dB is observed from 2 to 20 GHz. In (Quan et al., 2021) reflectivity below −10 days B is obtained from 7 to 20 GHz for another truncated pyramidal structure containing carbon nanotubes dispersed in (Silva and Kretly, 2011) a surface-corrugated version of pyramidal absorbers allows to achieve reflectivity below - 20 dB from 1 to 5 GHz. And in (Chang et al., 2016) an array of truncated multilayered pyramid dots combining metal and the epoxy dielectric is proposed to achieve nearly 100% absorption from 6 to 19 GHz up to 45° incidence. Finally, in [Kasim et al. (2019)] a corrugated bamboo roofing was tested as a microwave absorber and achieved reflectivity below—10 dB from 2 to 12 GHz and for incidence angles up to 45°.
Our approach provides new avenues for compact and efficient broadband microwave absorbers designed to cancel EM interferences above the microwave range, up to 100 GHz. The paper indeed investigates the potential of corrugated dielectric slabs loaded by conductive inclusions for providing wideband absorption over a wide range of angles of incidence.
Section 2 presents simulation tools and materials considered in this work, as well as the geometry of the various investigated profiles. In Section 3.1, the target specifications are defined. Next in Section 3.2 a first nominal configuration is proposed and discussed for the various profiles, analyzing reflectivity and absorption performance, while Section 3.3 evaluates their angular stability. Section 3.4 achieves a parametric analysis in order to optimize the geometrical and electrical parameters of the corrugated structure, and Section 3.5 evaluates the performance of the resulting optimized structure. Section 3.6.1 and Section 3.6.2 gauge the performance of the various profiles studied in the work, using the concepts of Rozanov limit thickness and figure of merit, respectively, while Section 3.7 evaluates the stability of the performance of the optimized structure with respect to 3D printing fabrication tolerances. Finally, Section 4 concludes with the formulation of design recommendations.
2 MATERIALS AND METHODS
As announced above, the present work aims at simulating and designing efficient corrugated absorbers made of polymer loaded with conductive inclusions.
2.1 Simulation methodology
The simulation software used in this work is CST Microwave Studio. We consider here its “Microwave&RF/Periodic structures” module. It allows the simulation of the reflective behavior of any periodic structure backed by a metallic plate, knowing the geometry and composition of a unit cell. This configuration ensures that the absorption is maximized, since the signal is attenuated twice, firstly when traveling from the input air interface to the metallic plate, and secondly when traveling back after reflection by the plate towards the input interface. Figure 1 depicts the three corrugated geometrical profiles studied in this paper: triangular, sinusoidal, and square-dot. Parameters involved in the design are the thickness h of the periodic profile, their widths W and Ws, as well as the thickness hs of the support layer; h and hs parameters are similar for triangular, sinusoidal and square-dot profiles. CST extrapolates the behavior of any periodic structure based on Floquet’s modes theory and the geometry of the unit cell.
[image: Figure 1]FIGURE 1 | Geometry considered for the simulation of corrugated absorbers using CST software. The central blue-shaded box indicates the unit cell considered for each profile. Each profile has a periodicity W and thickness h, while a support layer ensuring the rigidity of the structure has a thickness hs.
For sake of comparison a uniform, constant profiles is also considered. It has a thickness such as the total content/volume of conductive PLA matrix in the unit cell is identical for the uniform profile and the three corrugated profiles presented in Figure 1. The volume is obtained as the average surface mean value of the profile. It can easily be calculated that for triangular and sinusoidal profiles the mean value is equal to W h/2 while for square-dot it is equal to Ws h. In order to achieve the same volume content for all corrugated structures, the considered value for Ws has to be equal to W/2. For the uniform structure at bottom of Figure 1, the unit cell of width W will have for comparative simulations an equivalent thickness hequ = h/2, in order to account for the same volumetric content.
2.2 Materials under consideration
As announced before, the work is intended to have applications for 3D printing. The corrugated absorbers of Figure 1 are thus simulated and discussed for realistic values of electromagnetic parameters of the dielectric material forming the corrugated absorber. According to (Clark et al., 2017; AmitArefin and Nava Raj KhatriNitin KulkarniPaul F. Egan, 2021) ABS, PEEK, PC, and PLA are among the polymer materials suited for 3D printing. In this work, we select PLA as we know it from our previous work, and it has the advantage to be easily recyclable in the context of green processing and sustainability (Zaaba etJaafar, 2020; Aniśko et al., 2022). The electromagnetic parameters of the PLA matrix are shown in Figure 2 as a function of the 1–100 GHz frequency range considered in this paper; real and imaginary part of permittivity εr, the equivalent loss tangent factor tanδ, and the permeability μr equal to 1 for nonmagnetic materials. The considered electrical conductivity created by conductive inclusions dispersed in the PLA matrix and forming the conductive polymer is equal to 5 S/m, while the dielectric constant εr of PLA is equal to 3.5. These values of permittivity and conductivity are introduced in the CST Studio simulation software. The feasibility of 3D printing using conductive PLA is discussed in Section 4.
