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Editorial on the Research Topic 
Plasmonic Metamaterials and Electromagnetic Devices

Plasmonic metamaterials, relying on surface plasmons, exhibit novel optical properties that don’t exist in natural materials. The rise of plasmonic metamaterials has revolutionized the entire field of optics and photonics, owing to the impacts that they bring to both the fundamental physics and practical applications. Moreover, the recent emerging spoof surface plasmons (SSPs) have extended the plasmonic metamaterials to lower frequency band, enabling intriguing applications ranged from microwave and terahertz devices. Their spatial confinement features have contributed to the development of the miniaturization of electromagnetic devices. The present Research Topic on plasmonic metamaterials compiles work on several of these aspects including plasmonic sensor, antenna, filters, and thus highlights current new interesting developments:
Spoof surface plasmon polaritons (SSPPs) are novel guiding modes excited on the surface of periodic metamaterial structures. A series of passive and active functional devices based on SSPPs were reported. Pan et al. studied a high-efficient leaky-wave antenna based on SSPPs loaded with parasitic patch array is proposed. Sinusoidal modulation is used for the radiation of SSPPs, while parasitic array mitigates the open stopband (OSB) effect. The device shows stable gain distribution within the whole operating band, which is available for conformal applications and other kinds of radiation systems. Pan et al. also explored a novel unequal bandpass filtering power divider based on hybrid mode of half mode substrate integrated waveguide (HMSIW) and SSPPs. In addition, defected ground structures (DGSs) are etched on the bottom of the substrate to improve out-of-band suppression. The design provides a stable power division within wide frequency range from 6.5 to 9.5 GHz. Another paper in this Research Topic by Chen et al. presented a wideband controllable band-pass filter based on the SSPPs and slip ring resonators (SRR). The reconfigurable passband can be controlled by using varactor diode. Besides SSPPs, spoof localized surface plasmons (SLSPs) is another kind of SSPs, which mimic the localized oscillations of electrons in the lower frequency band. Due to the strong confinement of the electromagnetic fields, the SLSPs are sensitive to the surrounding environment. Wang et al. presented a high-Q-factor and high-sensitivity hybridized SLSPs sensor and a mixed-resolution algorithm. This may open new directions for generation of future high-frequency on-chip resonators and sensors.
Plasmonic materials and their emerging applications serve as a starting point for this Research Topic. Many efforts have also been devoted to the development of metasurfaces. Metasurfaces are thin-films composed of individual elements that provide a solution to the limitation of the conventional metamaterials. Over the past few years, metasurfaces have been employed for the design and fabrication of electromagnetic elements and systems with abilities that surpass the performance of conventional diffractive electromagnetic elements. An et al. presented a double-layer complementary transmitarray structure for linear and circular polarizations. Combining the cross and slot-type structure, a double-layer frequency-selective element has been designed, which should have broad application prospects in the future. Dong et al.proposed a novel low-profile broadband polarization conversion metasurface antenna using a partially chamfered symmetric triangular unit structure. In this paper, the resonance characteristics and radiation characteristics of the metasurface antenna are analyzed by characteristic mode analysis (CMA). Moreover, the characteristics of simple structure and easy processing is suitable for C-band satellite communications. Yang et al. found that the active control to the local resonant mode of metasurface is a promising route for improving the operation bandwidth limitation of metasurface. They have experimentally demonstrated the active tunabilities in a frequency-agile Fano-resonant metasurface, which may facilitate the development of high-performance active photonic applications. Metasurface is also an important route of optical manipulation in far-infrared range. Tamim et al. proposed an anisotropic metasurface for efficient polarization conversion, which is a potential candidate for advanced THz applications.
Increasing demand for the high-performance telecommunication system is mainly boosting technical innovation. The development of electromagnetic devices for high performance, compact size, low-consumption and low-cost systems such as filters, and antennas are urgent. Shen et al. presented a comprehensive design of dual-band filtering power dividers (FPDs) with arbitrary phase distribution based on the topology of inverter-coupled L/C resonators, which will be very attractive in future multi-functional wireless communication systems. Zhang et al. studied a tunable low pass filter adopting tunable input/output impedance technology, which can be generalized to other types of filters and filter designs with other properties. Wang et al. proposed a novel dual-band bandpass filter (BPF) with independently controllable transmission zeros (TZs), which is attractive for application in high-selectivity filter designs. In telecommunications, millimeter wave is used for a variety of services on mobile and wireless networks, as it enables higher data rates than at lower frequencies. Liu et al. presented a compact 60-GHz on-chip BPF using gallium arsenide (GaAs) technology. The miniaturization is achieved by the (HMSIW) structure. The proposed HMSIW BPF can be easily integrated with other GaAs components and circuits in millimeter-wave (mmW) systems such as vehicle-mounted radar and 5G communications. Li et al. explored a new triple-band four-way filtering power divider (FPD) with greatly improved frequency selectivity and in-band isolation.
In parallel to filter, antenna also plays a vital role in many fields such as communications, military applications, wearable systems, and power industry. A number of articles present recent advances in antennas in this Research Topic. Xiao et al. presented a dual-polarized corrugated horn antenna using turnstile orthomode transducer (OMT) operating within the full Ka-band, which can realize dual-linear polarization and provide high isolation. The proposed antenna system is a promising candidate for future 5G applications. In recent years, antennas with a wideband low radar cross section (RCS) have drawn significant attention in the low-observable needed platforms, such as military aircraft and missiles. By combing of a e circularly polarized (CP) antenna with a chessboard polarization conversion metasurface, Zhou et al. designed a low-profile CP meta-antenna with a broadband low-RCS feature. Wang et al. proposed a dual-band flexible antenna using a combined technique of liquid metal (LM) filling and polydimethylsiloxane substrate for wearable applications. To realize a resource-saving and environment-friendly society, it is preferable to combine solar cells and antennas for green communication. An et al. reported a single-port dual-band antenna integrated with solar cells for wireless local area network (WLAN) applications. As the RF energy around us increases sharply, the rectenna becomes one of the key devices for harvesting RF energy. Wang et al.studied an output power reconfigurable rectenna array, which can be used to capture abundant RF energy with high conversion efficiency in a wide range of input power levels.
With regards to optimizing design process in this ongoing field, predictive analytics have been always mentioned. Analogously, Peng proposes a universal approach to alleviate the problem of individual variability in epileptic seizure prediction.
This Research Topic contains 19 articles devoted to the recent progress in plasmonic metamaterials and electromagnetic devices. Much more efforts are still ongoing in this fascinating area. We expect that this field will attract more and more attentions and benefit potential electromagnetic applications.
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The active control to the local resonant mode of metasurface is a promising route for improving the operation bandwidth limitation of metasurface. Here, we propose and experimentally demonstrated the active tunabilities in a frequency-agile Fano-resonant metasurface. The metasurface with a pair of asymmetric split ring resonators is integrated with double varactor diodes for active control of the sharp Fano resonance. It is found that the sharp Fano-type spectrum appears due to the near-field interferences between the collective electric and magnetic dipole modes. The physical insight is revealed through local field analysis, multipole decomposition and temporal coupled-mode theory. It is also found that the metasurface can be employed as a broadband and unity modulator. Hopefully, our results could inspire sophisticated electrically controlled photonic devices with novel functions.
Keywords: frequency-agile metasurfaces, fano resonance, varactor diodes, temporal coupled-mode theory, modulator
INTRODUCTION
Metamaterials are artificial engineered subwavelength structures with tailorable properties superior to the natural materials, which have shown unprecedented capability in exterior light manipulations [1–5]. Since three-dimensional metamaterials are difficult to design and fabricate, their two-dimensional (2D) counterpart, metasurfaces [6–10], constructed by subwavelength metallic or dielectric particles in a planar platform, have attracted considerable attention in recent years for the arbitrary control of electromagnetic waves [11–13]. Metasurfaces have inspired extraordinary light manipulations such as invisibility cloak [14], broadband achromatic metalens [15], arbitrary orbital angular momentum generation [16], enhanced nonlinear photonics [17], and meta-hologram [18]. Compared with 3D complex metamaterials, planar metasurfaces with subwavelength-thickness monolayer or few functional layers [19, 20] are easier to fabricate by utilizing sophisticated processing techniques. Besides, the subwavelength thickness of metasurfaces along the propagating direction is beneficial for miniaturizing optical systems and improving working efficiency [21, 22].
Fano resonance appears when a discrete localized state interferences with a continuum band of states [23]. In general, Fano resonance is always accompanied by a high-Q factor and significant local field enhancement, showing a sharp transmission or reflection curves [24, 25]. Recently, metasurfaces with so-called bright and dark modes are designed to resemble the original physical mechanism of Fano resonance [26–28], i.e., interference between a narrow discrete resonance with a broadband spectral line in a quantum system. The bright and dark modes have different scattering pathways for the incident waves. The bright mode can be directly excited by incident waves in free space, while the dark mode is weakly coupled to incident waves and can be excited through near field coupling with the bright mode by breaking the geometric symmetry [29–31]. Fano resonances with high quality factors can be generated through the interference between the new-emergent narrow dark mode and the original continuum mode [32–34]. The Fano metasurfaces are generally accompanied with extremely sharp reflection or transmission curves and are widely studied due to the attractive feature of high-Q response [35–38].
Fano metasurfaces have been proven and considered as a very promising platform for the high-Q response with enhanced light-matter interactions, but the intrinsic narrow operation bandwidth may significantly hinder them towards practical applications due to their resonant natures. Although it can be optimized by incorporating changeable materials [39–42] or employing reconfigurable structures [43, 44] to extend the bandwidth, this greatly complicates the manufacturing process and also makes it more expensive/difficult to embed into increasingly integrated photonic systems. Here in this paper, we experimentally demonstrated an electrically tunable frequency-agile Fano-resonant metasurface with a pair of asymmetric split ring resonators (ASRRs) configuration. The ASRRs metasurface is integrated with double varactor diodes for active control of the sharp Fano resonance. Remarkable blue shift on the Fano resonance frequency was demonstrated by increasing the bias voltage from 0 to 8 V to electrically tune the capacitances of the varactor diodes. The sharp Fano-type spectrum appears due to the near-field couplings between the collective electric and magnetic dipole modes, and its physical insight is revealed through local field analysis, multipole decomposition and temporal coupled-mode theory (TCMT). Moreover, we also found that the metasurface can be employed as a broadband and unity modulator. The proposed strategy provides an alternative way to overcome the limited bandwidth of conventional meta-devices, which may facilitate the development of low-cost and high-performance active photonic applications.
RESULTS AND DISCUSSION
The schematic of our designed metasurface is shown in Figure 1A. It consists of a pair of asymmetric split ring resonators (ASRRs) with different side lengths. To realize the electrically tunable frequency-agile Fano resonance, double varactor diodes (BBY52-02W, Infineon) are soldered at the middle gap of the ASRRs pair and are biased through four copper wires. The varactor diodes have a series resistance of 0.9 Ω and inductance of 0.6 nH, respectively. Four inductors are located between the bias wires and ASRRs to effectively avoid the cross talk. By applying external bias voltage on the varactor diodes, their capacitance can be significantly changed and the Fano resonance can be dynamically modulated accordingly. The photograph of a fabricated sample is shown in Figure 1B. The metallic pattern is 0.035 mm thick copper on a 1 mm thick Teflon base and is fabricated through standard printed circuit board (PCB) technology. The Teflon substrate was cut to a dimension of 72.14 × 34.04 mm2 corresponding to the cross-section of a standard waveguide WR284, and simultaneously ensuring the metallic patterns at the center of the substrate. In our experiments, the scattering parameters of the metasurface are measured inside a standard waveguide of WR284, where the TE10 mode with an electric field polarizing along the y direction is normally incident on the metasurface, and are recorded through a vector network analyzer (AV3629D).
[image: Figure 1]FIGURE 1 | Front view of the frequency-agile Fano-resonant metasurface. Schematic diagram (A) and photograph (B) of the fabricated sample. The metasurface is composed of a pair of asymmetric split ring resonators (ASRRs) on a Teflon substrate. Double varactor diodes are soldered in the middle gap of the asymmetric rings. Four inductors and four bias copper wires are integrated into the metasurface. The geometric parameters are: a = 13 mm, b = 14 mm, w = 2 mm, g = 1.3 mm, and δ = 8 mm.
To understand the design strategy of the Fano-resonant metasurface, we would like to firstly consider the spectral response of the coupled metasurface design (see Figure 2A). The calculations were carried out within a perfect electric conductor (PEC) around an air box to simulate a standard waveguide of WR284. In the simulations, PEC boundaries are set along x and y directions, and open boundaries are set along z direction. An excitation source is applied at the boundary of z direction. For a metasurface with only left split ring resonator (SRR), a typical symmetric Lorentz-type resonance dip appears at f1 (2.99 GHz), while for a metasurface with only right SRR, another typical symmetric Lorentz-type resonance dip occurs at frequency f2 (2.77 GHz). These resonators show electric dipolar resonances arising from the current induced by the incident electric field in the asymmetric metallic sides of SRR, which are further confirmed by the electric field and surface current distributions shown in Figures 2C,D. Since their resonant frequencies are close to each other, we may expect some interesting phenomena when we set the asymmetric SRRs in a close proximity, resulting from the near-field interference.
[image: Figure 2]FIGURE 2 | (A) Calculated transmission spectra of the left SRR only (blue curve), right SRR only (green curve), and the asymmetric SRR pair (red curve). (B) Calculated transmission group delay (red curve) and phase (blue curve) of the metasurface. (C–E) Instantaneous distributions of the out-of-plane electric field and the induced surface current corresponding to the resonant frequencies at f1, f2, and f3 in section (A). Arrows indicate the instantaneous directions of the current flow. All these results are obtained when the capacitance of varactor diodes is 2.63 pF.
The red curve in Figure 2A shows the calculated transmission spectrum of the ASRRs metasurface. The near field coupling between the ASRRs leads to an asymmetric Fano-shaped profile with a sharp change between the dip and peak. The destructive interference between the ASRRs also results in a sharp transparency window around frequency f3 (2.89 GHz), which is similar to the analogy of the electromagnetically induced transparency [28]. Note that the transparency peak of the metasurface is quite sharp with a full width at half-maximum (FWHM) of 0.0558 GHz, reaching a high quality factor of 52. The calculated transmission group delay and phase are shown in Figure 2B, from which we can see that around the transparency peak, the transmission phase experiences an abrupt variation, leading to strong dispersion of the effective parameters and a large group delay of 5.4 ns. To explore the underlying mechanism of the Fano-type resonance and the sharp transmission window, we calculated the surface current and electric field distribution at the transmission peak f3 (see Figure 2E). The induced surface currents on the ASRRs are oscillating in-phase, forming a collective magnetic mode Mz. This new emergent mode Mz, as a non-radiative dark state (sharp discrete mode), is weakly coupling with the incident electromagnetic field, and destructively interfering with the background electric dipole mode Py (broadband continuum mode), resulting in the sharp transparency window.
To further understand the near-field coupling mechanism of the metasurface, we calculated the contributions of various multipole moments induced in the metasurface. The electric and magnetic dipole moments of the metasurface can be quantitatively evaluated with the following formula [45].
[image: image]
[image: image]
where j is the current density, ω is the angular frequency, and c is the speed of light in vacuum. The multipole moments can be calculated by integrating spatially distributed current density extracted from the simulation. The calculated normalized magnitude and the corresponding phase of the electric dipole moment Py and the magnetic dipole moment Mz are presented in Figures 3A,B, respectively.
[image: Figure 3]FIGURE 3 | Normalized magnitude (A) of multipole moments Py and Mz, and their corresponding phase (B) induced in the ASRRs metasurface with the capacitance 2.63 pF: the electric dipole (red curve), and magnetic dipole (blue curve).
We can find that the electric dipole Py, as a bright mode resonance, shows strong scattering over the entire interesting frequency band, indicating that the ASRRs metasurface strongly couples to the y-polarized electric field component in the waveguide. The collective oscillations of the electric dipoles can be considered as a broadband continuum mode. Around the transparency peak frequency f3, the Py is significantly suppressed, while the Mz is excited and enhanced to a similar magnitude as Py, and the phase difference between the Py and Mz is about 180°, which further confirms the fact that these two modes interference destructively, and their scattering cancellation results in the non-radiating configuration and the sharp transparency window. We notice that the collective magnetic dipole mode cannot be directly excited by the incident wave, as the metasurface is placed in a standard rectangular waveguide where only the fundamental TE10 mode can propagate in the frequency band of interest. However, the collective magnetic dipole mode can be excited through near-field coupling, leading to the collective oscillation of the ASRRs and the suppression of electric dipolar mode, and forming the dark mode resonance.
To quantitatively evaluate the interaction between the incident wave and the metasurface, we also employed TCMT to analyze the mode coupling between the collective electric and magnetic dipoles. The transmission spectrum of the metasurface excited by a monochromatic wave can be expressed as below [46, 47].
[image: image]
where ω1, Γe1, and Гi1 (or ω2, Γe2, and Гi2) are the resonant frequency, radiative decay rate, and non-radiative decay rate of the bright (or dark) resonator, respectively, and κ is the coupling coefficient. We can obtain the characteristic parameters of the resonator system through fitting the expression of |t| to the simulated transmission spectrum of the metasurface (red curve in Figure 2A), as follows:
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It can be found that the ω1 and ω2 correspond to the dip of electric dipole moment Py (as bright mode) and the peak of magnetic dipole moment of Mz (as dark mode), respectively, (Figure 3A), indicating that our metasurface systems are dominated by these two modes. For the collective electric dipole mode, the radiative decay rate, Гe1, is about 56 times larger than the non-radiative decay rate, Гi1. Both the radiative and non-radiative decay rate of collective magnetic dipole mode, Гe2 and Гi2 are much less than Гe1 and Гi1, so they are negligible. The frequency interval between the two transmission dips of our metasurface is only 0.15 GHz, since the coupling coefficient κ is much less than the resonant frequencies, ω1 and ω2, and even the radiative decay rate, Гe1. The TCMT accurately predicts the transmission spectrum of the metasurface, as shown in Figure 4.
[image: Figure 4]FIGURE 4 | Transmission spectra of the metasurface predicted by the TCMT (blue points) and simulated through FDTD (red curve) with the capacitance 2.63 pF.
The tunabilities of the metasurface can be understood as a LC circuit with changeable capacitances. The electric resonance frequency is determined by [image: image]. So the resonance frequency of SRR and the Fano-type resonance frequency can be manipulated significantly by applying voltage to alter the capacitance of varactor diodes. Next, the transmission properties of the SRR alone under different bias voltages are investigated. The measured and calculated transmission spectra of the single SRR with different voltages (capacitances in simulations) are shown in Figure 5. As the bias voltage gradually increases from 0 to 8 V, the capacitance of the varactor diode decreases from 2.63 to 0.76 pF, and the corresponding transmission spectrum undergoes a remarkable blue shift; the experimental resonant frequency of the left SRR alone undergoes a blue shift of 0.22 GHz from 3.09 to 3.31 GHz (see Figure 5A), and similarly, the experimental resonant frequency of the right SRR alone undergoes a blue shift of 0.21 GHz from 2.93 to 3.14 GHz (see Figure 5B). The calculated trend (Figures 5C,D) agrees well with the measured results, implying the effective frequency-agile tunability by the integrated varactor diodes.
[image: Figure 5]FIGURE 5 | Measured (A), (B) and calculated (C), (D) transmission spectra of the SRR alone with different bias voltages (from 0 to 8 V) and corresponding capacitances (from 2.63 to 0.76 pF): the left SRR alone (A), (C), and right SRR alone (B), (D).
To actively control the Fano-type resonance, double varactor diodes are then integrated into the ASRRs metasurface system. The dynamic modulation on Fano resonance of the frequency-agile metasurface is illustrated in Figure 6. When no voltage is applied, the measured Fano resonance peak occurs at 2.98 GHz (see Figure 6A). As the bias voltage gradually increases from 0 to 8 V, the Fano resonance peak gradually shifts from 2.98 to 3.2 GHz, exhibiting a blue shift of 0.22 GHz. Although there is a small amplitude variation, the significant sharp transmission feature is preserved. Meanwhile, the transmission dips of the Fano resonance also exhibit blue shifts of 0.2 and 0.22 GHz, respectively. The calculated results (Figure 6B) show good agreement with our measured results. It is worth mentioning that the lower frequency dip completely exceeds the upper frequency dip when the applied voltage is changed from 0 to 8 V, thanks to the sharp dispersion characteristic of Fano resonance. It indicates that our metasurface can be employed not only for a frequency-agile device, but also for a broadband and unity amplitude modulator.