[image: Figure 2]FIGURE 2 | Electromagnetic parameters of PLA. Considered values are dielectric constant εr = 3.5, conductivity σ = 5 S/m.
3 RESULTS AND DISCUSSION
3.1 Target specifications
3.1.1 Nominal configuration
The nominal values for the geometrical parameters considered for the simulation of each configuration of Figure 1 are:
Width of cell W = 6 mm.
Height of profile H = 2 mm.
Thickness of the support layer hs = 0.75 mm.
Width of square dot Ws = 3 mm.
Height of equivalent uniform profile hequ = 1.75 mm.
These values are selected in order to be compatible with the lowest wavelength considered in this work (i.e., 3 mm at 100 GHz), while keeping the overall thickness of the absorber as low as possible. They are just initial values that will be varied during the parametric analysis performed in Section 3.4.
3.1.2 Reflectivity and absorption
As shown in Figure 1 each profile configuration is backed by a metallic plane; if the profile is made of an absorbing material the microwave signal entering the structure is absorbed twice, firstly when traveling towards the metal plate, and secondly when being back reflected to the input interface with the surrounding air. The so-called reflectivity R is minimized: almost no signal is reflected towards the input, meaning that all the microwave signal has been absorbed. The relation between reflectivity R and absorption A is given by Eq. 1 which expresses the power balance:
[image: image]
In the following, R and A will be expressed in %, since they represent the fraction of the incident power that is reflected or absorbed, respectively.
As announced in the abstract the goal is the obtention of high absorption performances. We are interested in achieving a reflectivity below 5%, corresponding to R < - 13 dB, in order to ensure absorption is superior to 95%. These performances must be reached from 20 GHz to 100 GHz.
3.2 Comparative performances of nominal configuration
Figure 3 shows the reflectivity R (Figure 3A) and absorption A (Figure 3B) for the four profiles presented in Figure 1. The first observation that can be made is that the uniform profile exhibits worse performances since it largely fails to satisfy criteria R < 5% and A > 95% over the 20–100 GHz frequency range. Indeed peaks of maximum reflectivity above 20% occur around 50 and 90 GHz, meaning that absorption remains below 80% at those frequencies. This observation demonstrates the superiority of corrugated profiles over uniform one. Next, the square dot profile shows lower performances than triangular and sinusoidal ones, as the reflectivity R is higher, particularly above 78 GHz where it exceeds the 5% limit. The best performances are obtained for the triangular and sinusoidal profiles which satisfy criteria on both R and A. This can be explained by the fact that their profile remains smooth as seen from the incident impinging microwave signal. Owing to their best performances, these 2 profiles are selected for further analysis in the following subsections, while keeping the uniform one for reference comparison.
[image: Figure 3]FIGURE 3 | Performances of profiles of Figure 1 (A) reflectivity R (B) absorption A.
3.3 Angular stability
This section investigates the influence of the angle of incidence of the microwave signal on the frequency response of the triangular and sinusoidal profiles selected from the previous section. Figure 4 shows the angular dependence of the reflectivity R for the uniform, sinusoidal and triangular profiles. The threshold limits corresponding to 5 and 10% reflectivity are indicated as solid and dashed lines respectively.
[image: Figure 4]FIGURE 4 | Angular dependence of reflectivity R (A) uniform profile (B) sinusoidal profile (C) triangular profile.
As the first observation, the uniform profile fails to remain below the two thresholds for all incidence angles, well in accordance with the observation made in Figure 3.
Table 1 summarizes the performances of each configuration depending on the value of the incidence angle. Two characteristic values are provided for each angle: meanR is the mean value of R obtained over the 30–100 GHz frequency range, while maxR is the maximum value over the same range.
TABLE 1 | Mean and maximum values of reflectivity R as a function of angle of incidence for uniform, sinusoidal and triangular profiles. The considered frequency ranges from 30 to 100 GHz.