[image: Figure 6]FIGURE 6 | Measured (A) and calculated (B) transmission spectra of the frequency-agile metasurface with different bias voltages (from 0 to 8 V) and corresponding capacitances (from 2.63 to 0.76 pF).
To show the amplitude modulation performance of our metasurface, we here plot the transmission with different bias voltages, as shown in Figure 7. Remarkable modulation on transmission can be realized through electric biasing at several frequency points. For example, the measured transmission curves at three selected frequencies of 2.89, 3.10 and 3.32 GHz with different voltages are plotted. As the voltage changes from 0 to 8 V, the transmittance at 2.89 GHz monotonously increases from −19.31 dB to −1.63 dB (red curve), while at 3.32 GHz monotonously decreases from −0.59 dB to −16.29 dB (blue curve), showing a remarkable modulation performance. In particular, the transmittance at 3.10 GHz (green curve), shows a growing trend from −14.31 dB to −1.16 dB with the voltage increased from 0 to 4 V, while a downward trend from −1.16 dB to −19.62 dB when further increasing the voltage to 8 V. Note that although our results were obtained in a waveguide system, the similar modulation performance can also be achieved with periodic structures in free space.
[image: Figure 7]FIGURE 7 | Measured transmission of the metasurface with different bias voltages ranging from 0 to 8 V at 2.89 GHz (red), 3.10 GHz (green), and 3.32 GHz (blue).
CONCLUSION
In conclusion, we have experimentally demonstrated the active tunabilities in a frequency-agile Fano-resonant metasurface. The sharp Fano resonance can be dynamically modulated by integrating a pair of varactor diodes in the metasurface. We found that the non-radiative collective magnetic dipole mode was excited in our metasurface and its physical insight is uncovered through local field analysis, multipole decomposition and TCMT. We also found significant manipulation on both frequency tuning and amplitude modulation by applying bias voltage on the varactor diodes. The demonstrated frequency-agile Fano-resonant metasurface is promising for realizing sophisticated electrically controlled microwave devices with novel functions, which may facilitate the development of high-performance active photonic applications in, e.g., smart sensing or signal processing.
METHODS
Numerical Simulation: Numerical simulations are carried out using the finite-element frequency-domain solver. The metallic pattern with a conductivity of 5.8 × 107 S/m is standing on a Teflon substrate with a relative permittivity of 2.65 and a tangent loss of 0.0004. In the simulations, PEC conditions are applied in both the x and y directions and open boundaries are set along z direction. An excitation source is applied at the boundary of z direction. The multipole moments Py and Mz can be calculated by integrating spatially distributed current density extracted from the simulation utilizing the commonly used formulas (Eqs. 1, 2).
Experiments: The printed circuit board (PCB) technique was used to fabricate the metallic ASRRs pattern. The Teflon substrate was cut to a dimension of 72.14 × 34.04 mm2 corresponding to the cross-section of a standard waveguide WR284, and simultaneously ensuring the metallic patterns at the center of the substrate. In the measurements, the sample was placed inside a WR284 rectrangular waveguide, and was measured through a vector network analyzer (AV3629D).
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A single-port dual-band antenna integrated with solar cells is reported for the 2.4/5-GHz wireless local area network (WLAN) applications. Thirty solar cells are adopted and integrated into the antenna structure for both energy harvesting and wireless communication. The solar cells can act as a director for the lower band, and the main radiation structure for the higher band. The slot and microstrip antennas are incorporated into the compact structure and multiple resonant modes are utilized for dual-band performance. The measurement results show that the lower band is from 2.27 to 2.5 GHz with an omnidirectional radiation pattern and the upper band is from 4.8 to 6.9 GHz with a directional radiation pattern. The proposed solar cell antenna can provide a dual-band performance with the ability of DC power generation, which can be a potential candidate for future green low-carbon communication.
Keywords: microstrip antenna, slot antenna, dual-function device, solar cell, dual-band
INTRODUCTION
The IEEE 802.11 wireless local area network (WLAN) standards have been used worldwide in these bands of 2.4∼2.4835, 5.15∼5.35, and 5.725∼5.875 GHz. The higher band is also applied for 5G WiFi. Many extensive explorations have been carried out including dipole, slot, and microstrip antennas [1–4]. To cover these frequency bands, the dual-band and multiband antennas are much desired with favorable characteristics such as compact size, low cost, and easy integration with the RF circuit. Many dual-band antennas have been investigated, such as monopole, dipole, slot, and PIFA antennas with an omnidirectional radiation pattern [5–9].
To realize a resource-saving and environment-friendly society, it is preferable to combine solar cells and antennas for green communication. Based on the published researches, the solar-cell antenna can be categorized into at least three types. The first type is that the solar cells are treated as a parasitic structure, which includes the slot antenna [10, 11], PIFA [12–14], substrate integrated waveguide antenna [15], patch antenna [16, 17]. In the second type, the solar cells are treated as the ground or reflector [18–21]. The disadvantage is that the radiator will cause certain optical blockages. For the third type, the solar cells are adopted for the radiation structure directly [22–27]. It contains the dipole [22], shorted patch [23, 24], microstrip [25, 26], slot [27, 28], and Vivaldi antennas [29].
Although there are many designs of antenna integrated with solar cells, few studies can cover the 2.4/5-GHz WLAN bands simultaneously. To realized a compact design, the solar cells are expected to be both radiator/director and DC generator. However, the solar cells are with regular shapes of squares and rectangles, which would impose certain difficulty on the dual-band and wideband designs. For the dual-band design, the receiving band prefers an omnidirectional radiation pattern that can receive signals from all directions while the transmitting band desires a directional radiation pattern with a higher gain for long-distance transmission. So, some novel dual-band solar cell antennas are expected for the WLAN.
A dual-band solar cell antenna is proposed for the WLAN applications. Thirty solar cells are employed to form the radiation structure for the upper band. The aperture coupling method is adopted with a coupling slot on the ground, which works at 2.4 GHz for the lower band. Relative bandwidth of 9.6 and 35.9% are obtained for the lower and higher bands, respectively. This dual-band antenna can achieve a measured gain of 5.69 dBi at 2.4 GHz with an omnidirectional radiation pattern and an average measured gain of 10.58 dBi for the upper band with a directional radiation pattern. Its DC performance is also tested through an optical experiment.
DUALBAND SOLAR CELL ANTENNA STRUCTURE
The proposed dual-band antenna integrated with solar cells is shown in Figure 1 with a dimension of 83 × 68 × 3.4 mm3. Relong and FR4 laminates are adopted for the top, bottom, and vertical substrates. The Relong substrate has a thickness of 0.762 mm with a relative dielectric constant of 2.55, and a loss tangent of 0.0009 while the FR4 substrate has a thickness of 0.6 mm with a relative dielectric constant of 4.4, and loss tangent of 0.02. An air gap of 2 mm separates the bottom and top substrates.
[image: Figure 1]FIGURE 1 | The proposed dual-band solar cell antenna.
One type of solar cell with the size of 11.2 mm × 11.5 mm is chosen for the dual-function design. Its multi-layer structure is depicted in Figure 2, which is similar to that in [22]. As the size of a single solar cell is relatively small compared with the wavelength of its working frequency, six solar cells are in a serial connection with every two adjacent solar cells overlapped along the long edge. The antenna structure is in Figure 3 with detailed parameters in Table 1. It has the same polarization for two bands in the X-direction.
[image: Figure 2]FIGURE 2 | The multi-layer structure and connection of the adopted solar cell.
[image: Figure 3]FIGURE 3 | The structure of the solar cell antenna: (A) Top view, (B) Vertical structure, (C) Bottom view.
TABLE 1 | Antenna parameters (mm).
[image: Table 1]In Figure 3A, five rectangular patches made of solar cells are placed on the FR4 substrate. Each solar cell strip has a length of L1 and a width of W5. The anode and cathode of five solar cell strips are connected to the copper structures with the sizes of L2, L3, W1, W2, and W4. In Figure 3C, the ground plane is printed on the top of the Relong substrate while the feeding strip and the DC path are printed on the bottom. The aperture coupling method is adopted for the excitation with a coupling slot at the center of the ground plane. Electromagnetic coupling is also an effective way to prevent the DC energy from the RF port. To block the RF current to the DC port, microstrip bandstop filters are added at the DC path [30].
The DC transmission line includes the top copper structures, DC path with filters on the bottom substrate, and vertical strips printed on the vertical substrate to connect the bottom DC path and top metallic structure, as shown in Figures 1, 3B. The vertical substrate is also used to support the top structure.
ANTENNA ANALYSIS
To clarify the working mechanism of the dual-band antenna, Z-parameters are depicted in Figure 4 and its working modes are investigated. It is observed from Figure 4 that there are one resonant frequency point at the lower band and three resonant frequency points at the higher band. The current and E-field distributions are plotted for the lower and upper bands to analyze these resonant modes.
[image: Figure 4]FIGURE 4 | The Z-parameter of the dual-band solar cell antenna.
For the lower band, to analyze the influence of the top structure on the antenna performance, the S-parameter and gain with and without top structure are plotted in Figure 5. It is observed that the top structure has certain effects on the antenna performance at the lower band. The -10-dB bandwidth can be barely maintained at 2.4 GHz without top structure. After loading top structure, the impedance matching has been improved and the gain in the normal direction is 0.93 dB higher than that without top structure. The radiation patterns with and without top structure are plotted in Figure 6 at 2.4 GHz. It is noticed that the front-to-back ratio is about 0.5 dB higher after loading the top structure. So, it can be concluded that the resonant mode at 2.4 GHz is independent of the top structure. Furthermore, the effective current distribution of the ground plane is also plotted in Figure 7 and the antenna is with the slot mode at 2.4 GHz.
[image: Figure 5]FIGURE 5 | The influence of top metal and solar cells on the antenna performance of the lower band.
[image: Figure 6]FIGURE 6 | The influence of top metal and solar cells on the radiation patterns at 2.4 GHz: (A) E-plane, (B) H-plane.
[image: Figure 7]FIGURE 7 | Effective current distribution at 2.4 GHz.
For the higher band, the instantaneous E-field distribution is plotted in Figures 8A,B,C. Based on the E-field distribution, it is clear that TM10 modes are excited at 5.2 and 5.7 GHz, and the antiphase TM20 mode is stimulated at 6.5 GHz. The slot structure on the ground acts as the excitation for the microstrip antenna at the upper band. To sum up, the proposed antenna has different resonant modes for dual-band performance. It is with the slot mode at the lower band and the cavity mode (TM10 and antiphase TM20) at the higher band.
[image: Figure 8]FIGURE 8 | Instantaneous E-field distribution at higher band: (A) 2.4 GHz, (B) 5.2 GHz, (C) 5.7 GHz, (D) 6.5 GHz.
EXPERIMENTAL VERIFICATION
To verify the proposed dual-band design integrated with solar cells, a prototype is fabricated and thirty solar cells are assembled on the top structure, as shown in Figure 9. The S-parameter is measured by the Rohde and Schwarz ZVA24 network analyzer and the radiation performance is tested in an anechoic chamber. The software High-Frequency Structure Simulator (HFSS) is adopted for the numerical simulation.
[image: Figure 9]FIGURE 9 | The measured and simulated S-parameters and gains of the prototype.
The simulation and measurement results of the S-parameter and gain are plotted in Figure 9. The simulated −10-dB bandwidth is from 2.37 to 2.51 GHz at the lower band and from 5.1 to 6.7 GHz at the higher band. The measured −10-dB bandwidth is from 2.27 to 2.5 GHz at the lower band and from 4.8 to 6.9 GHz at the higher band. The target bands of 2.4, 5.2, and 5.8 GHz have been entirely covered.
For the lower band, the measured gain is 5.25 dBi at 2.4 GHz, while the simulated gain is 4.45 dBi. For the higher band, the measured gains at 5.2 and 5.8 GHz are 12.2 and 12 dBi, respectively. The simulated gains at 5.2 and 5.8 GHz are 11 and 12.67 dBi, respectively. An average measured gain of 10.58 dBi is realized at the higher band. The radiation patterns are plotted in Figure 10. It is observed that an omnidirectional radiation pattern is achieved at 2.4 GHz in Figure 10A with the measured cross-polarization levels of less than −15 dB. Unidirectional radiation patterns are obtained at 5.2 and 5.8 GHz, as shown in Figures 10B,C. The measured cross-polarization levels are less than −21 dB with the measured back-lobe level better than −10 dB.
[image: Figure 10]FIGURE 10 | Measured and simulated radiation patterns: (A) 2.4 GHz, (B) 5.2 GHz, (C) 5.8 GHz.
It is observed that certain differences exist between the simulation and measurement results, which is mainly due to the assembly error. In the fabrication procedure, the solar cells are overlapped and soldered together, the anode and cathode of each solar strip are soldered to the metallic structure. All these processes are conducted manually and the actual size is larger than the design, so the measured performance is shifted to the lower band slightly.
The proposed antenna integrated with solar cells is compared with some published solar cell antennas in Table 2. The solar cells are treated as a parasitic structure in [10, 12]. A slot antenna was reported in [10] with a measured gain of 6.62 dBi at 5.8 GHz. A low-profile multiband PIFA integrated with solar cells was presented in [12]. Measured gains of 4.7 and 5.5 dBi have been realized at 2.4 and 5.8 GHz, respectively. Using the solar cells as a radiation structure, a single-band low-profile antenna was investigated at 2.4 GHz with measured gain of 8.55 dBi at 2.4 GHz [26]. A slot antenna integrated with solar cells was discussed in [27]. Dualband performance is obtained at 2.4 and 5.2 GHz with the measured gains of 3.5 and 3.1 dBi. To enhance the bandwidth, a novel dual-band solar cell antenna is designed in this work. The aforementioned frequency bands of 2.4, 5.2 and 5.8 GHz have been fully covered with enhanced gains at both bands.
TABLE 2 | Comparison of the proposed antenna with existing designs.
[image: Table 2]OPTICAL EXPERIMENT
To test its ability of DC power generation, an optical experiment is conducted and the experimental setup is depicted in Figure 11. A light source with a light intensity of 1000 W/m2 is adopted to illuminate the solar cells, which can be treated as a voltage source with certain inner resistance. A variable resistor acts as the load, which is connected to the anode and cathode of the DC port of the solar cell antenna. Voltmeter and ammeter are employed to measure the voltage and current of the resistance load so that the output power can be calculated.
[image: Figure 11]FIGURE 11 | The setup and measured results of the optical experiment.
The results of the optical experiment are also plotted in Figure 11. The value of the variable resistor increases from zero, it is observed that the load voltage starts to rise and the current starts to decrease due to the increased resistance. The output power also begins to increase, it reaches the maximum point when the resistor is 299.5 Ω, then starts to decrease when the resistor continues to increase. The output power can peak when the load resistance is equal to the inner source resistance based on the circuit theory. So, the resistance of the equivalent source is obtained when the light intensity is 1000 W/m2.
CONCLUSION
A dual-band antenna integrated with solar cells is designed for the WLAN. The one-wavelength slot mode is excited for the lower band while the cavity modes of TM10 and antiphase TM20 are stimulated for the higher band. Relative bandwidths of 9.6 and 35.9% have been achieved for the lower and higher bands, respectively. The lower band has an omnidirectional radiation pattern, which is proper for receiving while the higher band has a unidirectional radiation pattern, which is suitable for transmitting. Furthermore, this solar cell antenna with the ability of DC power generation makes it preferable for the outdoor anonymous platform and green communication. With these favorable characteristics, this dual-band antenna integrated with solar cells should find extensive applications in the future.
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A compact 60-GHz on-chip bandpass filter (BPF) is presented using gallium arsenide (GaAs) technology. The miniaturization is achieved by the half-mode substrate-integrated waveguide (HMSIW) structure. Finally, a prototype of the BPF is fabricated and tested to validate the proposed idea, whose simulated and measured results are in good agreement. The measurements show that it has a center frequency at 58.6 GHz with a bandwidth of 17.9%, and the minimum insertion loss within the passband is 1.2 dB. The chip, excluding the feedings, is only about 0.38[image: image] × 0.58[image: image], where [image: image] is the guided wavelength at the center frequency.
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INTRODUCTION
Recent developments in semiconductor technology have enabled the pursuit of miniaturized applications based on on-chip millimeter-wave (mmW) devices and systems to become popular, such as automotive mmW radar. The on-chip bandpass filter (BPF) design for millimeter-wave transceivers has, thus, attracted more attention and has made numerous breakthroughs. Abundant investigations have been oriented based on the conventional silicon-based semiconductor technology–integrated circuit process (e.g., CMOS, SiGe, etc.) pursuing low cost with compact physical occupation [1–9]. But meanwhile, the low loss of BPF is also very demanding. The Gallium arsenide (GaAs) process is a desirable candidate for lower in-band insertion loss and higher steep edge with high-operating frequency. Consequently, some works on GaAs–based BPFs have been reported in recent years [10–14]. However, the design of GaAs–based BPFs that consider both size and loss has still not been proposed. In our previous work [13], the proposed BPF achieves bandwidth of over 50% based on the spoof surface plasmon polaritons transmission line theory, but the size is bulky, reaching [image: image]×[image: image]. In [14], the BPF structure is based on planar resonant circuits with metal strips, and the LC equivalent circuit model theory is used for the design. The miniaturized size is achieved but at the expense of insertion loss, larger than 2.4 dB.
Considering compatibility with the integrated circuit system, a BPF based on substrate-integrated waveguide (SIW) technology is introduced with high-Q factor, low loss, and easy fabrication [15]. Furthermore, half-mode SIW (HMSIW) saves about half of the SIW dimension with almost same performance for the design of BPFs. The HMSIW BPF implemented based on GaAs technology is expected to balance the size and loss. However, few BPF works are explored using HMSIW in GaAs technology at the millimeter-wave frequencies.
In this article, for the first time, we implement the HMSIW structure based on the GaAs standard process. A compact 60-GHz on-chip BPF is proposed based on HMSIW with the 0.15-[image: image] GaAs pHEMT process, and the stack-up is shown in Figure 1. Two metal layers M1 and M2 are thinned to 2 [image: image] and 1 [image: image], respectively, with a conductivity of 4 × 107 S/m. The thicknesses of GaAs and polyimide are 75 [image: image] and 1.8 [image: image], respectively, and their relative permittivity are 12.9 and 2.9, respectively. A 5-[image: image] metal layer beneath the GaAs substrate is coated as the ground. The proposed BPF circuit is designed on the M1 layer having square vias to the ground. By optimizing the dimensions of the aligned component on the M1 layer, the BPF can be adjusted to achieve the desired values of the passband and insertion loss. Compared with the previous SIW/HMSIW BPFs [16–23], this design has relatively small insertion loss and size.
[image: Figure 1]FIGURE 1 | Stack-up of the employed 0.15-[image: image] GaAs pHEMT technology.
DESIGN METHOD AND ANALYSIS
A pair of HMSIW cavity resonators is employed to realize BPF response and miniaturized size. The compact structure is constructed with transition from the microstrip line to HMSIW for further layout size saving. The detailed configuration of the slotted HMSIW BPF is demonstrated in Figure 2, which consists of an input/output microstrip line and slotted HMSIW structure. The HMSIW cavity is divided into two symmetrical cavity resonators, A and B, by the transversal slot. Therefore, each resonator’s boundary is constructed by one electric wall (EW) and three magnetic walls (MWs), as shown in Figure 3A. The EW is formed by rows of metal vias, as the tangential component of the electric field is almost zero near the surface of these via holes. In contrast, the other three side edges are used as MWs because the tangential component of the magnetic field is zero. Therefore, the resonator cavity can be approximately equivalent to a segment of the microstrip line propagating along the x-axis which is open-circuited at one end and short-circuited at the other end. Moreover, the resonator length along x-axis is [image: image] (where [image: image] is the guide wavelength), and [image: image] is approximately equal to [image: image] , where [image: image] is the relative permittivity of GaAs dielectric and [image: image] is the free-space wavelength at the operating frequency.
[image: Figure 2]FIGURE 2 | Configuration of the proposed HMSIW BPF (Only top view of the TM1 layer is shown).
[image: Figure 3]FIGURE 3 | (A) HMSIW resonator and (B) electric field distribution of the quasi-TEM mode of the HMSIW resonator.
The standard microstrip propagation mode is the quasi-transversal electromagnetic (TEM) wave. The TEM mode indicates that both the electric field and magnetic field are perpendicular to the direction of electromagnetic wave propagation. In the resonator cavity, the electric field is along y-axis, while the magnetic field is along z-axis. The fields are mostly within the GaAs dielectric of the cavity and partly in the air region adjacent to the edge of the cavity. The phase speed of TEM fields in the GaAs region would be [image: image] (where [image: image] is the light velocity in free-space), while the phase speed of TEM fields in the air region would be c. As a result, phase-mismatching conditions are unavoidable at the GaAs–air boundaries of the cavity. Therefore, the resonant mode of the cavity is referred as the quasi-TEM mode, as shown in Figure 3B. The color from blue to red represents the electric field intensity from weak to strong. The resonant frequency (fc) of the single cavity with the quasi-TEM mode can be evaluated based on classical transmission line theory:
[image: image]
where W2 is the width of the HMSIW shown in Figure 2.
The mutual coupling between two identical HMSIW resonators A and B is defined as inter-coupling. One more resonant frequency will be generated because of the inter-coupling scheme [24]. Therefore, the resonant frequency fc of the HMSIW cavity will be split into two resonant frequencies, represented by f1 and f2, respectively. Thus, these two frequencies are controlled by the inter-coupling between two HMSIW resonators. The inter-coupling coefficient k can be acquired by simulation from ANSYS HFSS and can be evaluated as [24]:
[image: image]
It can be seen that the coupling coefficient k is proportional to the separation between the resonant frequency points f1 and f2. As a result, the tighter the coupling is, the wider will be the separation of f1 and f2, and the bandwidth of the BPF is thus expanded. On the other hand, the coupling strength can be tuned by changing the length Ls and width Ws of the transversal slot inserted between the two HMSIW cavity resonators. When these values increase, the gap between HMSIW resonators will be increased, and the coupling strength will be reduced, resulting in decreased bandwidth and lower insertion loss. Figure 4 shows the simulated results using the Ansys HFSS simulator to verify the relationships between slot size variation and BPF frequency response. The S-parameters are used to evaluate the electromagnetic (EM) performance. S11 and S21 represent the reflection and transmission coefficients of the EM wave, respectively.
[image: Figure 4]FIGURE 4 | S21 of the HMSIW BPF with (A) varied Ls at Ws = 450 [image: image] and (B) varied Ws at Ls = 8 [image: image]
When choosing the final values of Ls and Ws, both bandwidth and loss requirements should be considered to make a balance. Usually, the value of |S11| should be lower than -10 dB in the passband, but the ultra-low |S11| value would result in bandwidth reduction. The value of |S21| represents the insertion loss (IL) within the passband of the filter and the suppression at the stopband. Considering the fringing field effect, the values 8 [image: image] and 450 [image: image] of Ls and Ws are chosen, respectively. The maximum |S11| is about -17 dB. The IL at the center frequency is less than 1.1 dB, and 10 GHz of bandwidth is achieved.
The external coupling between the HMSIW resonator and input/output feed line can be defined by the external quality factor Qe, and its value can be calculated by the equation [25]:
[image: image]
where τS11 is the group delay of S11 at resonant frequency; f0 is the center frequency of the BPF passband.
In this work, the value of Qe is 7.8 which is extracted by the Ansys HFSS simulator. It can be tuned by changing the dimension of the structure which transfers from the microstrip line to HMSIW. To miniaturize the overall size, direct connection is proposed instead of the traditional gradual changing structure. The corresponding impedance matching can be performed by the slot between the feeding port and HMSIW. The length of the slot is Wt, while the width is L2. Therefore, the values of |S11| and |S21| can be also adjusted by Wt and L2, as shown in Figure 5. As discussed before, the |S11| is suggested to be about −17 dB, and the center frequency should be near 60 GHz. Consequently, Wt and L2 are selected as 300 [image: image] and 14 [image: image], respectively.
[image: Figure 5]FIGURE 5 | S-parameters of the HMSIW BPF with (A) varied Wt at L2 = 14 [image: image] and (B) varied L2 at Wt = 318 [image: image].
RESULTS
The prototype of the designed HMSIW BPF filter is fabricated as shown in the inset of Figure 6. The overall size excluding two Ground–Signal–Ground (GSG) pads is [image: image]. The detailed parameter information is shown in Table 1. The filter is measured through an on-wafer probe using the Keysight Vector Network Analyzer. Comparisons between the simulated and measured S-parameters are shown in Figure 6. The minimum insertion loss (IL) of the measured passband is about 1.2 dB, and the return loss is better than −10 dB. The center frequency is at 58.6 GHz, 3-dB passband is ranged from 53.3 to 63.8 GHz, and the relative bandwidth is 17.9%. The calculated unloaded quality factor Qu [24] is 135. The deviation of the measured and simulated passband loss is within 0.5 dB, whose error may be introduced by the GSG probe measurement system. It is noticed that there is a spurious transmission zero near 90 GHz which does not match with the simulation. This may be caused by the modeling deviation of via holes. The frequency response of the resonant cavity is sensitive to the row of these vias at higher frequency.
[image: Figure 6]FIGURE 6 | Simulated and measured results of the proposed GaAs–based BPF.
TABLE 1 | Configuration parameters of the HMSIW BPF.
[image: Table 1]Table 2 shows the characteristic comparisons with some other reported SIW/HMSIW BPFs. The results demonstrate that both IL and size of our proposed HMSIW filter are better than those of the SIW filter in [11] using the same GaAs technology. Compared with our previous work [14], the IL of 1.2 dB has been improved. The IL of the filter using LTCC in [23] is lower than the proposed work, but its size is bulky, increased by more than 6 times. Moreover, the solution in [23] is not too easy to integrate with other active devices which require to be designed on the same wafer.
TABLE 2 | Performance comparisons with some reported SIW/HMSIW BPFs.
[image: Table 2]CONCLUSION
The bandwidth and insertion loss of the passband can be easily tuned by adjusting the dimension of the slot between the two HMSIW cavity resonators. The center frequency can be evaluated by the single HMSIW resonator. The direct connection structure is deployed for the transition from the microstrip line to HMSIW considering size saving. The fabricated BPF prototype centered at 58.6 GHz has a broadband filtering response with very good insertion loss and return loss. The measurement results agree well with the simulation results. The HMSIW and compact feeding configuration for the design of the BPF are useful to improve the circuit occupation on the chip. At the same time, performance has been not deteriorated compared with other traditional SIW/HMSIW BPFs. It also illustrates that the energy leakage, bandgap effect, etc. of the HMSIW with the period square vias in the GaAs process is also applicable. Owing to these virtues, the proposed HMSIW BPF can be easily integrated with other GaAs components and circuits in mmW systems such as vehicle-mounted radar and 5G communications.
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Epileptic seizure prediction is one of the most used therapeutic adjuvant strategies for drug-resistant epilepsy. Conventional methods are usually trained and tested on the same patient due to the interindividual variability. However, the challenging problem of the domain shift between different subjects remains unsolved, resulting in low prevalence of clinical application. In this study, a generic model based on the domain adaptation (DA) technique is proposed to alleviate such problems. Ensemble learning is employed by developing a hierarchical vote collective of seven DA modules over multi-modality data, such that the predictive performance is improved by training multiple models. Moreover, to increase the feasibility of its implementation, this study mimics the data distribution of clinical sampling and tests the model under this simulated realistic condition. Based on the performance of seven subnetworks, the applicability of each DA algorithm for seizure prediction is evaluated, which is the first study that provides the assessment. Experimental results on both intracranial and scalp EEG databases demonstrate that this method can reduce the domain gap effectively compared with previous studies.
Keywords: seizure prediction, domain adaptation, ensemble learning, EEG, time series classification
1 INTRODUCTION
1.1 Epilepsy Background
Epilepsy is a cerebral anomaly with the transient occurrence of unexpected seizures caused by excessive or hypersynchronous neuronal activities [1]. It is the second most clinically significant neurological disorder, which affects approximately 1.0% of the world’s population [2]. The reliable seizure prediction device, which refers to anticipating an upcoming seizure based on continuous electroencephalogram (EEG) signals, is an emerging and important demand for drug-resistant individuals accounting for about 30% of the epileptic [3, 4]. The early warning device could significantly prevent the injury of epileptic coma, or even death.
EEG is a commonly used type of physiological signal that measures the epileptic brain activity, which records rhythmic information induced by coordinated neuronal firing with characteristic periodicity. The first-in-man forecast study was reported in 2013 [5], which offered the convincing proof of the predictability of seizure. Since then, many EEG-based algorithms adopting the data-driven technique have been presented.
1.2 Related Work
Current research studies regarding seizure prediction can be mainly categorized into two streams. The first stream typically follows a binary classification scheme, which assumes that a difference exists between the interictal and preictal stages. The ictal and postictal sequences are discarded during the data processing due to the futility of their contribution to forecast. The second stream is to detect the fluctuation of a specific index during the preictal period, such as the spike rate [6–8], zero-crossing intervals [9], and phase/amplitude locking value [10]. If the observed indicator exceeds the previously set threshold, an early warning would be declared. Owing to the multiplicity of multichannel EEG recordings, the first stream is more widely recognized than the second one. This study also adopts the strategy that distinguishes preictal states from interictal states, which is depicted in Figure 1.
[image: Figure 1]FIGURE 1 | Definition of three brain states in continuous epileptic EEG recordings.
Approaches using the binary classification scheme commonly adopt machine learning techniques like support vector machines [11–13], random forests [14], and k-nearest neighbor [15]. For the past few years, many deep learning frameworks, including convolutional neural network (CNN) [16–19], 3D CNN [20], long short-term memory (LSTM) network [21–23], and cascades of DNN [24], have been exploited to analyze continuously acquired epileptic EEG signals. However, there are still many promising algorithms to be developed and applied further. Ensemble learning is considered the state-of-the-art solution for many challenging problems?. For instance, several representative approaches, including HIVE-COTE [25], boosting, bagging, and stacking?, have achieved high performance for time series classification. Such methods are appealing because it has stronger generalization ability than a single model by training multiple subnetworks and combining their predictions. For this reason, we attempt to probe into its effectiveness for seizure prediction.
Most recently, various machine learning–based studies have achieved high performance. However, these methods are not yet in widespread use. Most of these research studies only provide patient-specific results, namely, both training and testing sets are collected from one subject. The reason for adopting this strategy is that large interindividual variability is ubiquitous among patients with epilepsy [26–28]. Therefore, an ensemble that contains a number of domain adaptation modules is developed in this study to reduce the impact of epileptic individual variability.
1.3 Significance
Although conventional studies achieve encouraging successes in seizure prediction task, their translation to the application remains challenging, in part due to their limited domain adaptability across different subjects. EEG patterns vary significantly from patient to patient as shown in Figure 2, and the issue regarding the model generalization ability remains unsolved. In previous studies, the training and testing sets are from the same patients, which can obtain a very high sensitivity ([image: image]% on average). Although such trials are important for personalized medicine, they are inconsistent with the clinical scenario in most cases. In other words, conventional models may perform well in one patient but be less effective in another, since the domain gap between different subjects is partly ignored. In practice, the training set is mainly composed of the previous patient data, and only a small amount of user samples can be used for training. The training set consisted of various subjects is the source domain. The “unseen” user is the target domain. In the existing literature, few research studies explore the domain shift issue. Therefore, a general seizure prediction model that is similar to clinical situation remains to explore and perfect further.
[image: Figure 2]FIGURE 2 | Seizure prediction is a patient-specific problem. The discriminative models (dashed line) of various individuals (circle and triangle) differ significantly.
To alleviate the low popularization of clinical application and circumvent the impact of interindividual variability, domain adaptation (DA) is introduced for seizure prediction. However, few studies aim at using these techniques in epileptic EEG. In the fields such as image recognition and emotion-related EEG, successful applications of domain adaptation approaches have been reported [29, 30]. There are three main streams of DA algorithms. The first stream exploits adversarial learning to extract invariant information among source and target domains. The second stream extends sample size with data augmentation to access the target domain pattern in advance. The third stream establishes general features based on specific prior knowledge.
Inspired by the success in other areas, we hope to extend DA to the field of seizure prediction. Since many DA techniques [31–33] have been provided, an ensemble learning–based model, the hierarchical vote collective of DA subnetworks (HIVE-CODAs), is proposed in this study. HIVE-CODAs combine the advantages of various DA methods. Besides, it can evaluate the applicability of each DA algorithm. In general, the main contributions of this study are summarized as follows:
• A generic model, HIVE-CODA, is proposed to tackle the DA problem for seizure prediction. It is the first attempt to reduce the domain disparity between different patients and to test the model under simulated clinical sampling conditions.
• Ensemble learning is introduced into this model by developing a hierarchical vote collective. Such a framework can improve the predictive performance and generalization ability due to the combination of multiple DA subnetworks.
• This study is the first study to evaluate the applicability of different DA algorithms for seizure prediction, which is crucial for follow-up studies.
Based on DA techniques and ensemble learning, the proposed model provides an above par disturbance rejection property, making the model more robust and practical for clinical application. Experiments on two public databases, the Freiburg Hospital EEG database and the CHB-MIT EEG database [34, 35], are conducted for model evaluation. Results indicate that HIVE-CODA achieves better domain adaptability compared with other state-of-the-art baselines.
2 DATA ACQUISITION AND PREPROCESSING
2.1 Patients
Two public EEG datasets, the Freiburg Hospital Intracranial EEG database [34] and the CHB-MIT scalp EEG database [35], are adopted to evaluate the generalization capability of HIVE-CODAs. The Freiburg Hospital EEG database includes time series of 87 seizures from 21 people with medically intractable focal epilepsy, ranging from 10 to 50 years old (8 male and 13 female patients). EEG signals are recorded invasively with six electrodes (3 near the epileptic focus and the other three distal to the epileptogenic zone). The sampling rate for all patients is 256 Hz (data of Patient No. 12 are sampled at 512 Hz but are down-sampled to 256 Hz).
The CHB-MIT database consists of scalp EEG sequences of 22 epileptic subjects, including five male patients ranging from 3 to 22 years and 17 female patients from 1.5 to 19 years. The EEG signals are recorded at a 256 Hz sampling rate with 16-bit analog-to-digital converters. Most samples are acquired from surface electrodes of 23 channels following the 10–20 standard system for electrodes placement. Each patient has a subfolder that contains 9 to 42 recordings.
2.2 Data Selection and Labeling
Power line noise removal is implemented to denoise the data. We discarded the frequency bands of 47–53 and 97–103 Hz in the intracranial EEG set and the frequency bands of 57–63 and 117–123 Hz in the scalp EEG set. It is because noise commonly appears at 50 Hz for the Freiburg database and 60 Hz for the CHB-MIT database. Moreover, a subject selection is performed. Only patients with at least two seizures but fewer than 15 seizures per day are used for prediction, since less than two seizures are not enough to support training and more than 15 seizures make the forecast purportless. The chosen subjects are listed in Tables 1, 2.
TABLE 1 | Details of the Freiburg Hospital test set.
[image: Table 1]TABLE 2 | Details of the CHB-MIT test set.
[image: Table 2]A prerequisite for seizure prediction is the reliable distinction between preictal and interictal samples. We set 30 min before seizure onset as the seizure prediction horizon (SPH), which follows empirical evidence of comparison tests as applied multiple preictal lengths, and the seizure occurrence period is set to 0. A seizure should occur within 30 min after the predictor returns a positive. The raw EEG recordings are then divided into continuous, non-overlapping fragments by a 5-s time window. The sample number for each subject is sufficient (>7,200) to support training. Besides, we remarked that the amount of interictal samples is much larger than preictal samples. To remedy the sample imbalance, a random subsample on the interictal signals is performed to make an equal quantity of preictal and interictal training samples.
3 METHODS
To learn the domain-invariant representation, we proposed a generic seizure prediction model: the hierarchical vote collective of DA subnetworks (HIVE-CODAs). HIVE-CODA is an ensemble that combines 7 DA modules over multi-modality data. Each subnetwork is assigned a weight via the probabilistic voting scheme to equilibrate its value. By analyzing the most contributive DA component and its feature space, we provided a preliminary conclusion about the generalized information during the preictal period among various individuals.
3.1 Clinical Situation Simulation
Conventional approaches only provide the patient-specific results. Such frameworks may obtain high precision but are not consistent with the signal recording situation in real life. It is difficult to collect a large number of long-term EEG samples from one specific patient during clinical treatment, such that the sample size is unable to support the training process. Therefore, we considered using DA technology to apply data from other subjects to predictor training for the particular subject.
The training and testing strategy is depicted in Figure 3. The training and validation sets consist of existing patient data and one seizure of the target subject, while the remaining target seizures served as the testing set. The selection of seizure for training refers to the idea of the leave-one-out cross-validation (LOOCV) approach [36]. Moreover, the combined data are partitioned into five folds, and 80% of the samples are assigned to the training set, while the remaining 20% is named for the validation set to prevent overfitting.
[image: Figure 3]FIGURE 3 | Illustration of clinical situation simulation.
3.2 Modular Hierarchical Structure
HIVE-CODAs include seven constituent modules: subject-invariant domain adaption (SIDA) [37], conditional deep convolutional generative adversarial networks (C-DCGANs) [38], plug-and-play domain adaptation (PPDA) [39], maximum independence domain adaptation (MIDA) [40], maximum mean discrepancy–adversarial autoencoders (MMD-AAEs) [41], model-agnostic learning of semantic features (MASF) [42], and cone manifold domain adaptation (CMDA) [43]. The modular hierarchical structure is depicted in Figure 4.
[image: Figure 4]FIGURE 4 | Block diagram of HIVE-CODAs: the raw EEG recordings convert into multi-modality data to meet the input requirement of the corresponding module. The jth DA module outputs the voting vector [image: image] to claim its decision. Then the voting vectors will be selected adaptively with the weight matrices to produce the probability of class i. Meanwhile, the weight layer will be exploited for DA subnetwork assessment.
Since few domain adaptation techniques of epileptic EEG have been reported, we applied seven state-of-the-art approaches from the related fields to constitute the subnetworks of HIVE-CODAs. Several modules require images as inputs, instead of time series, such that we generate the spectrograms from EEG segments using the short-time Fourier transform (STFT) [44]. The raw EEG recordings are translated into two-dimensional matrices composed of frequency and time axes. Then the EEG fragments and their spectrograms will be sent forward to the corresponding modules depending on their modalities.
3.3 Modules Based on Adversarial Learning
1) MMD-AAE: We developed the MMD-AAE module referring to the study mentioned in reference [41], which aims at assessing the effectiveness of maximum mean discrepancy (MMD) measure and adversarial autoencoders (AAEs). An MMD-based regularization term is proposed to align the distributions among various subjects. The AAE architecture is applied to learn the latent codes that are universal to all domains. The sharable information is captured by matching the aligned distribution to an arbitrary prior distribution. Thus the MMD-AAE may circumvent the overfitting to source data.
2) SIDA: We also estimated the performance of SIDA on epileptic EEG, which combines power spectral density (PSD) features and adversarial learning [37]. SIDA focuses on the extraction of the invariant representations among different domains. The sharable information is jointly learned with the task loss [image: image] and subject confusion loss [image: image]. The training procedure adopts the adversarial strategy, which is implemented with a gradient reversal layer. Suppose that there are N source samples [image: image], the process can be explicitly written as follows:
[image: image]
[image: image]
[image: image]
where θ, γ, ϕ represent the network parameters and [image: image] are their updated forms. λ is the trade-off positive parameter. [image: image] and [image: image] are the classification task and subject discrimination outputs. ci, si denote the corresponding labels for [image: image] and [image: image], respectively. Note that, a specific feature extraction component is assembled in HIVE-CODAs since the inputs of SIDA are PSD features in accordance with the study mentioned in reference [37].