[image: Table 1]We can conclude from Table 1 that sinusoidal and triangular profiles can maintain mean reflectivity at 5% for incidence angles up to 45°, and close to 10% for 60° incidence. This means that an absorption level of at least 90% is preserved for those two profiles, which is not the case for the uniform profile. In the following, we will concentrate on the sinusoidal profile that has the best angular stability.
As last observation the minima of reflectivity occur for the uniform profile of Figure 4A at frequencies verifying that thickness is equal to the quarter wavelength inside the profile; this behavior is characteristic of the reflective screen operation. Minima under 0° incidence are located at 22.9 and 68.7 GHz, satisfying:
[image: image]
Where εr is the dielectric constant of the absorbing profile, co is the light velocity in air, and htot is the total height of the structure. In this work, εr = 3.5 and htot = 1 .75 mm.
In turn, for sinusoidal and triangular profiles in Figures 4B,C the relation (2) is not verified: the first zero of R occurs well above 23 GHz, around 30 GHz, while the second zero occurs below 69 GHz, around 60 GHz. Indeed, the presence of the corrugated surface modifies the frequency dependence of the interaction of the impinging signal with the absorbing profile.
3.4 Parametric analysis
In this section, the response of the reflectivity R to the variation of parameters listed in Section 3.1.1 is studied.
3.4.1 Influence of width of cell W
Figure 5 shows the reflectivity R for various values of width of cell W, and for lower and upper values of incidence angle envisioned in this study, namely 0° in Figure 5A, and 60° in Figure 5B.
[image: Figure 5]FIGURE 5 | Reflectivity R for various widths W of unit cell (A) 0° incidence (B) 60° incidence.
As done in Table 1, Table 2 summarizes the performances for each value of width W and the two incidence angles considered in Figure 5. MeanR is again the mean value of R obtained over the 20–100 GHz frequency range, while maxR is the maximum value over the same range.
TABLE 2 | Mean and maximum values of reflectivity R as a function of width W and for the angle of incidence 0° and 60°.
[image: Table 2]From Table 2 we can conclude that increasing the width of the cell W does not influence significantly the mean value of the reflectivity, which remains below 10% and thus ensures mean absorption higher than 90% whatever the incidence angle. Meanwhile increasing W up to 8 mm allows to maintain the maximum value for R below 13% for 60° incidence, meaning the preservation of absorption higher than 87%, 7% higher than for the nominal width W = 3 mm.
3.4.2 Influence of height of profile h
Figure 6 shows the reflectivity R for various values of height of profile h, from 1 to 6 mm, and for lower and upper values of incidence angle envisioned in this study, namely 0° in Figure 6A, and 60° in Figure 6B.
[image: Figure 6]FIGURE 6 | Reflectivity R for various heights h of the unit cell (A) 0° incidence (B) 60° incidence.
The reflectivity decreases when the height h of the profile increases, since in this case the impinging wave sees a longer path for absorption in the lossy conductive profile before being reflected by the back metallic plate. This observation is valid under a normal incidence of 0°, while under 60° incidence there seems to exist an optimum height h = 3 mm. For both incidences, this height ensures a reflectivity roughly lower than 10% from 30 to 100 GHz.
3.4.3 Influence of height of support layer hs
Figure 7 shows the reflectivity R for various values of height of support layer hs, from 1 to 6 mm, and for lower and upper values of incidence angle envisioned in this study, namely 0° in Figure 7A, and 60° in Figure 7B.
[image: Figure 7]FIGURE 7 | Reflectivity R for various heights hs of the support layer (A) 0° incidence (B) 60° incidence.
Again the reflectivity decreases when the height hs of the support layer increases since in this case, the impinging wave sees a longer path for absorption in the lossy conductive support layer following the corrugated profile before being reflected by the backing metallic plate. This observation is mainly valid under a normal incidence of 0°. Under 60° incidence there is little difference between the curves, which is explained by the fact that the major part of the absorption already occurred in the profile layer of thickness h, so that little absorption occurs in the support layer. In conclusion, the 0.75 mm and 1 mm thicknesses are the most appropriate to preserve absorption, and as far as we are interested in the most compact, thinnest structure, the 0.75 mm thickness would be selected.
3.4.4 Influence of conductivity of profile material
Figure 8 shows the reflectivity R for various values of conductivity of profile material, from 0 to 30 S/m, and for lower and upper values of incidence angle envisioned in this study, namely 0° in Figure 8A, and 60° in Figure 8B.