3.4 Modules Based on Data Augmentation
1) C-DCGANs: By introducing C-DCGANs [38], we tested the feasibility of using data augmentation and convolutional neural networks (CNN) to remedy the domain discrepancy. The main idea of C-DCGANs is increasing generalization capability via artificial EEG data generation. A generative adversarial network (GAN) is exploited to expand the training set, and an end-to-end CNN is employed as the classifier. We remarked that C-DCGANs also involve the adversarial learning due to the application of GAN. However, the generation function of GAN is highlighted in HIVE-CODAs, instead of the minmax optimization, such that we placed emphasis on the assessment of data augmentation.
2) MIDA: MIDA subnetwork is developed to measure the importance of background information and feature augmentation. In MIDA framework, an inner product space is established, where feature vectors are maximally independent in the sense of a Hilbert–Schmidt independence criterion (HSIC) [40]. The feature augmentation is performed via generating latent representations based on the background knowledge like acquisition time. The original feature vectors are expanded by concatenating with the produced features. According to the study mentioned in reference [40], we exploited the domain label (which domain a sample belongs) as the background information since no device label and the acquisition time is provided in the epileptic EEG database.
3.5 Modules Based on Specific Features
1) CMDA: The CMDA module is adopted to evaluate the applicability of manifold on epileptic EEG. Referring to the study menitioned in reference [43], the latent feature space among various domains is regularized by modeling sharable information on the Riemannian cone manifold. Specifically, covariance matrices P of EEG segments are computed to constitute the manifold [image: image]. The CMDS module leverages the global Riemannian mean [image: image] and the local Riemannian mean [image: image] to describe the cross-domain center and the centroid of the set [image: image] for the kth-domain (cite). By using the parallel transport approach, the projections of {P(k)} on the tangent space [image: image] can describe the invariant features among source domains as follows:
[image: image]
[image: image]
where [image: image] denotes the generalized features, [image: image] represents the parallel transport from B to A, and S(k) represents the projection of P(k) on the tangent space [image: image] with the logarithm map (cite). In general, each domain feature is parallelly transported from [image: image]to the global centroid [image: image], and the transported point [image: image] is embedded in the [image: image] inner product space to make the generalized features describable in the Euclidean space.
2) PPDA: The long short-term memory (LSTM) architecture and a peculiar learning strategy are evaluated by adding the PPDA module. PPDA divides the latent features into private portions specific to each subject and generalized components among all subjects. To leverage both the universal and private feature vectors, PPDA develops a learning procedure including the training phase, calibration phase, and test phase. Specially, the LSTM layer is adopted for encoding and decoding.
3) MASF: To assess the applicability of meta-learning and semantic features, the MASF module is employed in HIVE-CODAs. According to the study mentioned in reference [42], a model-agnostic learning paradigm is exploited to minimize the domain gap via using a global class alignment loss [image: image] and a local sample clustering loss [image: image]. The knowledge about interclass relationships and the domain-independent class-specific cohesion/separation is captured by [image: image] and [image: image], respectively, which is given as follows:
[image: image]
[image: image]
where ψ, θ are the network parameters, η is the learning rate, and β1, β2 denote the weighting coefficients. [image: image] represents the loss function of the predictive task. By introducing both global and local information, the semantic structure regarding the EEG feature space is regularized explicitly.
3.6 Weighted Voting Scheme
To evaluate the contribution of each subnetwork, a weighted voting structure is introduced at the end of the network. We assumed that there are G modules for the classification with C classes. For an arbitrary class y = i, we denote by [image: image] the weight assigned to the jth module, where [image: image] and [image: image]. Then the collective probability pi for the ith class is the normalized weighted sum over modules:
[image: image]
The prediction result [image: image] can be given as follows:
[image: image]
The applicability of each algorithm on epileptic EEG could be estimated via observing its weight unit. Besides, a more balanced and intuitive collective could be created as the subnetworks are trained adaptively.
4 RESULTS AND DISCUSSION
In this section, the comparison results and weight matrix are provided to verify the generalization ability and evaluate the DA algorithms. HIVE-CODA is assessed on both intracranial and scalp EEGs. We adopted three common measures for evaluation: sensitivity, false alarm rate per hour (FPR), and area under the receiver operating characteristic curve (AUC).
4.1 Generalization Ability Analysis
The comparison experiments are conducted to demonstrate the advantages of HIVE-CODAs over other conventional methods. Many time/frequency domain–based approaches have been applied to predict upcoming seizures. Two classic deep neural networks, CNN and LSTM, are selected to assess the generalization ability of our method, which have achieved success in patient-specific forecast. We also attempted to find a generic algorithm across different subjects for comparison. However, little existing research considers the similarity of data acquisition to clinical situation and uses plenty of “unseen” patient’s samples for training. The implementation details of CNN and LSTM refer to references [17] and [22], and the experimental results are listed in Tables 3, 4.
TABLE 3 | Results compared with conventional methods on the Freiburg Hospital database.
[image: Table 3]TABLE 4 | Results compared with conventional methods on the CHB-MIT database.
[image: Table 4]The experiment regarding the intracranial EEG is performed based on the widely used Freiburg Hospital database. Table 3 illustrates that HIVE-CODAs achieve a sensitivity of 80% and an FPR of 0.18/h on average, which outperforms other forecast models. For the outlier-like Pt 17, HIVE-CODAs do not produce the desired effectiveness, which might be caused by a larger domain gap existing in the sample space.
Evidently, performances of all these prediction approaches show a significant decline compared with the patient-specific results in their literature. This phenomenon is reasonable since the training and testing samples are collected from one same subject in prior studies, which consider little about the generalization ability. Conversely, our method is implemented based on the existing database and small amount of “unseen” patient’s data, which is more coincident with the real clinical situations. Though the precision is not relative high, the model performance is sufficient for the daily needs of patients, as it approximates to the first-in-man trial [5].
In terms of scalp EEG, the experiment is conducted based on the public CHB-MIT database, produced by the Massachusetts Institute of Technology. As shown in Table 4, HIVE-CODAs achieve a sensitivity of 72% and an FPR of 0.24/h on average. Since the conventional algorithms consider little about the domain shift among different patients, HIVE-CODAs exhibit obvious advantages over other prediction models. Still, for several outliers like Pt 2, Pt 9, Pt 10, and Pt 17, the sensitivity of our approach is slightly higher than the lower bound of a random binary classifier. HIVE-CODA is a variation over deep learning models. As such, it carries with it the uncertainties associated to deep neural networks, in particular a lack of formal convergence guarantees.
Furthermore, experiments compared with DA algorithms are conducted. Results of AUC value are listed in Tables 5, 6. For the Freiburg Hospital database, results indicate that HIVE-CODAs achieve higher generalization ability than the conventional algorithms. It also testifies to the application potential of integrated DA modules on processing epileptic EEG. To be specific, the interindividual variability could be alleviated, and the existing forecast systems could be transferred to the clinic due to the emerging technologies in DA.
TABLE 5 | Results compared with DA methods on the Freiburg Hospital database.
[image: Table 5]TABLE 6 | Results compared with DA methods on the CHB-MIT database.
[image: Table 6]For the CHB-MIT database, the conventional studies show a lower performance in a clear margin compared with their patient-specific results, which is consistent with the experiment conducted on intracranial EEG. Moreover, all these model performances drop to a varying degree compared with the precisions on the Freiburg test set. It might be caused by the advantages of ensemble learning in analyzing low spatial resolution recordings, namely, the scalp EEG signals. In other words, intracranial EEG recordings have the high spatial resolution and SNR, and the artifacts are typically seen in scalp EEG [46, 47]. This result also illustrates that HIVE-CODAs have superiority for processing complex time series due to the diverse inner pattern of the collective structure.
4.2 Module Performance Analysis
As few studies evaluate the applicability of different DA algorithms for seizure prediction, this study provides an analysis based on the adaptively trained weight matrices. HIVE-CODAs introduce several successful machine learning models from related fields and assess their performance. The subnetworks are conducted via a statistical analysis of the weighted voting layer. The weight distributions are presented in Figure 5. The greater the normalized weight, the greater the contribution of the corresponding DA module. DA methods with high contributions are considered to have larger potential. This study also tests the predictive precision of each module running alone (with the other modules’ weights reset to 0). The results of AUC values are illustrated in Figure 6. A detailed discussion regarding these DA techniques is provided as follows.
[image: Figure 5]FIGURE 5 | Module performance analysis for the Freiburg Hospital (A) and CHB-MIT (B) database. It is calculated based on the learned weight vector of each DA subnetwork.
[image: Figure 6]FIGURE 6 | AUC of different modules on the Freiburg Hospital test set (A) and the CHB-MIT test set (B).
1) CMDA: CMDA relies on Riemannian manifold–based features to capture the characteristic scale of the neuronal events, which was proposed for motor imagery. As shown in Figure 5, CMDA surpasses the other approaches on both intracranial and scalp EEG datasets. We conjectured that the inner pattern of EEG sequences may obey a compact distribution in the embedding space, such that the manifold-based methods that capture continuous subspace might be applicable to such task. The experimental result indicates that the analytic Riemannian manifold can potentially be used to develop a robust seizure predictor.
2) SIDA: The SIDA module is an adversarial neural network from the area of emotion recognition. It uses EEG spectra as input to learn a new representation, minimizing loss of emotion recognition and subject confusion. As we can see, SIDA makes relatively larger contribution compared with other modules. It might be due to the combination of CNN and generative adversarial network (GAN), which have been exploited to extract invariant latent features successfully. The weight unit of SIDA module may suggest the potential effect of adversarial learning on generalization ability, since SIDA exploited the architecture of GAN. However, this conjecture needs to be further verified for the SIDA module as it adopts the power spectral density (PSD) features as inputs.
3) C-DCGANs: C-DCGANs use conditional GANs to generate EEG artificially, which is developed for the detection of subject’s movement intention (MI). We noticed that the performance of data augmentation–based module is not desired compared with the specific features and adversarial learning–based subnetworks. The degradation might be caused by the limitation of EEG data augmentation. The fake data usually involve more artifacts [48] that may contaminate EEG data. Still, C-DCGANs provide a decent accuracy, which suggests that data augmentation still has potential in developing a generic seizure forecast model.
4) MMD-AAE: By matching the aggregated posterior with a prior distribution, the MMD-AAE module extracts the cross-domain features with adversarial learning. This scheme was originally used for image recognition. On both intracranial and scalp EEG datasets, MMD-AAE outperforms MIDA, MASFF, and PPDA modules and exhibits a slight decrease compared with the C-DCGAN module. Due to the above par performance of MMD-AAE, the conjecture in 2) about the superiority of adversarial learning is verified to some extent. This superiority may derive from the variational inference process of MMD-AAE, which alleviates the overfitting to the source domains effectively.
5) PPDA: PPDA is a technology applied to EEG-based emotion recognition. It uses LSTM-based encoder to decompose the features into general characteristics applicable to all individuals and personalized characteristics. Dividing the raw EEG data into subject-specific information and generalized information is a commonly-adopted strategy for domain adaptation. However, for seizure prediction, PPDA displays subpar performance, which we did not expect. Feature decomposition and the adoption of LSTM seem reasonable in these tasks. However, due to the few reports of relevant models, it cannot be absolutely determined that the decomposed features and LSTM are not suitable for epileptic signals.
6) MASF: MASF exploits semantic features and gradient-based meta-learning to establish a model-agnostic learning paradigm. In the field of image processing, successful application of MASF has been reported. Notably, the performance of the semantic feature–based method is unsatisfactory. We conjectured that the discriminant hyperplane in the feature space may be too complex to be adapted by the explicit semantic features. Moreover, the limitation of the initial neural architecture for meta-learning might also be a constraint of the search space.
7) MIDA: MIDA is originally applied in the emotion recognition field. The purpose of this model is to reduce differences in domain distributions by learning a subspace with maximum independence. Figure 5 indicates that all the DA methods can outperform the MIDA module. This result was expected, given the limited background information on epileptic data. Obviously, the background-specific features are not valid characteristics.
Based on these results, we observed that adversarial learning and manifolds may achieve good performance in epilepsy prediction. In addition, CNN and PSD features may also have the potential to process epileptic signals. In the domain generalization field, CNN has gradually become one of the most popular algorithms. This also further echoes the conjecture about CNN in this experiment. Note that the module performance may be variable on some special cases, since several outliers (in the Freiburg dataset, Pt 11, 21 for the C-DCGAN module; in the CHB-MIT dataset, Pt 2, 13 for the PPDA module, Pt 21 for C-DCGANs module, and Pt 2 for CMDA module) have been observed.
4.3 Model Applicability Analysis
Here, we attempt to summarize the universal characteristics and architectures based on the observations of DA algorithms in Section 4.2. The weight vectors of three types of DA methods (specific features, data augmentation, and adversarial learning) are quantified in a statistical analysis, which is depicted in Figure 7.
[image: Figure 7]FIGURE 7 | Distribution of weight matrices of three types of DA algorithms.
As shown in Figure 7, the adversarial learning–based approaches exhibit obvious advantages over the other DA methods on both intracranial and scalp EEG. Meanwhile, the weight distribution indicates that model performance regarding the specific features and data augmentation is volatile. Comparing adversarial learning to specific features, we reckon that the amount of above par weights is about 64% up. Comparing adversarial learning to data augmentation, a further 61% benefit is obtained, for a total of about 125% margin over data augmentation–based methods. These observations give us confidence in the efficacy of adversarial learning for processing epileptic signals, and we conjecture that data augmentation is relatively inferior for alleviating individual variability.
In particular, the manifold feature of CMDA surpasses all the other methods, such that the effectiveness of manifold feature requires a further demonstration. The statistical significance of the manifold feature is assessed for discriminating preictal and interictal stages across different patients. The two-sample Kolmogorov–Smirnov test [49] at a 5% significance level (p < 0.05) is implemented during the evaluation.
The significance analysis for each patient is provided in Tables 7, 8. The unqualified performance index is marked in bold format. For the manifold feature, 17 of 20 subjects in the Freiburg dataset and 13 of 16 subjects in the CHB-MIT dataset present an adequately distinguished ability. According to this observation, the manifold-based methods might be the promising techniques in developing a robust seizure predictor.
TABLE 7 | p values on the Freiburg Hospital dataset.
[image: Table 7]TABLE 8 | p values on the CHB-MIT dataset.
[image: Table 8]5 CONCLUSION
This study proposes a universal approach to alleviate the problem of individual variability in epileptic seizure prediction. By combining the DA and ensemble learning techniques, the proposed HIVE-CODA model mitigates the effects of epileptic individual variance and increases the generalization ability. Besides, a simulated clinical sampling scenario is adopted during training and testing periods, which is the first attempt to adopt this evaluating strategy. Compared with the patient-specific scheme in conventional studies, such an assessment model is relatively demanding and challenging. Nonetheless, HIVE-CODAs achieve high domain shift robustness and precision, which demonstrates its feasibility of real-world applications.
By analyzing the contributions of each module, the experimental results also demonstrate the effectiveness of adversarial learning and manifolds in epileptic seizure prediction. The underlying causes of this phenomenon remain unclear because there is no definitive explanation of the dynamics of epilepsy in the existing literature. However, the success of the manifold module in this experiment brings new inspiration. We speculate that the mapping of EEG in the high-dimensional space may follow a compact distribution, so the kernel-based method for searching hyperplanes may have potential in this task. The search for more powerful DA algorithms and the underlying reasons will be considered as part of our future research extension to achieve higher performance.
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A novel dual-band bandpass filter (BPF) is proposed with independently controllable transmission zeros (TZs) which can realize widely tunable stopband bandwidth (BW). The planar microstrip filter consists of a three-degree L-C ladder lowpass filter loaded with two unsymmetrical shorted stubs which are used to produce different TZs. By tuning the parameters of the two unsymmetrical shorted stubs, the TZs can be independently controlled. Therefore, the BPF has independent controllable center frequencies (CFs), passband bandwidths, and stopband bandwidths between adjacent passbands. All the L-C values in the equivalent circuit of the proposed filter are optimized to fulfill the design specifications. For demonstration, a dual-band BPF is designed. The measured results show good agreement with the simulated ones.
Keywords: bandpass filter, dual-band, tunable stopband, wide upper stopband, transmission zeros, transmission poles
INTRODUCTION
Modern wireless communication systems need high performance filters which have controllable CFs, passband bandwidths, stopband bandwidths, and sharp rejection. Different designing structures and methods have been greatly studied [1–17]. Generally, the dual-band bandpass filter (BPF) adjusts the CFs by changing transmission poles (TPs) [1, 2]. To suppress the harmonic responses, the multiple resonant modes excited by a stepped impedance stub-loaded resonator are used to design dual-band BPFs with a wide upper stopband [3]. However, there is only one transmission zero (TZ) in the stopband. Therefore, the stopband bandwidth is narrow. By introducing more TZs in the stopband, the performances of selectivity and stopband bandwidth can be enhanced. Signal-interference principles [4–6] are applied to design single- or dual-band BPFs with broad stopband bandwidths by creating multiple TZs. To design high performance filters with multiple passbands, the method of multiple mono-frequency resonators coupling to a non-resonating node is proposed in [7]. To have more TZs, couplings between the non-resonating nodes are introduced in [8], or couplings and more open/shorted-subs [9, 10] are applied in the configurations. However, it is difficult to realize the coupling for application when the number of passband increases. Moreover, TZs introduced by the coupling matrix need to change all the coupling coefficients, so it is also difficult to independently adjust the position of TZs [11].
This study presents a novel BPF loaded with two unsymmetrical shorted stubs to introduce two different TZs in the stopband to realize the controllable stopband bandwidth. Following our early work [12], the theoretical analysis of the TZs and TPs is shown in this study, which can demonstrate that the design method has advantages of simplicity and effectiveness. A three-degree lowpass filter prototype is chosen for simplicity; the in-band performance will be improved when choosing more degrees of the lowpass filter prototype. A dual-band BPF has been designed and fabricated to verify the proposed concept.
ANALYSIS
The equivalent circuit and network of the proposed prototype are shown in Figure 1. The network can be divided into three subnetworks, as shown in Figure 1B, which are the lowpass filter (LPF) section in the middle and two unsymmetrical shunt admittance sections at the sides. The LPF section is also a symmetric network and has chosen a three order L-C ladder prototype for simplicity, as shown in Figure 1A.
[image: Figure 1]FIGURE 1 | Proposed BPF equivalent circuit and network (A) equivalent circuit (B) network model.
From our early analysis in [12], the shorted stub with two equivalent capacitors will introduce two TZs. As shown in Figure 1, the configuration has two unsymmetrical shorted stubs; the shunt admittances of Stub1 and Stub 2 have different LC values, which will produce four different TZs.
The ABCD matrix of the transmission network in Figure 1B is expressed as follows, where MY1 and MY2 are the ABCD matrices of the Stub 1 and Stub 2, respectively. MLPF is the ABCD matrix of the middle LPF section. According to the relationship of scattering parameters with the ABCD matrix, the TZs and the reflection zeros (TPs) are the roots of polynomials P(s) and F(s), respectively, where the impedance of the source/load is normalized to be 1. When the root of F(s) is an imaginary number, the reflection zero related to the root represents a TP.
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From (Eq. 4b), polynomial P(s) has 4n+2 roots (n = 2), of which 2 roots are at the origin and others are conjugate and symmetrical on the imaginary axis. Therefore, each shorted stub produces n TZs and the two unsymmetrical shorted stubs produce 2n different TZs on the imaginary axis. From (Eq. 5), the degree of polynomial F(s) is 4n+5. N1(s), N2(s), b(s), and c(s) have odd terms only, while D1(s), D2(s), and a(s) have constant terms. Therefore, polynomial F(s) has one root at the origin; two real roots and the remaining 4n+2 roots are conjugate and symmetrical on the imaginary axis or in four quadrants. The optimization algorithm is used to obtain the required lumped element values for independently controlling the TZs and the return losses, such as genetic algorithm and so on.
Since one of the two shorted stubs can tune two TZs, a dual-band BPF is presented for demonstration. The optimized L-C values are shown in Table 1. The S-parameters of the circuit with different parameters of the shorted stub are shown in Figures 2, 3. The parameter La1 of the shorted stub 1 can tune TZ1 and TZ4, which means the first passband CF and stopband bandwidth can be tuned independently, while the second passband width, TZ2 and TZ3 keep unchanged. The larger the value of La1, the smaller will be the frequencies of TZ1 and TZ4. Meanwhile, when the parameter Lb1 of the shorted stub 2 changes, the frequencies of TZ2 and TZ3 vary simultaneously. As shown in Figure 3, the value of Lb1 gets large and the frequencies of TZ2 and TZ3 decrease, which move at the same direction as that of TZ1 and TZ4. Therefore, the bandwidth of the second passband can be tuned independently. Since the position of the last TP is near that of TZ3, the upper stopband performance is effected by the move of TZ3.
TABLE 1 | Optimized L-C values for a dual-band BPF (L unit in nH, C unit in pF).
[image: Table 1][image: Figure 2]FIGURE 2 | Tunable TZ1 and TZ4 versus different La1.
[image: Figure 3]FIGURE 3 | Tunable TZ2 and TZ3 versus different Lb1.
RESULTS
A dual-band BPF is designed and fabricated to demonstrate the design method. The CFs of dual passbands are 1 and 2.8 GHz, respectively. The stopbands are 1.75–2.2 GHz (<25 dB) and >3.55 GHz (<25 dB), respectively. Therefore, the TPs are preset as 1.8, 2.15, 3.6, and 4.4 GHz. The optimized L-C values are La1 = 0.5922, La2 = 2.5267, La3 = 3.3803, L0 = 3.0691, Lb1 = 1.1153, Lb2 = 2.4080, Lb3 = 3.9501 (unit in nH), Ca1 = 2.8256, Ca2 = 3.2161, C0 = 1.4321, Cb1 = 2.8576, and Cb2 = 3.6815 (unit in pF). The S-parameters calculated by the optimized L-C values are shown in Figure 4A. The roots of P(s) are 0, 0, ±1.83j, ±2.16j, ±3.59j, and ±4.41j, which are calculated in unit GHz for facility. The positive imaginary roots of P(s) represent the TZs. The L-C values of shunt admittance Yins1 control TZ2 and TZ4, while the L-C values of shunt admittance Yins2 control TZ1 and TZ3. The roots of F(s) are 0, −0.05 ± 1.01j, 0.1 ± 1.37j, −0.07 ± 2.59j, 0.04 ± 2.9j, 0.03 ± 3.58j, −8.94, and 15.15. Since the roots 0.03 ± 3.58j of F(s) are close to the roots ±3.59j of P(s), the second passband has two TPs not three TPs [7].
[image: Figure 4]FIGURE 4 | Calculated and measured S-parameters and optimized structure (A) calculated and simulated S-parameters (B) optimized BPF structure.
The BPF is simulated and fabricated on a substrate with εr = 2.65, tanδ = 0.003, and h = 1 mm. Here, we choose the 117.8 Ω high-impedance line, which has the line-width of 0.5 mm. As shown in Figure 4B, the line width of the open stub which acts as the capacitor is tapered. The characteristic impedance is calculated by the waist width of the taper. Due to the discontinuity of the microstrip line and the minor coupling between the open stubs, the final dimension parameters are optimized by the full-wave electromagnetic simulation software HFSS. The optimized values of parameters are given in Figure 4B. The circuit size is about 0.15 λg × 0.15 λg, where λg is the guided wavelength at f01. The simulated S-parameters agree well with the calculated ones, as shown in Figure 4A. Figure 5 shows the simulated and measured S-parameters with the photograph inset. The measured results are in good agreement with the simulated ones. The discrepancies between the simulated results and the measured results may be due to the ignorance of transmission line discontinuity and fabrication tolerances. The measured CFs, fractional bandwidths (FBWs), insertion losses (ILs) at the CF, out-band suppressions (OBSs), the number of controllable TZs, and the size are listed in Table 2. As shown in Table 2, the proposed dual-band BPF with simple circuit topology has advantages such as relative low IL, wide FBW, wide upper stopband, and more controllable TZs.
[image: Figure 5]FIGURE 5 | Simulated and measured S-parameters with photograph inset.
TABLE 2 | Comparison of the proposed filter with previous designs.
[image: Table 2]CONCLUSION
A dual-band BPF with a controllable stopband bandwidth between the passbands is designed by the method of independently controlling TZs. By tuning the parameters of the two unsymmetrical shorted stubs, the introduced two TZs between adjacent passbands can be independently controlled. After optimizing the equivalent circuit lumped element values, the CFs, passband bandwidths, and stopband bandwidths can be tuned in a certain range. With a simple filter structure and good performance, the proposed method is attractive for application in high-selectivity filter designs.
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In this paper, a low-profile, broadband metasurface antenna for polarization conversion is proposed based on characteristic mode analysis (CMA). A new type of metasurface unit with a partially chamfered symmetrical triangular structure is designed. The inherent physical characteristics of the antenna are analyzed based on CMA, and the expected characteristic modes are selected for excitation at a suitable position. Slot-coupled feeding via microstrip line realizes the performance of wide impedance bandwidth and axial ratio bandwidth (ARBW). The measured -10 dB impedance bandwidth of 36.3% (4.38–6.32 GHz) and the 3 dB ARBW of 20.1% (5.41–6.62 GHz) are achieved. The left-hand circular polarization (LHCP) is realized, and the measured highest gain in the working frequency band is 6.05 dBic. The overall size of the designed and fabricated metasurface antenna is 0.58 [image: image] × 0.58 [image: image] × 0.07 [image: image]at 5 GHz. The proposed metasurface antenna can be well used in C-band satellite communications due to its low profile, broadband, and circular polarization.
Keywords: metasurface, characteristic mode analysis, polarization conversion, low-profile, broadband
INTRODUCTION
In recent years, with the continuous development of wireless communication technology, the antenna as an important part of the communication system has attracted more and more scholars to invest in related research. The polarization mode of the antenna includes linear polarization (LP), circular polarization (CP), and elliptical polarization. With the advancement of communication technology, LP has been difficult to meet the modern complex communication environment, so the demand for CP is increasing [1]. CP has the properties of reducing multipath interference, polarization mismatch, and overcoming the Faraday rotation effect [2], and is widely used in communication equipment.
Traditional microstrip patch antennas are used in many scenarios because of their low profile, simple structure, easy fabrication, and easy integration [3–5]. However, as the requirements for antennas become higher and higher, microstrip patch antennas are difficult to meet the needs of modern communications because of their narrow impedance bandwidth and low gain. Metasurface antenna is expected to overcome such drawbacks as the traditional microstrip patch antenna. In recent years, metasurface antennas have been applied to CP antenna design by more and more scholars to improve the impedance bandwidth, axial ratio bandwidth (ARBW), and the gain of the antenna [6, 7]. In [8], a metasurface unit for polarization conversion was proposed, where the unit consisted of a hexagonal ring enclosed within a rectangular ring and printed on both sides of the dielectric substrate. Although the high gain was achieved, the impedance bandwidth and ARBW were both narrow. In [9], a metasurface antenna composed of square metal patch units was proposed, and four intersecting slots were used for slot coupling feed through the microstrip line. The antenna achieved the 3 dB ARBW of 14.5%, and the axial ratio beam bandwidth was more than 205°, but the impedance bandwidth of -10 dB was only 17%. In [10], a metasurface antenna with periodic elliptical patches rotated 45° to achieve polarization conversion was proposed. The antenna analyzed the principle of CP on the metasurface by using the equivalent circuit method. The antenna achieved the 3 dB ARBW of 17.4% and the peak gain of 8 dBic. But the size of the antenna was large and the -10 dB impedance bandwidth was only 20.6%. In [11], the metasurface unit composed of a split ring resonator and microstrip line was proposed, and the rotation angle between two adjacent units differed by 90°. Although a low radar cross-section and high gain were achieved, it had a narrow ARBW and a complex feed network. In [12], a metasurface CP antenna for 5G indoor applications was proposed, which was analyzed using transmission line and equivalent circuit models. The 2D meta-resonator construction and sloping slot coupled feeding achieved CP radiation, but its impedance bandwidth and ARBW were narrow. For the above-mentioned papers, some of them do not have an in-depth analysis to explain the inherent physical properties.
In recent years, characteristic mode analysis (CMA) has been used to analyze the inherent physical characteristics of the designed antenna and to gain a deep understanding of its working principle [13, 14]. Using CMA to analyze metasurface can well analyze its resonance characteristics and radiation characteristics, and obtain the best antenna performance through the analysis of each mode [15]. In [16], an H-shaped metasurface unit was proposed and the feed was slot-coupled through the cross-shaped aperture on the ground. Although CMA was used for the analysis, the paper mentioned did not consider the effects caused by the slot structure and did not analyze the results of modal weighting coefficient (MWC). In [17], a windmill-shaped metasurface unit was proposed to realize a reconfigurable tri-polarized antenna, and the 3 dB ARBW of 15% was obtained. The proposed metasurface structure was analyzed by using the modal significance and characteristic currents in CMA, but the principle of achieving CP was not analyzed in depth. In [18], a novel stereo metasurface unit was proposed, which effectively reduced the size and increased the bandwidth of the antenna. Although the resonant characteristics of the patch antenna and the metasurface were analyzed by CMA, only the modal importance was used for the analysis. However, CMA has several parameters available for antenna analysis, and it is difficult to characterize the antenna with one or two alone, and MWC as an important parameter is rarely analyzed.
In this paper, a new low-profile broadband metasurface antenna consisting of 4 × 4 partially chamfered symmetrical triangular structure units with a slot coupling feeding structure is proposed for a wide impedance bandwidth and ARBW. Different from most CMA-based designs where only the metasurface layer is analyzed, this paper also analyzes the effect of introducing a slot-coupled structure. In addition, the amplitude and phase of the MWC are analyzed to find the modes that are eventually excited and the modes that produce CP.
The rest of the paper is organized as follows. In Design and Analysis of Polarization Conversion Antenna, the metasurface antenna and the stepped slot patch antenna are introduced. At the same time, CMA is used to understand their resonance characteristics and radiation characteristics, and the final antenna design is given. In Results and Discussion, the designed metasurface antenna is fabricated, and its characteristics are measured and analyzed. In Conclusion, the conclusion of this paper is presented.
DESIGN AND ANALYSIS OF POLARIZATION CONVERSION ANTENNA
Analysis of Proposed Antenna Based on CMA
CMA is a method of analyzing antenna without adding excitation, which is determined by factors such as antenna structure and size. There are three important parameters in CMA: eigenvalue ([image: image]), modal significance (MS), and characteristic angle (CA) [19]. When [image: image] equals to zero, the associated mode is resonant and radiates the most efficiently. MS is used to characterize the potential ability of a certain mode to play a role in a certain frequency band [20]. The calculation formula for MS is [image: image] If the MS is close to 1 at a certain frequency point, it means that this mode is important at this frequency. If appropriate excitation is added, this mode can become the main radiation mode. The calculation formula of the CA is [image: image]. When the CA is 180°, it indicates that the resonance state is reached at this frequency. If the difference between the CAs of the two characteristic modes reaches 90°, the two modes have the potential to achieve CP. In addition, the total current of the CMA can be expressed as a linear superposition of a series of mode currents and is defined as [image: image], where the coefficient [image: image] is used to indicate the degree to which each mode is excited and is also known as the MWC.
To explain the working mechanism of the proposed metasurface antenna with polarization conversion, the CMA of the proposed metasurface antenna structure is carried out in the commercial software CST MWS 2021 to study its working characteristics. First, the multi-layer solver is used to analyze the CMA of the metasurface antenna from 3.5 to 7 GHz. The metasurface layer is composed of the upper metasurface and the underlying dielectric substrate, as shown in Figure 1. The substrate and ground are considered to be infinite. The material of the metasurface is Perfect Electric Conductor (PEC), and the dielectric substrate uses FR4 ([image: image] = 4.3) as the lossless material. The length of the dielectric substrate is Wm, and the height is h1. The length of the patch is Wp, the gap between each unit is G in both x and y directions.
[image: Figure 1]FIGURE 1 | The structure of the metasurface layer: (A) Front view; (B) Side view.
The first four characteristic modes of the antenna are used for CMA at 5.8 GHz. Figure 2A shows the MS of the first four characteristic modes. It can be seen from the figure that the first three characteristic modes are close to 1 at 5.8 GHz, and Mode 4 is close to 1 at 6.7 GHz. The eigenvalues of each mode at the respective resonant frequency are close to 0 as shown in Figure 2B. The CAs of the four modes are shown in Figure 2C, and the difference between the CA of Mode 1 and Mode 4 is close to 90° at 5.8 GHz as shown in Figure 2D. To study the radiation characteristics, the characteristic current is analyzed. The characteristic currents of the four modes at 5.8 GHz are shown in Figure 3 and the arrow on the metasurface antenna represents the direction of the characteristic current. It can be seen from the figure that the current directions of Mode 1 and Mode 4 are orthogonal, and the maximum current distribution is concentrated at the center patch. The characteristic current direction of Mode 2 is mirror symmetry, and the characteristic current direction of Mode 3 is symmetric about the geometric center. Therefore, Mode 1 and Mode 4 are a pair of orthogonal modes due to the symmetry of the metasurface. It is possible to obtain CP by exciting with the same amplitude and a phase difference of 90°. If the excitation is added at the suitable location where the current is maximum, Mode 1 and Mode 4 can be excited at the same time to achieve CP.
[image: Figure 2]FIGURE 2 | MS, eigenvalue, and CA of the metasurface layer and the difference between the CA of Mode 1 and Mode 4: (A) MS; (B) Eigenvalue; (C) CA; (D) Difference of CA.
[image: Figure 3]FIGURE 3 | Characteristic current of the metasurface at 5.8 GHz: (A) Mode 1; (B) Mode 2; (C) Mode 3; (D) Mode 4.
CMA is performed on the stepped slot patch antenna, which structure is shown in Figure 4A. The first two characteristic modes of the stepped slot patch antenna are used for CMA. It can be seen from Figure 4B that the maximum values of the MS of the two modes are close to 1 at 4.25 GHz, and the potential bandwidth of the two modes greater than 0.707 is relatively narrow, which makes it difficult to achieve broadband. The characteristic currents of the two modes are shown in Figures 4C,D. Mode 1s is the main mode and its characteristic current is LP along the y-axis, while the characteristic current of Mode 2s has different directions so it is not representative and is ignored. Therefore, if the selected excitation location is appropriate, the stepped slot patch antenna can be excited to achieve LP along the y-axis.
[image: Figure 4]FIGURE 4 | The structure, MS, and characteristic current of the stepped slot patch antenna: (A) Antenna structure; (B) MS; (C) The characteristic current of Mode 1s; (D) The characteristic current of Mode 2s.
CMA is used to analyze the overall structure of the antenna, and the results are shown in Figure 5. The first five most characteristic feature patterns are taken for analysis. From the MS in Figure 5A, it can be seen that Mode 0′ reaches 1 at 4.77 GHz, which satisfies the condition of resonance. The resonance frequency points of Mode 1′-Mode 3′ are all located at 5.5–6 GHz, and the resonance frequency point of Mode 4′ is 6.45 GHz. According to the results of the CMA performed on the slotted patch above, Mode 0′ is a characteristic mode introduced by the slotted patch, i.e., the slot mode, and the other four characteristic modes are the modes possessed by the metasurface. Figure 5B shows the eigenvalues corresponding to each characteristic mode and all of them reach 0 at their respective resonance points, satisfying the resonance condition. The CA of each characteristic mode is shown in Figure 5C, and the difference of CA between Mode 1′ and Mode 4′ is shown in Figure 5D. It can be seen that after the CMA of the overall structure of the antenna, the difference of the CA reaches 90°, and the structure has the condition to realize CP.
[image: Figure 5]FIGURE 5 | CMA of the overall structure: (A) MS; (B) Eigenvalue; (C) CA; (D) CA difference.
It is worth noting that the five modes are excited to some extent with the addition of the incentive structure. As can be seen in Figure 6A, the Mode 0′ is excited to a large extent, followed by the metasurface generated Mode 1′ and Mode 4'. Mode 2′ and Mode 3′ are also excited to some extent, but the degree of excitation is not high and the effect caused is small. The phases of the MWC of the five modes are shown in Figure 6B and the phase difference between Mode 1′ and Mode 4′ is shown in Figure 6C, and the results show that the antenna structure has the condition to achieve CP.
[image: Figure 6]FIGURE 6 | The result of MWC: (A) Magnitude of MWC; (B) Phase of MWC; (C) Phase difference of MWC.
Antenna Structure and Parameter Analysis
Through the above analysis of the inherent physical characteristics of the antenna using CMA, when the stepped slot patch antenna and the metasurface are excited at the same time, the conversion from LP to CP can theoretically be realized. The overall structure of the proposed metasurface antenna for converting LP to CP is shown in Figure 7. The geometry of the proposed antenna is composed of three metal layers and two substrate layers. The antenna consists of two layers of dielectric substrates with thicknesses of h1 and h2, respectively, and the material used is FR4 ([image: image] = 4.3, [image: image] = 0.02). The metasurface layer composed of 4 × 4 units is located above the upper dielectric substrate and is used to convert polarized waves from LP to CP. The stepped slot ground is located between the two dielectric substrates, and the 50 Ω microstrip line is located below the lower dielectric substrate.
[image: Figure 7]FIGURE 7 | The overall structure of the CP metasurface antenna: (A) Top view; (B) Back view; (C) Side view.
By opening a stepped slot on the ground, the impedance matching and the ARBW can be better adjusted. The length m1 of the two steps on the ground will affect the impedance bandwidth and ARBW. As shown in Figure 8, when the other parameters remain unchanged, the parameter scan analysis is performed with m1 from 0.5 to 2.5 mm at intervals of 0.5 mm. It can be seen from the figure that the influence of m1 on the impedance bandwidth is not as great as the ARBW, and the impedance bandwidth is maintained at about 40%. However, for the ARBW, as the parameter m1 increases, the ARBW gradually becomes narrow, which will cause the performance of CP to deteriorate. Through comparative analysis, the final value of m1 is 1 mm. As shown in Figure 9, while keeping the other parameters unchanged, the interval of Ws from 1.0 to 3.0 mm is 0.5 mm for parameter scanning, and when Ws takes different values, the change of impedance bandwidth is greater than the impact on the ARBW. When the value of Ws is less than 2.0 mm, the impedance bandwidth and ARBW will become narrow, especially the impedance bandwidth. When Ws is 1.0 mm, the impedance bandwidth is only 19%, and the impedance bandwidth at this value is difficult to achieve broadband. At the same time, this value also narrows the ARBW, which makes it difficult to achieve the ideal CP effect. When the value of Ws is greater than 2.0mm, although the impedance bandwidth will be broadened, the ARBW will be affected. When the value of Ws is 3.0 mm, the ARBW is only 18%. Through comparative analysis, the final value of Ws is 2.0 mm.
[image: Figure 8]FIGURE 8 | S11 and ARBW when m1 takes different values: (A) S11; (B) ARBW.
[image: Figure 9]FIGURE 9 | S11 and ARBW when Ws takes different values: (A) S11; (B) ARBW.
Based on the above analysis and optimization, other parameters of the metasurface antenna are shown in Table 1. By using the commercial software CST MWS for simulation optimization, the simulated impedance bandwidth of -10 dB is 39.33% (4.31–6.42 GHz), the ARBW of 3 dB is 21.25% (5.51–6.82 GHz), and the maximum gain is 6.25 dBic. The overall size of the proposed metasurface antenna is [image: image] at 5 GHz.
TABLE 1 | Parameters of the proposed antenna (in millimeters).
[image: Table 1]RESULTS AND DISCUSSION
In order to verify whether the performance of the designed antenna meets actual requirements, the designed antenna is fabricated and measured. The metasurface antenna is fabricated using a commonly used printed circuit board (PCB), as shown in Figure 10. Figure 11 illustrates the impedance bandwidth and ARBW obtained under simulation and measurement. The simulated −10 dB impedance bandwidth and 3 dB ARBW of the proposed metasurface antenna is 39.33% from 4.31 to 6.42 GHz and 21.25% from 5.51 to 6.82 GHz, respectively. The −10 dB impedance bandwidth and 3 dB ARBW of the fabricated metasurface antenna are 36.3% from 4.38 to 6.32 GHz and 20.1% from 5.41 to 6.62 GHz, respectively. Both the simulation and measurement results show that after the excitation is added, the mode of the stepped slot patch and the mode of the metasurface is excited at the same time, and the impedance bandwidth of the antenna is broadened. Figure 12 shows the gain and efficiency of the metasurface antenna under simulation and measurement. The maximum gain in the simulation and measurement are 6.25 dBic and 6.05 dBic, respectively, and the efficiencies in the simulation and measurement are 79.5 and 75.8%, respectively.