[image: Figure 8]FIGURE 8 | Reflectivity R for various conductivities of profile material (A) 0° incidence (B) 60° incidence.
From Figure 8 we conclude that there is an optimum for the conductivity around 5–10 S/m, as this range minimizes R. Above 10 S/m R increases, which is explained by the fact that the conductive composite profile starts to behave like a metal, thus acts more reflective than absorbent, and tends to the behavior of the black zero conductivity curve, out of scale in Figure 8 since saturating at 100% level. Indeed when the conductivity equals zero, no absorption occurs in the profile, so that all the signal is reflected by the metallic plate, generating 100% reflectivity.
3.4.5 Influence of the dielectric constant of profile material
Figure 9 shows the reflectivity R for various values of the dielectric constant of profile material, from 2 to 5, and for lower and upper values of incidence angle envisioned in this study, namely 0° in Figure 9A, and 60° in Figure 9B. For εr values up to 3.5 which was the initial nominal value considered, the reflectivity remains below 5%, ensuring absorption higher than 95%, meeting the target objective of this work. Nevertheless, under 60° incidence, the absorption level cannot exceed 85% even for the lowest values of εr, but we have verified that the mean value of R under 60° incidence remains below 10% for εr values up 4, meaning that the nominal configuration preserves the mean reflectivity and absorption values below 10% and above 90% respectively.
[image: Figure 9]FIGURE 9 | Reflectivity R for various values of dielectric constant εr of profile material (A) 0° incidence (B) 60° incidence.
3.5 Optimized configuration
Based on the parametric study made in Section 3.4, we can determine the best parameters for the maximization of the absorption and the minimization of the reflectivity. These parameters are:
Width of cell W = 8 mm.
Height of profile h = 3 mm.
Thickness of the support layer hs = 0.75 m.
Conductivity of profile material σ = 10 S/m.
Dielectric constant εr = 3.5.
The considered profile is the sinusoidal one, selected from the analysis of Section 3.3.
Figure 10 shows the behavior versus frequency and depending on the incidence angle of the reflectivity and the corresponding absorption simulated using the parameters listed just above. Reflectivity R satisfies very well the criterion R < 5% corresponding to A > 95%, up to 60° incidence. These excellent performances are attributed to the adjustment achieved on the height of H and the material conductivity of the corrugated profile.
[image: Figure 10]FIGURE 10 | Performances of optimized configuration (A) reflectivity R (B) absorption A.
3.6 Assessment of performances
In this section the performances of our structures are evaluated using two criteria; firstly the Rozanov formula proposed in the literature for lossy dielectric slabs, and secondly through the definition of a dedicated figure of merit.
3.6.1 Rozanov formalism
The performances of our samples can be gauged using the Rozanov formalism that allows us to predict the optimal theoretical thickness of a composite slab given its level of reflectivity and operation wavelength range. The Rozanov formula is given in (Rozanov, 2000; Zhou et al., 2021) as:
[image: image]
It rewrites as a function of frequency as
[image: image]
Where f1 and f2 are the limits of the frequency range, here 1 and 100 GHz, co is the light velocity in air and dR is the optimal thickness limit finally given by:
[image: image]
Table 3 compares the actual physical thickness of the various configurations investigated in this paper and the Rozanov limit calculated from Eq. 5 using simulated reflectivity R provided in the various figures listed in Table 3.
TABLE 3 | Physical and Rozanov limit thickness for the various investigated profiles. Values are in mm.
[image: Table 3]From Table 3 it can be confirmed that the sinusoidal profile has the best compactness performance since its thickness value is closest to the corresponding Rozanov thickness limit, the difference being less than 10%.
3.6.2 Figure of merit
A figure of merit (FOM) is a quantity used to characterize the performance of a device, system, or method, relative to its alternatives. In engineering, figures of merit are often defined for particular materials or devices to determine their relative utility for an application. Given this we define for our absorber application:
- BW, the 5% absorption bandwidth, defined as the frequency range where R < 5%
- the fractional bandwidth as
[image: image]
where fo is the center frequency of the absorption bandwidth BW.
Then we define FOM as
[image: image]
Where htot is the total height of the structure and maxR is the maximum value as reported in Table 1, but expressed in natural value, not in %.
This definition (7) indicates that we are interested in having the lowest magnitude of reflectivity R over the highest possible relative bandwidth and for the lowest thickness.
Table 4 summarizes the performances for each configuration considered.