[image: Figure 10]FIGURE 10 | Fabricated photos of metasurface antenna: (A) Top view; (B) Rear view.
[image: Figure 11]FIGURE 11 | Simulation and measurement of the S11 and ARBW of the proposed antenna: (A) S11; (B) ARBW.
[image: Figure 12]FIGURE 12 | Simulation and measurement of the gain and efficiency of the proposed antenna.
Figure 13 shows the radiation patterns of the xoy-plane and yoz-plane at 5.8 GHz of the metasurface antenna under simulation and measurement. It can be seen from the figure that the simulated and measured radiation patterns are basically the same. In the xoz-plane and the yoz-plane, the measured LHCP levels are approximately from -3 dBic to 7 dBic, and the measured RHCP levels are approximately from -7 dBic to -18 dBic. In both the xoz-plane and the yoz-plane, the measured LHCP level is higher than RHCP, which means that the proposed metasurface antenna is an LHCP antenna. The simulation and measurement results show that the LP generated by the stepped slot patch is converted into CP after adding the metasurface layer, thereby realizing the polarization conversion. Due to the influences and limitations of manufacturing accuracy and measurement environment, the simulation results and the measurement results are different.
[image: Figure 13]FIGURE 13 | Comparison of simulated and measured radiation patterns at 5.8 GHz: (A) xoz-plane. (B) yoz-plane.
Table 2 summarizes the comparison of the performance of recently reported CP metasurface antennas in terms of measurement results. As can be seen from the table, the proposed antenna has the widest impedance bandwidth and ARBW. Although some designs have higher antenna gain than our design, they have a larger size. Also, the design and fabrication of some antennas are more complicated because of the including of the feeding network.
TABLE 2 | Comparison of the performance of recently reported CP metasurface antennas.
[image: Table 2]CONCLUSION
In this paper, a novel low-profile broadband polarization conversion metasurface antenna using a partially chamfered symmetric triangular unit structure is proposed. The resonance characteristics and radiation characteristics of the metasurface antenna are analyzed by CMA, and the principle of polarization conversion is explained in depth. The slot-coupled feed through the microstrip line excites both the slot mode and the metasurface mode at the same time, which broadens the bandwidth of the antenna and realizes the polarization conversion. Simulated results show that the -10 dB impedance bandwidth and 3 dB ARBW of the proposed metasurface antenna are 39.33% (4.31–6.62 GHz) and 21.25% (5.51–6.82 GHz), respectively. By fabricating and measuring the antenna as verification, the measurement results show that the −10 dB impedance bandwidth of the proposed antenna is 36.3% (4.38–6.32 GHz), and the 3 dB ARBW is 20.1% (5.41–6.62 GHz). The measurement results and the simulation results are in good agreement. Moreover, the proposed antenna achieves a compact structure of only [image: image] at 5 GHz, and has the characteristics of simple structure and easy processing, which is suitable for C-band satellite communications.
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A leaky-wave antenna (LWA) realizes radiation of travelling wave along guiding structures. Periodic modulation is an effective approach to turn non-radiating modes into radiating modes. A high-efficient LWA based on spoof surface plasmon polaritons (SSPPs) loaded with parasitic patch array is proposed. Sinusoidal modulation is used for the radiation of SSPPs, while parasitic array mitigates the open stopband (OSB) effect. A prototype is fabricated and measured. The measured and simulated results agree well with each other. Such design shows wide angle coverage of 83[image: image] from backward to forward and stable gain distribution of about 12 dB within the whole operating band.
Keywords: dual-beam, frequency scanning, SSPPs, highly efficient, parasitic patch array
INTRODUCTION
Leaky-wave antennas (LWAs) was first introduced by Hansen in 1940, consisting of a slotted rectangular waveguide [1]. Since then, great improvements have been achieved in such field, taking advantages of low profile, wide frequency scanning coverage and ease of fabrication [2]. LWAs are popular in microwave designs because conical beam with good directivity related to frequency is achieved without complex feeding network. In recent years, they have been used in high-resolution radar systems, conformal antennas on aircraft, satellites, and guiding systems.
Spoof surface plasmon polaritons (SSPPs) are novel guiding modes excited on the surface of periodic metamaterial structures. Such modes mimic the dispersion property of surface plasmon polaritons (SPPs) that only exist in optical or near-infrared bands. SSPPs shows unique properties of low-pass, high field confinement, and shorter operating wavelength, which provides great reference to improve traditional microwave circuits and systems. In 2014, broadband excitement of SSPPs is reported, which makes great contributions to researches of SSPPs [3]. Since then, a series of passive and active functional devices based on SSPPs were reported [4–8].
However, the near electric field of SSPP modes locates around the metallic structure of the SSPP waveguides during propagation. It decays exponentially with the increasing distance away from the waveguide. Such distribution ensures low cross-talk between devices while increasing difficulties in designing radiation components. In order to turn the non-radiating mode into a radiating mode, periodical modulation and parasitic radiating patches are used. SSPP could work as excitation of certain patches to achieve effective radiation. Two rows of circular patch arrays were excited by SSPP transmission line with both perfect electric conductor (PEC) and artificial magnetic conductor (AMC) [9]. A single-beam scanning range of 40[image: image] is obtained. The circular patch array placed at only one side of the SSPP structures could also provide single-beam radiation [10]. In such circumstances, a lateral radiation with stable high gains is designed. Open-loop elements were also used as radiation elements to design two Ka-band LWA with frequency scanning in both E-plane and H-plane [11]. In 2021, a novel split-ring-shaped SSPP transmission line is proposed to excited two elliptical-shaped patch arrays [12]. The open stopband (OSB) effect is mitigated and a wide scanning range from −90[image: image] to 22[image: image] is demonstrated. Circular patches fed by symmetrical SSPP are able to form dual-linear polarization [13]. For different excitation of in-phase and out-phase on SSPP structures, horizontal and vertical polarizations are acquired. Despite of exciting patches as radiators, periodic modulation of SSPP units could also provide efficient radiation. A wide-scanning-angle LWA is proposed with shorting stubs loaded with metallic posts [14]. The scanning range reaches 80 [image: image] with high realized gain. Periodic surface waveguide is cascaded between two SSPP transmission lines to form well-performed LWA [15]. Such antenna produces a single-side scanning beam of 8.7 dB gain with an overall efficiency of 75%. Backfire beam scanning is investigated based on the odd-mode SSPPs [16]. The main beam scans from backfire to broadside with high gain and radiation efficiency. Different order of space harmonics of periodic modulated SSPP is also used to provides extra radiation beam [17]. Both -1st and -2nd order space harmonics were proposed for forward and backward radiation respectively.
In this paper, a highly efficient LWA is proposed for wide beam scanning coverage from backward to forward. Periodically modulated grooves are used for the radiation of SSPP mode. And parasitic patch array is added inside the complementary SSPP line to improve radiation efficiency and mitigate the OSB effect.
Radiation of SSPPs
As a kind of TM surface modes, the surface impedance of SSPP mode could be obtained from its dispersion property according to the surface impedance theory. For SSPP mode, electric field decays exponentially with the distance away from the waveguide. The wavenumber along the direction perpendicular to the structure is imaginary. Thus, the wavenumber in transmission direction is real and it is larger than the that in free space. The surface impedance of SSPP could be expressed as:
[image: image]
where [image: image] and [image: image] are the wave impedance and wavenumber in free space, [image: image] is the wavenumber of SSPP along transmission direction.
The wavenumber of SSPP [image: image] could be calculated from its dispersion relationship. The dispersion relationship of traditional complementary SSPP grooves are shown in Figure 1. The structure of the unit is shown in the inset of Figure 1. The cycle of the unit p is 1 mm. The depth of the groove is d. And the widths of the center slot and groove are 2 and 0.5 mm, respectively. The cut-off frequencies of the units are directly controlled by the depths of the grooves. At a certain frequency, the deeper the groove is, the larger its wavenumber would be. From the figure we can also find that such mode located in slow wave area and it would not radiate. Hence, according to the LWA theory, periodic modulation is used. The dimensions of the grooves along transmission direction is designed under sinusoidal distribution. The surface impedance is expressed as
[image: image]
where [image: image] is the average surface impedance, [image: image] is the modulation factor, [image: image] is the cycle of the composite modulated unit. Sinusoidal modulation could excite multiple space harmonics. The n-order space harmonic along transmission direction is
[image: image]
[image: Figure 1]FIGURE 1 | The wavenumber [image: image] of SSPP unit under different dimensions. Inset: the structure of the complementary SSPP unit with dimensions labelled.
According to the radiation theory of LWA, frequency scanning is valid as long as the condition of [image: image] is met. And the radiation direction is calculated with
[image: image]
where [image: image] is normalized surface impedance.
The center frequency of the proposed radiator is designed to be around 9 GHz. Since the wavenumber of SSPP is dispersive, the surface impedance under different groove depths at 9 GHz is collected and shown in Figure 2. Since the cut-off frequency would be below 9 GHz when depth exceeds 6 mm. The maximum of the depth used is 5 mm. And the minimum of the depth is 0.5 mm. The surface impedance changes from 229 [image: image] to 1,095 [image: image]. The average surface impedance [image: image] is chose to be 500 [image: image] when the depth is 2.8 mm. The normalized surface impedance [image: image]. Since the antenna shows broadside radiation at 9 GHz, the radiation direction [image: image]. We got the modulated composite cycle [image: image] mm. The modulated number n = 20 is used. The structure of the modulated composite unit is shown in Figure 3 with 20 sub-units of grooves per unit. The depth of each sub-unit follows the sinusoidal distribution. The maximum and minimum dimensions of grooves in the composite unit are 5 and 0.5 mm respectively.
[image: Figure 2]FIGURE 2 | Surface impedance of SSPP corresponding to different groove depth d.
[image: Figure 3]FIGURE 3 | The structure of the periodic modulated composite SSPP unit.
The modulated n-order space harmonics of the average wavenumber is shown in Figure 4. Most harmonics locate outside the symmetrical light axis. Within band from 6 to 10.5 GHz (blue marked area), only the -first order harmonic locates in the fast wave area. Good frequency scanning could be realized. Within band from 10.5 to 14 GHz (orange marked area), both -first and -2nd order harmonics locates in the fast wave area. In such circumstance, radiation beam would split into two lobes in both backward and forward directions. The efficiency and radiation pattern would be affected. So the antenna is designed for band in which only -first order harmonic works.
[image: Figure 4]FIGURE 4 | The dispersion relationship of space harmonics.
Periodic extension of the composite unit forms a high-performance leaky-wave radiation. The S parameters of such 2-port device is shown in Figure 5. Backward and forward frequency scanning are achieved around 8 and 9.5 GHz. However, within the operating band, a clearly uplift around 9 GHz is observed due to the OSB effect. The reflection at 9 GHz reaches -3.5 dB, which means most of the energy is reflected back to input. The radiation efficiency is damaged.
[image: Figure 5]FIGURE 5 | The simulated S parameters of the LWA based on SSPP.
Improved Performance With Parasitic Patch Array
In order to improve the broadside radiation efficiency, parasitic circular patch array is introduced. The patches are excited by the SSPP mode inside the transmission structure and provide extra radiation. The operating wavelength of the SSPP transmission line can be obtained from the modulated average wavenumber as [image: image] mm. Thus, the radius of the circular patch is set to be 3.1 mm. As long as the patches locate in the same area, the phase different on the patches can be ignored and broadside radiation could be realized. On the other hand, limited by the space allocation, the cycle of the patch array is also 20 mm, larger than the operating wavelength. According to antenna theory of linear array in broadside design, grating lobe would occur. In addition, the patches are placed 2.2 mm to the left of the center of the composite unit. The center point of the composite unit is defined as the place where the minimum groove’s depth appears. When the patches deviate from the center point, the symmetry of the composite unit is broken and the OSB effect can be mitigated. The schematic structure of the proposed design is shown in Figure 6. At both terminals, microstrip lines on the bottom layer is used for excitation and reception. Circular cavities are supposed to improve the coupling efficiency between the slot and microstrip lines. Six units of grooves with gradient depths are used for broadband excitation of SSPP mode. And ten-unit of the composite units are cascaded for leaky-wave radiation.
[image: Figure 6]FIGURE 6 | Schematic structure of (A) the proposed device, (B) the feeding network and (C) the composite unit.
The voltage standing wave ratio (VSWR) of the design with and without parasitic patches are compared in Figure 7. Within the whole operating band, the design with parasitic patches keeps around 1.4, and the significant peak disappeared.
[image: Figure 7]FIGURE 7 | VSWR of designs with and without parasitic patches.
The prototype illustrated in the inset of Figure 8 is fabricated on F4B substrate with whole dimensions of [image: image]. The thickness of the substrate is 0.5 mm and its relative dielectric constant is 2.65. The measured S parameters are shown in Figure 8. Both reflection and transmission are below -10 dB from 8 to 10 GHz, indicating a good radiation performance. OSB effect for broadside radiation around 9 GHz is clearly suppressed. And beam-scanning from backward to forward is realized. For band from 7 to 8 GHz, transmission is above -10dB. The total efficiency drops but the radiation pattern still shows high gain property, which would be discussed later.
[image: Figure 8]FIGURE 8 | Measured S parameters of the proposed design. Inset: Photo of the prototype.
The simulated and measured far-field radiation patterns are shown in Figure 9, corresponding to different frequencies. The broadside radiation appears at 8.9 GHz. The measured results are in good agreement with the simulated results. Within band from 7 to 9 GHz, the design shows radiation of backward frequency scanning. And within band from 9 to 10 GHz, forward radiation is accomplished. the direction of the main lobe at 7 GHz, 8 GHz, 9.5 GHz and 10 GHz are -41°, -17°, 16° and 42°, respectively. The broadside radiation locates at 8.9 GHz with narrowest HPBW of 4.5 [image: image]. And it increases with the frequency increasing or decreasing. The HPBWs at 7 and 10 GHz are 6.4° and 8°, respectively. The measured HPBWs are about 1° smaller than the simulated ones. The simulated total efficiencies and measured gains are shown in Figure 10. The gain keep stable at around 12 dB within the whole operating band. And the maximum gain of 13.2 dB appears at 8.4 GHz.
[image: Figure 9]FIGURE 9 | Simulated and measured normalized pattern at different frequencies.
[image: Figure 10]FIGURE 10 | Realized gain and radiation efficiency.
CONCLUSION
In this letter, a high-efficient dual-beam LWA based on complementary SSPP modes has been proposed. Wide scanning coverage from backward radiation to forward radiation is achieved. Additional parasitic patch array is introduced in the modulated composite unit to improve the radiation efficiency and mitigates the OSB effect. The device shows stable gain distribution within the whole operating band, while scanning from −41 [image: image] to 42 [image: image]. A prototype is fabricated and measured. The measured results agree with the simulated ones. Such design is available for conformal applications and other kinds of radiation systems.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author.
AUTHOR CONTRIBUTIONS
All authors listed have made a substantial, direct, and intellectual contribution to the work and approved it for publication.
FUNDING
This work is supported by Open Research Program of State Key Laboratory of Millimeter Wave under contract K202221.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors, and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 1. Jackson DR, Caloz C, Itoh T. Leaky-Wave Antennas. Proc IEEE (2012) 100(7):2194–206. doi:10.1109/jproc.2012.2187410
 2. Caloz C, Jackson DR, Itoh T. Leaky-wave Antennas, in Frontiers in AntennasNext Generation Design & Engineering. New York: McGraw-Hill (2011). 
 3. Ma HF, Shen X, Cheng Q, Jiang WX, Cui TJ. Broadband and High-Efficiency Conversion from Guided Waves to Spoof Surface Plasmon Polaritons. Laser Photon Rev (2014) 8:146–51. doi:10.1002/lpor.201300118
 4. Pan BC, Liao Z, Zhao J, Cui TJ. Controlling Rejections of Spoof Surface Plasmon Polaritons Using Metamaterial Particles. Opt Express (2014) 22:13940. doi:10.1364/oe.22.013940
 5. Gao X, Hui Shi J, Shen X, Feng Ma H, Xiang Jiang W Li L, et al. Ultrathin Dual-Band Surface Plasmonic Polariton Waveguide and Frequency Splitter in Microwave Frequencies. Appl Phys Lett (2013) 102:151912. doi:10.1063/1.4802739
 6. Panaretos AH, Werner DH. Spoof Plasmon Radiation Using Sinusoidally Modulated Corrugated Reactance Surfaces. Opt Express (2016) 24:2443. doi:10.1364/oe.24.002443
 7. Xu Y, Gu C, Hou B, Lai Y, Li J, Chen H. Broadband Asymmetric Waveguiding of Light without Polarization Limitations. Nat Commun (2013) 4:2561. doi:10.1038/ncomms3561
 8. Xu K-D, Lu S, Guo Y-J, Chen Q. High-order Mode of Spoof Surface Plasmon Polaritons and its Application in Bandpass Filters. IEEE Trans Plasma Sci (2021) 49(1):269–75. doi:10.1109/tps.2020.3043889
 9. Zhang Q, Zhang Q, Chen Y. Spoof Surface Plasmon Polariton Leaky-Wave Antennas Using Periodically Loaded Patches above PEC and AMC Ground Planes. Antennas Wirel Propag Lett (2017) 16:3014–7. doi:10.1109/lawp.2017.2758368
 10. Liu L, Chen M, Cai J, Yin X, Zhu L. Single-Beam Leaky-Wave Antenna with Lateral Continuous Scanning Functionality Based on Spoof Surface Plasmon Transmission Line. IEEE Access (2019) 7:25225–31. doi:10.1109/access.2019.2899824
 11. Cao D, Li Y, Wang J. Spoof Surface Plasmon Polaritons Fed Frequency-Scanning Open-Loop Antenna Arrays. IEEE Access (2019) 7:179954–60. doi:10.1109/access.2019.2956999
 12. Ye L, Yang Z, Zhuo J, Han F, Li W, Liu QH. A Back-Fire to Forward Wide-Angle Beam Steering Leaky-Wave Antenna Based on SSPPs. in IEEE Trans Antennas Propagation (2021) 1:1. doi:10.1109/TAP.2021.3137241
 13. Yu HW, Jiao YC, Zhang C, Weng ZB. Dual-Linearly Polarized Leaky-Wave Patch Array with Low Cross-Polarization Levels Using Symmetrical Spoof Surface Plasmon Polariton Lines. IEEE Trans Antennas Propagation (2021) 69(3):1781–6.
 14. Wei D, Li J, Yang J, Qi Y, Yang G. Wide-Scanning-Angle Leaky-Wave Array Antenna Based on Microstrip SSPPs-TL. Antennas Wirel Propag Lett (2018) 17(8):1566–70. doi:10.1109/lawp.2018.2855178
 15. Ge S, Zhang Q, ChiuChiu CYY, Chen Y, Murch RD. Single-Side-Scanning Surface Waveguide Leaky-Wave Antenna Using Spoof Surface Plasmon Excitation. IEEE Access (2018) 6:66020–9. doi:10.1109/access.2018.2879086
 16. Du X, Ren J, Li H, Zhang C, Liu Y, Yin Y. Design of a Leaky-Wave Antenna Featuring Beam Scanning from Backfire Utilizing Odd-Mode Spoof Surface Plasmon Polaritons. IEEE Trans Antennas Propagat (2021) 69(10):6971–6. doi:10.1109/tap.2021.3076166
 17. Zhang C, Ren J, Du X, Yin Y. Dual-Beam Leaky-Wave Antenna Based on Dual-Mode Spoof Surface Plasmon Polaritons. Antennas Wirel Propag Lett (2021) 20(10):2008–12. doi:10.1109/lawp.2021.3102060
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Pan, Guo, Yu, Cai, Dai and Luo. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
		ORIGINAL RESEARCH
published: 17 February 2022
doi: 10.3389/fphy.2022.851150


[image: image2]
Unequal Bandpass Filtering Power Divider Based on Hybrid HMSIW-SSPP Modes
Bai Cao Pan1,2, Ping Yu1, Ben Jian Guo1, Ya Hui Qian1 and Guo Qing Luo1*
1Key Laboratory of RF Circuits and System Ministry of Education, School of Electronics and Information, Hangzhou Dianzi University, Hangzhou, China
2State Key Laboratory of Millimeter Waves, Southeast University, Nanjing, China
Edited by:
Kai-Da Xu, Xi’an Jiaotong University, China
Reviewed by:
Cheng Zhang, Wuhan University of Technology, China
Jia-Yuan Yin, Xidian University, China
* Correspondence: Guo Qing Luo, luoguoqing@hdu.edu.cn
Specialty section: This article was submitted to Optics and Photonics, a section of the journal Frontiers in Physics
Received: 09 January 2022
Accepted: 24 January 2022
Published: 17 February 2022
Citation: Pan BC, Yu P, Guo BJ, Qian YH and Luo GQ (2022) Unequal Bandpass Filtering Power Divider Based on Hybrid HMSIW-SSPP Modes. Front. Phys. 10:851150. doi: 10.3389/fphy.2022.851150

This letter presents a novel unequal bandpass filtering power divider based on hybrid-mode of half mode substrate integrated waveguide (HMSIW) and spoof surface plasmon polaritons (SSPPs). Bandpass response is achieved by combining the transmission properties of HMSIW and SSPPs simultaneously. The operating bandwidth can be designed in a wide range by simply optimizing the dimensions of HMSIW and SSPPs. In addition, defected ground structures (DGSs) are etched on the bottom of the substrate to improve out-of-band suppression. The power division ratio of the proposed unequal power divider is finally optimized to 1:3. The measured results agree with the simulated one. Such design provides a stable power division within wide frequency range from 6.5 to 9.5 GHz.
Keywords: unequal power divider, bandpass filtering, SSPPs, HMSIW, wide band
INTRODUCTION
The rapid development of wireless communication systems proposes more and more requirements for functional devices. In order to meet the market demands, different kinds of well-performed functional devices have been widely studied. In the past decade, substrate integrated waveguide (SIW) has become one of the hotspots in researches [1]. Considering its perfect high-pass transmission with low-loss, high-efficient properties, functional devices such as filter [2], power divider [3–6] and coupler [7] have been proposed. Half-mode SIW (HMSIW) consists of only half of SIW structures, while keeping the same performance as SIW [8, 9]. Miniaturization can be realized. Spoof surface plasmon polaritons (SSPPs) are guiding surface modes along periodic metamaterial structures. Such modes have also received wide attention for its unique properties of perfect low-pass transmission and near-field confinement [10, 11]. SSPPs have been studies in field of different high-efficient designs such as bandpass filter [12, 13], power divider [14, 15], coupler [16], radiator [17].
Filters and power dividers are the most commonly-used functional devices in wireless communication systems. In certain applications, both kinds of devices are required to be integrated with each other to reduce the occupied space. And their performances are crucial for systems stability. In recent years, a series of filters and power dividers based SIW and SSPPs have been reported [18, 19]. In order to improve the integration and operating properties, parasitic structures like resonators [20], interdigital structures (ISs) [21], defected ground structures (DGSs) [22, 23] have also been studied. The combination of SIW and SSPP provides a new solution for the miniaturization designs, since the power dividers of SIW are usually narrow-band and those of SSPP have limits of bulky dimensions.
In this letter, we proposed a novel unequal bandpass filtering power divider based on the hybrid HMSIW-SSPP modes, which shows compact size and power division ratio of 1:3. The hybrid unit can be compatible with the functional techniques of both HMSIW and SSPPs. The lower and upper edges of the passband can be controlled independently by changing the dimensions of HMSIW and SSPPs. Defected ground structure is also loaded aiming for improving out-of-band suppression.
Design of Unequal Power Divider
The schematic configuration of the proposed unequal filtering power divider is shown in Figure 1 with dimensions labelled. As it can be seen in the figure, periodic corrugated slots are etched on the top layer of HMSIW. Two slots with gradient groove depths of h1 and h2 are used to achieve broadband excitation of SSPP modes. Optimizing grooves’ depths can help to improvement of the transmission efficiency. Two uniformed grooves of SSPP with depth of h3 are set as the transmission part. They collaborate with the HMSIW structures to provide the hybrid HMSIW-SSPP modes with unique transmission properties. The periodic interval of the SSPP units is p. At the output terminals, a SSPP channel of three unit matching structures with gradient grooves’ depths and tapered edges are designed for momentum matching of SSPP at port 2. Meanwhile, another HMSIW channel is paralleled connected between the hybrid unit and the SSPP channel. The widths of both HMSIW structures are L and L1, respectively.
[image: Figure 1]FIGURE 1 | Schematic of the proposed unequal filtering power divider.
Figure 2 show the dispersion curves of the hybrid HMSIW-SSPP unit. And its structure is shown in the inset of Figure 2. It can be observed from the figure that the cutoff frequency of HMSIW modes is lower than that of SSPP modes. Thus, bandpass response can be obtained. The hybrid unit provides bandpass property from 6.1 to 10.5 GHz. As is introduced in literatures, the cutoff frequencies of SIW and SSPP modes can be controlled by changing the width of SIW and the depth of SSPP grooves. For the proposed design, reduction of L or h leads to upper shifting of the lower or upper cutoff frequencies, respectively. Limited by the space allocation, SSPP grooves are always smaller than HMSIW. So the cutoff frequencies of SIW are always lower than those of SSPPs.
[image: Figure 2]FIGURE 2 | The dispersion curves of the hybrid HMSIW-SSPP unit. Inset: the structure of the hybrid HMSIW-SSPP unit.
The dispersion properties of the hybrid HMSIW-SSPP unit under different parameters are compared in Figure 3. The unit with dimensions of h = 3.5 mm, L = 7 mm, w = 0.5 mm and p = 6 mm is used as reference and shown as the red dashed lines in the figure. Then each dimension is optimized and compared. In Figure 3A, the groove’s depth in HMSIW unit is examined. When the depth h3 increases from 3 to 4 mm, the upper cutoff frequencies shift from 11.2 to 9.4 GHz, while the lower cutoff frequencies keep at 6.1 GHz. Similarly, from Figure 3B it can be seen that when width L increases from 6 to 8 mm, the lower cutoff frequencies of the hybrid unit reduce from 6.8 GH to 5.5 GHz. Meanwhile, small range fluctuation between 10.1 and 10.3 GHz of the upper cutoff frequencies is observed. The width of the groove w and its interval p can also be used for the modulation of operating band (shown in Figures 3C,D). The groove width w can change the upper cutoff frequencies in a small range. And the interval p has a significant impact on the upper cutoff frequencies. Since the increasing interval would lead to excessive length of the device, depth L is usually used in modulation of operating band.
[image: Figure 3]FIGURE 3 | The dispersion properties of the hybrid unit under different parameters of (A) depth of SSPP grooves h, (B) width of HMSIW L, (C) width of SSPP grooves w, and (D) interval of SSPPs p.
The simulated transmissions at port 3 of the unequal filtering power divider are illustrated in Figure 4 to testify the bandwidth modulation of the hybrid unit. As is compared in Figures 4A,B, upper cutoff frequencies or lower cutoff frequencies of [image: image] shift to lower frequency band independently without apparently mutual influence. Based on the above analysis, a high-efficient passband from 6.5 to 9.5 GHz of unequal filtering power divider can be designed. The simulated S parameters are shown in Figure 5. In the whole passband, the reflection coefficient [image: image] keeps below −10 dB, while the transmission coefficient [image: image] and [image: image] are around −2.2 dB and −7 dB.
[image: Figure 4]FIGURE 4 | Simulated transmission coefficients ([image: image]) with different dimensions of (A) h3 and (B) L.
[image: Figure 5]FIGURE 5 | Simulated S parameters of unequal filtering power divider.
OPTIMIZATION AND MEASUREMENT
The DGS can disturb the current distribution on the metallic ground and introduce an extra transmission zero. In the optimized model, a two-element array of inverted T-shaped DGSs is introduced. The DGSs are loaded on the bottom layer of the hybrid HMSIW-SSPP units to improve the upper stopband rejection. The structure of the DGS unit is shown in the inset of Figure 6A, in which the red line represents the contour of the grooves on the top layer. The DGS is etched on the bottom layer and it is in the middle of two adjacent grooves. The dimensions of the DGS decide the frequency of its transmission zero. And the optimized dimensions are a1 = 1.9 mm, a2 = 4.4 mm, a3 = 3.8 m, t = 0.6 mm, s = 0.45 mm, g = 0.25 mm. The comparison of [image: image] of the design with and without the DGSs is shown in Figure 6A. The transmission with two-element array of DGSs provides an extra transmission zero, providing better out-of-band suppression. The cut-off efficiency of transmission zero of DGS at 10 GHz can be improved by increasing the number of DGSs used in the model. A small shift of the cutoff frequency of SSPPs is observed due to the coupling between DGSs and SSPPs. The transmission of the proposed design loaded with DGSs are shown in Figure 6B. An unequal power divider with bandpass filtering effect is observed within band from 6.5 to 9.5 GHz. The simulated [image: image] is lower than −20 dB in the passband. [image: image] and [image: image] are −2.2 dB and −7 dB, respectively. Within the whole operating band, S21 undulates between −2.6 dB and −2.3 dB, and S31 undulates between −7.4 dB and −7 dB. The simulations indicate a stable power division. The power division ratio of port 2 and port 3 is 3:1.
[image: Figure 6]FIGURE 6 | (A) the comparison of [image: image] of the designs with and without DGSs. (B) Simulated S-parameters of the design with DGS.
A prototype of the proposed unequal filtering power divider is fabricated and measured. The substrate is F4B board with relative permittivity of 2.65 and thickness of 1 mm. Photographs of the prototype are shown in Figure 7. The total dimensions of the proposed design are 45 mm × 25 mm × 1 mm. Figure 8 shows the compared of the simulated and measured S-parameters. The measured transmissions are about 1 dB lower than the simulated ones, because of the machining accuracy of the sample and the unskilled welding of SMA connectors in the experiments. The operating bandwidth and power division effect keeps steady.
[image: Figure 7]FIGURE 7 | (A) Top view and (B) back view of the prototype.
[image: Figure 8]FIGURE 8 | Comparison of simulated and measured S-parameters.
CONCLUSION
In this paper, an unequal filtering power divider based on hybrid HMSIW-SSPP mode is proposed. The passband can be controlled independently by changing the dimensions of HMSIW and SSPPs. DGSs are introduced on the bottom layer of the device to improve the out-of-band suppression. A prototype working from 6.5 to 9.5 GHz is designed and fabricated. And power division ratio of 1:3 is obtained. Such design provides solutions for miniaturized multi-functional devices, and could be used in wireless communication systems.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author.
AUTHOR CONTRIBUTIONS
All authors listed have made a substantial, direct, and intellectual contribution to the work and approved it for publication.
FUNDING
This work is supported partly by Open Research Program of State Key Laboratory of Millimeter Wave under contract K202221, partly by Zhejiang Provincial Natural Science Foundation of China under contract LQ19F010010, and partly by National Natural Science Foundation of China under contract 61901143.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 1. Deslandes D, Wu K. Integrated Microstrip and Rectangular Waveguide in Planar Form. IEEE Microw Wireless Compon Lett (2001) 11(2):68–70. doi:10.1109/7260.914305
 2. Nedelchev M, Stosić B, Iliev I, Ilieva A, Dončov N. “Wave-based Digital Model of Substrate-IntegratedWaveguide (SIW) Filters for K Band,” In 2020 43rd International Conference on Telecommunications and Signal Processing (TSP); Milan, Italy (2020). p. 325–8. doi:10.1109/TSP49548.2020.9163541
 3. Shreyus GS, Khatwani H, Shambavi K. “Power Divider with Substrate Integrated Waveguide and CSRR for C Band Application,” In 2017 Innovations in Power and Advanced Computing Technologies (i-PACT); Vellore, India (2017). p. 1–5. doi:10.1109/IPACT.2017.8245019
 4. Xu H-X, Wang G-M, Zhang C-X, Yu Z-W, Chen X. Composite Right/left-Handed Transmission Line Based on Complementary Single-Split Ring Resonator Pair and Compact Power Dividers Application Using Fractal Geometry. IET Microw Antennas Propag (2012) 6(9):1017–25. doi:10.1049/iet-map.2011.0427
 5. Moznebi A-R, Afrooz K. Compact Power Divider Based on Half Mode Substrate Integrated Waveguide (HMSIW) with Arbitrary Power Dividing Ratio. Int J Microw Wireless Technol (2017) 9(3):515–21. doi:10.1017/S1759078716000544
 6. Xu H-X, Liang J-G, Wang G-M, Wu F-T, Zhang C-X. Modelling of Composite Right/left-Handed Transmission Line Based on Fractal Geometry with Application to Power Divider. Microwaves, Antennas & Propagation, IET (2012) 6:1415–21. doi:10.1049/iet-map.2012.0137
 7. Pezhman M, Heidari A. Design of Compact SIW-Based Multi-Aperture Coupler for Ku-Band Applications. 2019 27th Iranian Conference on Electrical Engineering (ICEE).  (30 April-2 May 2019), Yazd, Iran ( IEEE) 1338–41. (2019). doi:10.1109/iraniancee.2019.8786463
 8. Hong W, Liu B, Wang Y, Lai Q, Tang H Yin XX, et al. “Half Mode Substrate Integrated Waveguide: A New Guided Wave Structure for Microwave and Millimeter Wave Application,” In 2006 Joint 31st International Conference on Infrared Millimeter Waves and 14th International Conference on Teraherz Electronics; Shanghai, China (2006). p. 219. doi:10.1109/ICIMW.2006.368427
 9. Cui Y, Xu K-D, Guo Y-J, Chen Q. Half-mode Substrate Integrated Plasmonic Waveguide for Filter and Diplexer Designs. J Phys D: Appl Phys (2022) 55:125104. doi:10.1088/1361-6463/ac44bf
 10. Ma HF, Shen X, Cheng Q, Jiang WX, Cui TJ. Broadband and High-Efficiency Conversion from Guided Waves to Spoof Surface Plasmon Polaritons. Laser Photon Rev (2014) 8(1):146–51. doi:10.1002/lpor.201300118
 11. Garcia-Vidal FJ, Martín-Moreno L, Pendry JB. Surfaces with Holes in Them: New Plasmonic Metamaterials. J Opt A: Pure Appl Opt (2005) 7(2):S97–S101. doi:10.1088/1464-4258/7/2/013
 12. Jaiswal RK, Pandit N, Pathak NP. Spoof Surface Plasmon Polaritons Based Reconfigurable Band-Pass Filter. IEEE Photon Technol Lett (2019) 31(3):218–21. doi:10.1109/LPT.2018.288900710.1109/lpt.2018.2889007
 13. Xu K-D, Lu S, Guo Y-J, Chen Q. High-order Mode of Spoof Surface Plasmon Polaritons and its Application in Bandpass Filters. IEEE Trans Plasma Sci (2021) 49(1):269–75. doi:10.1109/tps.2020.3043889
 14. Wu Y, Li M, Yan G, Deng L, Liu Y, Ghassemlooy Z. Single-conductor Co-planar Quasi-Symmetry Unequal Power Divider Based on Spoof Surface Plasmon Polaritons of bow-tie Cells. AIP Adv (2016) 6(10):105110. doi:10.1063/1.4966051
 15. Gao X, Zhou L, Yu XY, Cao WP, Li HO Ma HF, et al. Ultra-wideband Surface Plasmonic Y-Splitter. Opt Express (2015) 23(18):23270. doi:10.1364/OE.23.023270
 16. Gao X, Zhang HC, He PH, Wang ZX, Lu J Yan RT, et al. Crosstalk Suppression Based on Mode Mismatch between Spoof SPP Transmission Line and Microstrip. IEEE Trans Compon., Packag Manufact Technol (2019) 9(11):2267–75. doi:10.1109/TCPMT10.1109/tcpmt.2019.2931373
 17. Tang X, Zhang Q, Hu S, Chen Y. “Spoof Surface Plasmon Polaritons (SSPP) for Endfire Radiation,,” In 2018 IEEE Asia-Pacific Conference on Antennas and Propagation (APCAP); Auckland, New Zealand (2018). p. 414–5. doi:10.1109/APCAP.2018.8538201
 18. Zhang Q, Zhang HC, Wu H, Cui TJ. A Hybrid Circuit for Spoof Surface Plasmons and Spatial Waveguide Modes to Reach Controllable Band-Pass Filters. Sci Rep (2015) 5:16531. doi:10.1038/srep16531
 19. Guan D-F, You P, Zhang Q, Xiao KHybrid Spoof Surface Plasmon Polariton and Substrate Integrated Waveguide Transmission Line and its Application in Filter. IEEE Trans Microwave Theor Techn. (2017) 65(12):4925–32. doi:10.1109/tmtt.2017.2727486
 20. Li T, Wang G-M, Lu K, Xu H-X, Liao Z-H, Zong B. Novel Bandpass Filter Based on Csrr Using Koch Fractal CurveIn PIER Lett (2012) 28:121–8. doi:10.2528/PIERL11082903
 21. Pan BC, Luo GQ, Liao Z, Cai JL, Cai BG. Wideband Miniaturized Design of Complementary Spoof Surface Plasmon Polaritons Waveguide Based on Interdigital Structures. Sci Rep (2020) 10:3258. doi:10.1038/s41598-020-60244-7
 22. Pan BC, Yu P, Liao Z, Zhu F, Luo GQ. A Compact Filtering Power Divider Based on Spoof Surface Plasmon Polaritons and Substrate Integrated Waveguide. IEEE Microw Wireless Compon Lett (2021) 1–4. doi:10.1109/lmwc.2021.3116169
 23. Han Y, Liu Z, Zhang C, Mei C, Chen Q Hu K, et al. . A Flexible Microstrip Low-Pass Filter Design Using Asymmetric Pi-Shaped DGS. Ieee Access (2019) 7:49999–50006. doi:10.1109/access.2019.2910350
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Pan, Yu, Guo, Qian and Luo. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
		ORIGINAL RESEARCH
published: 25 February 2022
doi: 10.3389/fphy.2022.857960


[image: image2]
A Broadband Low-RCS Circularly Polarized Meta-Antenna
Hongkun Zhou, Yuchao Wang, Chengguo Liu* and Cheng Zhang*
Hubei Engineering Research Center of RF-Microwave Technology and Application, School of Science, Wuhan University of Technology, Wuhan, China
Edited by:
Zhen Liao, Hangzhou Dianzi University, China
Reviewed by:
Hai Lin, Central China Normal University, China
Qiye Wen, University of Electronic Science and Technology of China, China
* Correspondence: Chengguo Liu, liucg@whut.edu.cn; Cheng Zhang, czhang2020@whut.edu.cn
Specialty section: This article was submitted to Optics and Photonics, a section of the journal Frontiers in Physics
Received: 19 January 2022
Accepted: 27 January 2022
Published: 25 February 2022
Citation: Zhou H, Wang Y, Liu C and Zhang C (2022) A Broadband Low-RCS Circularly Polarized Meta-Antenna. Front. Phys. 10:857960. doi: 10.3389/fphy.2022.857960

A low-profile circularly polarized (CP) meta-antenna with a broadband low-RCS feature is proposed in this article. Our design is the combination of a CP antenna with a chessboard polarization conversion metasurface (CPCM) for balancing the radiation property and stealth feature. To relieve the adverse effect of the CPCM on the entire radiation performance, several redundant meta-atoms with the opposite phase state were removed to enhance the realized gain within the operation bandwidth (8.0–9.0 GHz). The proposed meta-antenna showed excellent radiation performance: −10 dB impedance relative bandwidth was 26.48% (6.78–8.85 GHz), and 3-dB axial ratio relative bandwidth was 22.03% (7.27–9.07 GHz). In addition, RCS reduction over 5 dB was achieved via our design from 8.5 to 21.5 GHz (86.67%) with the help of the deliberately designed CPCM. The final measured results demonstrate great consistency with the simulated ones.