TABLE 4 | Bandwidth and FOM performances for the various investigated profiles.
[image: Table 4]From Table 4 we can conclude that the sinusoidal profile and its optimized version exhibit the best performances in terms of FOM. However, as far as compactness is concerned, the sinusoidal profile should be preferred.
3.6.3 Comparison with performances from the literature
In order to compare our performance with the literature, we again consider the definition of the fractional bandwidth FB and FOM introduced in Section 3.6.2, but we take into account in the expression of the FOM the thickness of the absorber normalized to the wavelength corresponding to the center frequency fo, and noted htot norm:
[image: image]
[image: image]
Table 5 reports similarily to Table 4 the performance of various absorbers presented in the introduction in order to compare it to our best sinusoidal configuration. The conclusion is that our work stands out in term of figure of merit FOM, due to its lowest thickness and excellent FB. It also operates over a large bandwidth, from 20 to 100 GHz.
TABLE 5 | Geometry, bandwidth and FOM performances for the various profiles from the literature.
[image: Table 5]3.7 Sensitivity to 3D printing fabrication tolerances
According to (Clark et al., 2017), the typical feature resolution of the 3D printing fabrication technique is 100 μm.
Figure 11 illustrates the sensitivity of the reflectivity R for the optimal configuration of Figure 10 to a variation of all geometrical dimensions listed in Section 3.5. Considered variations range from—400 μm to 400 μm. Negative values (corresponding to dashed lines) mean that all dimensions are reduced by the corresponding value, while positive values mean that all dimensions are enlarged by the corresponding value. The reference configuration having no variation of dimensions is depicted by the black 0 μm curve.
[image: Figure 11]FIGURE 11 | (A) Influence of 3D manufacturing tolerances on reflectivity R (B) Error on R.
From Figure 11A we can conclude that for tolerances up to 300 μm R remains below 5%, while the error calculated as the difference between R at tolerance X microns and the reference R at 0 μm variation remains also below 3%, as shown in Figure 11B. For the 100 μm tolerance associated with 3D printing, the variation induced in the reflectivity does not affect its performance, since the target specification R < 5% is preserved.
In conclusion, our optimized design remains robust to fabrication tolerances associated with 3D printing.
4 CONCLUDING RECOMMENDATIONS
The analysis performed in Sections 3.4–3.7 enables us to establish guidelines for the design of our corrugated absorbers. The following recommendations can be formulated.
At first, the reflectivity at the input of the corrugated structure has to be minimized to favor absorption. The absorption can be directly favored by increasing the thicknesses h, hs of the structure (Section 3.4.2 and Section 3.4.3; Figures 6, 7); however, for some applications, compactness is a key issue so a trade-off between total thickness and absorption must be found.
The absorption is also favored by the increase in conductivity of the composite material forming the foam (see Section 3.4.4 and Figure 8). However, a prohibitive conductivity can induce a prohibitive reflectivity R that reduces the penetration of the microwave signal in the foamed composite. Again, a trade-off has to be found. The fine-tuning of the conductivity tailors the absorption correlated to the thickness. The control of the conductivity induced by conductive loads in the polymer used for 3D printing can be mastered by various techniques including co-precipitation, melt blending or extrusion, as presented in (Thomassin et al., 2013; Monnereau et al., 2014; Tran et al., 2015). Also conductive PLA filaments based on graphite (Simone Luigi MarassoCocuzza et al., 2018), carbon black (Al-Rubaiai et al., 2017) or graphene (Chan et al., 2018) conductive filler are commercially available, and are compatible with classical 3D printing machines that are using such filaments. This makes the fabrication of our proposed corrugated structures feasible, with the additional advantage that their waste is compatible with sustainable recycling.
The dielectric constant of the corrugated material has to be kept as low as possible, to minimize the reflectivity R, see Section 3.4.5 and Figure 9. However, its value is dependent on the materials used for 3D printing and cannot be adjusted at will.
As a final comment, the parametric study coupled with Rozanov and FOM gauges enables us to conclude that the sinusoidal profile shows the best performances in terms of reflectivity and absorption coupled with compactness. And the optimized design proposed is compatible with 3D printing fabrication techniques.
Also, all corrugated profiles investigated in this work show superior performances in terms of reflectivity, absorption, and angular stability compared to the uniform profile considered as the standard configuration for the reflective configuration. Our sinusoidal profile also competes very well with the state-of-the art due to its excellent figure of merit combined with minimal thickness, and operates up to 100 GHz.
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