Keywords: low profile, circularly polarized, broadband, radar cross-section reduction, meta-antenna
INTRODUCTION
In recent years, antennas with a wideband low radar cross section (RCS) have drawn significant attention in the low-observable needed platforms, such as military aircraft and missiles. Traditional strategies to reduce the RCS of the antennas are shape design or adding absorbers such as metamaterial absorbers [1, 2], frequency-selective surfaces/absorbers (FSS/FSA) [3–5], and electromagnetic bandgap structures [6] onto the antennas. Through these methods, the backward RCS can be confined to certain extent, while the radiation performances, including the working bandwidth and realized gain, are difficult to be maintained. For instance, in Ref. [5], an FSA was adopted in a 4 × 4-array antenna to restrain the normal reflection from the whole structure by an average of 11 dB (from 4.41 to 5.43 GHz) by absorbing the incident electromagnetic waves. But the antenna could only work at the same bandwidth. To further improve the stealth performance, a low-RCS Fabry–Perot (FP) antenna was proposed in Ref. [7], in which a partially reflecting surface was utilized to achieve low RCS (over 4 dB from 6 to 14 GHz). However, the operation bandwidth of the antenna further shrunk. From the previous discussions, it is easy to find that obtaining a good radiation feature and broadband stealth performance at the same time is challenging.
Nowadays, the prompt development of metasurfaces [8–10] provides an alternative and potential strategy to address the aforementioned problem. Compared to the traditional methods, the polarization conversion metasurface (PCM) has been widely used to design low-RCS devices [11, 12], of which through optimizing the polarization conversion (PC) bandwidth and the polarization conversion ratio of the corresponding meta-atoms, the operation bandwidth for RCS reduction can be flexibly controlled as desired. Therefore, several attempts have been taken to design a low-RCS meta-antenna while not affecting its radiation performance. In Ref. [11], a chessboard polarization conversion metasurface (CPCM) was used in a slot array antenna, and its RCS reduction over 5 dB was achieved from 6 to 18 GHz. In the meantime, a dumbbell CPCM applied to an FP antenna was proposed in Ref. [12], which achieved an RCS reduction bandwidth of 8–26 GHz and an antenna operating bandwidth of 8.41–12.11 GHz. In addition, most of the reported low-RCS antennas just can interact with the linearly polarized waves [12, 13], but only a few circularly polarized (CP) antennas have been investigated. More attention should be paid to low-RCS CP antennas due to their widespread applications such as radar, communication, and sensor systems. Several attempts have been made to solve this problem. For example, in Ref. [14], a gain of 3.5 dB and impedance bandwidth of 500 MHz were achieved via placing a CPCM onto a patch antenna; however, the RCS reduction bandwidth only covered a frequency range of 9–13 GHz. In Ref. [15], RCS reduction over 6 dB was achieved at 4.95–15.73 GHz as the CP patch antenna was loaded with a CPCM, but the reflection coefficient increased from −30 dB to −20 dB compared to the reference antenna without a CPCM. Hence, there is still a need for a plentiful effort to be made for developing a CP antenna with a good stealth feature and excellent radiation performance.
In this article, a low-profile CP circular patch meta-antenna is proposed. With the help of the elaborately designed CPCM, our design can achieve good RCS reduction performance within an ultra-wideband frequency range. CP performance of the proposed meta-antenna was achieved by a feed network consisting of a Wilkinson power divider and a 90° broadband phase shifter. Meanwhile, slots were cut in the patch to increase the axial bandwidth. It is worthy to note that the radiation performance of the antenna was still maintained even after loading the CPCM.
DESIGN AND ANALYSIS OF THE CPCM
The schematic diagram of the proposed meta-atom is illustrated in Figure 1A. The unit cell comprises a top metallic pattern and a bottom metallic ground plane with a dielectric substrate between them. The top layer is the PC structure that consists of a quarter of three adjacent rings and a rectangular strip. The dielectric layer adopts an F4B substrate (a relative dielectric constant of 2.2) with a thickness of 3 mm. The typical geometrical parameters of the unit cell are as follows: s = 8.5 mm, d = 0.3 mm, p = 8 mm, and g = 0.2 mm. Electromagnetic simulation software HFSS was used to calculate the performance of the unit cell by using Mater/Slaver boundary conditions.
[image: Figure 1]FIGURE 1 | (A) Top view and side view of a typical unit cell. (B) The reflection phase of the unit cell and its mirror. (C) Co- and cross-polarized reflection coefficients and PCR of the proposed meta-atom.
In Figure 1A, to investigate the PC response of the proposed unit cell, the electric field [image: image] of the x-polarized incident wave was decomposed into two components [image: image] and [image: image]. When the electric fields were along the u- and v-axis (135° and 225° from x-axis), the magnitudes of the two reflected fields [image: image] and [image: image] were almost the same. Therefore, the total reflected electric field [image: image] is vertical to the x-axis with the same magnitude as [image: image]. For the chessboard arrangement, the mirror unit cell also has a reflected electric field of the same magnitude, and the reflection phase difference between the unit cell and its mirror was nearly 180°, as shown in Figure 1B. Under the illumination of electromagnetic waves, the scattering pattern of the CPCM can be determined by the superposition of far fields from the unit cells by using the following formula [16, 17]:
[image: image]
where m and n are the row and column numbers in the CPCM, respectively. p is the element periodicity. [image: image], [image: image], and [image: image] are the elevation angle, azimuth angle, and wavenumber of the free space, respectively. [image: image] is the reflection phase of the lattice [image: image], and [image: image] is the pattern function of a single unit. Indeed, the scattering beam can be adjusted by inverting the unit cell phase by iterating a fast Fourier transform. Therefore, phase cancellation of the reflected electric field and reduction of RCS can be achieved by the CPCM.
Co-polarized and cross-polarized reflection coefficients with x-polarized incident waves are illustrated in Figure 1C. It can be seen that the operating band (where the co-polarization reflection coefficient is less than –10 dB) of the meta-atom is from 9.46 to 20.01 GHz. The polarization conversion ratio (PCR) is used to describe electromagnetic polarization rotation and is defined as the ability to convert x- or y-polarized waves into cross-polarized waves that can be expressed as
[image: image]
where [image: image] and [image: image] represent the reflection coefficient of co- and cross-polarization, respectively. The operating band was from 9.46 to 20.01 GHz as the value of the PCR was greater than 90%, which illustrates that more than 90% of the linearly polarized incident power can be converted into cross-polarized power.
META-ANTENNA DESIGN
Figure 2 shows the geometry and design process of the CP patch meta-antenna. The entire size of the meta-antenna is 64 mm × 64 mm × 3.5 mm. As depicted in Figure 2A, the antenna is designed with double dielectric plates (F4B). The antenna is composed of a patch, ground, and the feeding network. The top patch and the bottom feeding network are connected via two holes. Below the metal ground, the feeding network consisting of a Wilkinson power divider and a 90° broadband phase shifter was mounted on the bottom substrate with a thickness of h1. The Wilkinson power divider can achieve equal power division and impedance by transforming between input and output ports. After the original input signal splits into two ways, they pass through the two paths of the 90° phase shifter to obtain a stable phase shifting. In this design, a pair of [image: image] open and short lines was deployed to smooth the phase variation, where [image: image] is the wavelength of the center frequency (8 GHz) on the substrate. All ports of the divider were matched to 50 Ω. The isolation between the two outputs was determined by a 100-Ω chip resister. Therefore, the CP radiation was achieved by generating two output signals with equal amplitude and 90° phase difference of the feeding network. In addition, a U-shaped slot and four triangular slots were cut on the circular patch. The function of the U-slot is to introduce a capacitance that can suppress the inductance induced via the holes and to enhance the impedance and axial-ratio bandwidths. Four triangular slots were embedded to further reduce the size of the antenna. The CP slotted patch antenna was simulated by the electromagnetic simulation software HFSS and measured in the microwave anechoic chamber. The dimensional parameters of the antenna patch and the substrate are as follows: L = 64 mm, r = 6.8 mm, l = 2 mm, w = 0.2 mm, m = 4 mm, n = 1 mm, h1 = 3 mm, and h2 = 0.5 mm.
[image: Figure 2]FIGURE 2 | Design process of the proposed meta-antenna: (A) antenna1 and dimensional parameters of the antenna patch and substrate, (B) antenna2, and (C) the proposed meta-antenna. The corresponding photograph of the samples: (D) antenna1 and (E) the proposed meta-antenna.
The design process of the low-RCS meta-antenna is shown in Figures 2A–C. First, a CP slotted patch antenna was designed as the basic model shown in Figure 2A. The PC meta-atoms and their mirrors were arranged around the original antenna in a chessboard pattern to reduce the RCS of the whole structure, as shown in Figure 2B. In order to improve the radiation performance, some unit cells on the aperture were removed to relieve the coupling between the CPCM and the patch (Figure 2C). To demonstrate the performance of the proposed meta-antenna, the simulated and measured results were compared with those of the reference antenna without the CPCM. The antenna1 and the proposed meta-antenna were fabricated as shown in Figure 2 and Figure 2E, respectively. It should be emphasized that considering the good contact between the SMA connector and the metal ground, a 10 mm × 5 mm × 3 mm slot was cut at the edge of the substrate with a thickness of h2, which had a little effect on the radiation performance.
The simulated and measured reflection coefficients and axial ratios of antennas are shown in Figures 3A,B. The relative operation bandwidth of proposed meta-antenna and antenna1 were 26.48% (6.78–8.85 GHz) and 27.05% (6.84–8.98 GHz), respectively. The 3-dB axial ratio bandwidth of our design and antenna1 were 22.03% (7.27–9.07 GHz) and 19.39% (7.31–8.88 GHz). The realized gain is shown in Figure 3C, and the peak realized gain was 6.01 dB at 8.8 GHz. Furthermore, at 8.0–9.0 GHz, the realized gain of the proposed antenna increased by 1dB compared with that of the antenna1. The simulated and measured monostatic RCS are shown in Figure 3D. Compared with the reference antenna1, the proposed meta-antenna can achieve RCS reduction over 5 dB ranging from 8.5 to 21.5 GHz, which covers the working bandwidth of the proposed antenna. The peak RCS reduction at 19.4 GHz was 34.3 dB.
[image: Figure 3]FIGURE 3 | Simulated and measured reflection coefficients (A), axial ratio (B), realized gain (C), and monostatic RCS for the x-polarized incidence (D).
Referring to the results of antenna2 in Figures 3A–D, it is shown that placing a complete CPCM around an antenna has little influence on the return loss and axial ratio, but the gain of the antenna decreases by 1 dB at 7–7.75 GHz and 8.85–9.15 GHz without a CPCM because an inverting electric field is excited by several meta-atoms. The phase distribution of antenna2 at 7.5 and 8 GHz is shown in Figure 4A and Figure 4B, respectively. Therefore, to improve the realized gain of the meta-antenna, eight unit cells that are located at [image: image] away from the center of our design have been removed since they are oppositely phased with the surrounding counterparts. In addition, compared with antenna2, the RCS of the proposed meta-antenna has improved by about 4.1 dB on an average from 11.1 to 15.8 GHz by following the aforementioned procedure. In the meantime, the current distribution of antenna1 and the proposed meta-antenna at 8.0 GHz is shown in Figure 4C and Figure 4D, respectively. The proposed meta-atoms act as parasitical radiators due to the coupling between the patch and CPCM in the radiation case. Two orthogonal modes with 90° phase difference were excited to obtain left-hand circularly polarized (LHCP) radiation. Hence, the improvement of the radiation aperture, namely, redistributing the meta-atoms, proves to be a vital function for the gain enhancement.
[image: Figure 4]FIGURE 4 | Phase distribution of antenna2 at 7.5 GHz (A) and 8 GHz (B). Surface current vector distribution of the proposed meta-antenna in the radiation case at 8 GHz: (C) phase = 0° and (D) phase = 90°.
The LHCP and right-hand circularly polarized (RHCP) radiation patterns of the proposed meta-antenna and the reference antenna at 8 GHz are shown in Figure 5. It can be seen that the main polarization is LHCP, which is consistent with the current vector distribution in Figure 4. The measured cross-polarization levels in both xoz-plane and yoz-plane were about 20 dB lower than co-polarizations. Moreover, the front-to-back ratios remained better than 20 dB at 8 GHz.
[image: Figure 5]FIGURE 5 | Simulated and measured 2D radiation patterns of the proposed meta-antenna at 8 GHz ((A) for xoz-plane; (C) for yoz-plane) and antenna1 ((B) for xoz-plane; (D) for yoz-plane).
In comparison, the performance of the proposed meta-antenna approached that of the antenna1, and the measured data are in good agreement with the simulation results. Some little differences are mainly due to the following reasons: I) machining and fabrication errors, II) interference of measurement environment and instrument settings, and III) the SMA and cable loss. In summary, the comparison of the above results shows that the CPCM causes little degradation in antenna radiation performance.
CONCLUSION
A CP slotted patch meta-antenna is presented in this article for reducing the backward RCS with the help of the predesigned CPCM. The measured results show that the proposed meta-antenna has an operating bandwidth of 6.79–9.06 GHz and 3-dB axial ratio bandwidth of 7.35–8.85 GHz, and the measured RCS reduction of more than 9 dB was achieved from 8.3 to 21.1 GHz without disturbing the radiation performance. Our design reached a good balance between the radiation feature and broadband stealth performance, and shows great prospects in practical applications.
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In this paper, an output power reconfigurable rectenna array is proposed for the first time to harvest RF energy. The proposed rectenna array can be used to capture abundant RF energy with high conversion efficiency in a wide range of input power levels and load impedance at 1.88, 2.35, 3.5, and 4.9 GHz simultaneously. The output DC power of the proposed rectenna array can be changed exponentially by altering the on-off state of the switches located between the antenna and the rectifier. The measured result shows that the output power is linearly related to the number of opened switches. Therefore, the proposed rectenna array can be flexibly applied to battery-free or low-power-requiring devices according to their different power needs.
Keywords: four-band rectifier, high gain antenna, reconfigurabale rectifier array, RF energy harvesting, output DC power control
INTRODUCTION
To realize the interconnection of all things, wireless sensing networks are widely applied in our daily lives. Conventional batteries to power basic sensors are very inconvenient, and improper disposal of batteries can pollute the environment [1, 2]. The prompt development of wireless communication technology paves a new way to address these problems by utilizing a contactless charge strategy [3–5]. As the RF energy around us increases sharply, which is an abundant power source for electronic devices, the rectenna rises in response to this condition to gather RF energy.
Rectennas, as one of the key devices for harvesting RF energy, have experienced long-term development, and much effort has been made to enhance the overall RF-DC conversion efficiency and output DC power. Considering the above two aims, many rectennas with the characteristics of high efficiency [6, 7], broadband [8–10], multiband [11–13], or multiport [14, 15] have been extensively investigated by researchers in recent decades, driving the improvement of wireless energy usage. For example, a high-efficiency rectenna was proposed in Ref. [16] by directly matching the receiving antenna conjugately with a rectifier, and the efficiency could achieve 83% at 2.45 GHz when the input power level was 0 dBm. Furthermore, a compact and low-profile rectenna was proposed in Ref. [17], which strategically combines 12 single Vivaldi slot rectenna elements. The measured output DC power of the rectenna array could reach 65 µW in a real ambient environment outdoors.
From the abovementioned discussion, it is evident that with the development of energy harvesting technology, existing rectennas can meet the requirements of most daily applications, but once fabricated, their performance is fixed. Thus, without considering the discrepancy of the ambient power density, traditional rectennas lacking reconfigurability can supply specific devices, confining their practical application. Because the rated power and voltage of different devices are distinct, how to achieve the dynamic control of the output DC power according to the demands of the electrics must be solved.
To address the above problems, in this paper, a DC power reconfigurable 4 × 4 rectenna array is proposed by controlling the operating status of a single rectenna with the help of RF switches that are located between the antennas and rectifiers. The rectifier array is designed to operate at four frequency bands to harvest abundant RF energy, and the conversion efficiency of the proposed rectifier can achieve 53, 52, 49, and 45% at 1.88, 2.35, 3.5, and 4.9 GHz, respectively, when the input power level is −10 dBm. The receiving antenna is composed of four monopole antennas and an AMC structure to increase the gain of the antenna. To our knowledge, the proposed rectenna array is the first design to reconfigure the output power as desired and provides a new strategy for dynamic power supplements of different applications.
RECTIFIER ARRAY DESIGN
A rectifier array composed of four single shunt diode rectifiers is proposed in this section to realize high efficiency at four different working bands. We first designed a four-band rectifier and then arrayed it (four rectifiers) to harvest more RF energy and flexibly control the output power levels. The detailed design process is described as follows.
The topological structure of the proposed four-band rectifier is shown in Figure 1A. It consists of two single shunt diode rectifier branches in parallel to obtain four operating bands. Each rectifier branch comprises a diode, DC-pass filter, and matching network. To improve the RF-DC conversion at a low input level, the Schokkty diode SMS7630 is chosen as the rectifier diode due to its low-loss property within a broad power range (from −20 to 0 dBm).
[image: Figure 1]FIGURE 1 | (A) The topology of the proposed rectifier. (B) Simulated RF-DC conversion efficiency of the three branches at the input power level of −10 dBm. (C,D) Simulated reflection coefficient and RF-DC conversion efficiency of the proposed rectifier at different input power levels for a load resistance of 2000 Ω. (E) Simulated RF-DC conversion efficiency of the proposed rectifier versus input power level for a load resistance of 2000 Ω. (F) Simulated RF-DC conversion efficiency of the proposed rectifier versus load resistance at an input power of −10 dBm.
In addition, the DC-pass filter is designed by connecting a transmission line and a radius branch in series to prevent RF energy from passing through the load. To develop a four-band rectifier, each rectifier branch is designed to operate at two frequency bands by mainly designing the matching network and the DC-pass filter. A Π-type matching network is optimized to match the single shunt diode rectifier to 50 Ω. The ultimate structure of the proposed four-band rectifier is shown in Figure 1A. Furthermore, to study the contribution of the two branches, the simulated RF-DC conversion efficiency of the two branches at an input power level of −10 dBm is presented in Figure 1B. It is easy to find that branch-1 can rectify the RF energy at 1.88 and 2.35 GHz, and the other branch (branch-2) is able to operate at 3.5 and 4.9 GHz. Moreover, almost the entire RF power can be converted to DC power by the corresponding rectifier branches.
The simulated S11 and conversion efficiency of the proposed rectifier versus frequency are also shown in Figures 1C,D at four different input power levels (−5, −10, −15, and −20 dBm). The rectifier maintains robust efficiency as the input power level changes. In addition, the four designed operating frequencies hardly change with different input power levels. Because the input impedance of the diode changes with the input power level, the effect of the input power level on the conversion efficiency was studied, as shown in Figure 1E. The efficiency increases as the input power increases from −30 to −5 dBm, making our design suitable for a wide range of environmental power levels. Next, the effect of the load resistance on the efficiency was also studied when the input power was −10 dBm (Figure 1F), and the optimal load resistance of approximately 2000 Ω was determined by comprehensively considering the efficiency of the four working bands. In addition, our design is insensitive to the load resistance, and stable efficiency can be maintained even when the load resistance dramatically changes (1,000 Ω–10,000 Ω).
To date, a single four-band rectifier (SFR) has been achieved by adopting a dual-branch circuit. In the following, the four uniform SFRs are connected in parallel to form a rectifier array, as shown in Figure 2A. To study the isolation between different input ports, S21, S31, and S41 are shown in Figure 2B. It is obvious that port 1 has great isolation with port 2, port 3, and port 4 since the other three SFRs hardly affect SFR-1 due to the elaborate matching network and DC-pass filter. Of course, the isolation performance of any two ports is the same as above since the four ports are symmetrical.
[image: Figure 2]FIGURE 2 | (A) The topology of the proposed rectifier array. (B) The simulated S21, S31, S41 of the rectifier array at an input power of −10 dBm.
To verify our design, a prototype size of 196 mm × 196 mm was printed on a low-cost F4B substrate with a relative permittivity of 2.2, loss tangent of 0.0011, and thickness of 0.787 mm (Figure 3A). The reflection coefficient of the rectifier was measured with a vector network analyzer (VNA, Agilent E5072A). The measured S11 at four different input power levels is shown in Figure 3A. Although a slight discrepancy can be observed for S11, the measured results (Figure 3A) are still consistent with the simulated results (Figure 1C), including the four predesigned frequency bands. Next, the conversion efficiency was measured as a function of the input power level at four operating frequency bands, as shown in Figure 3B. The measured result shows that the conversion efficiency achieved 47.8, 44.6, 45.2, and 38.1% at 1.88, 2.35, 3.5, and 4.9 GHz, respectively, when the input power was −10 dBm. Consistent with the simulation results, the conversion efficiency improved as the input power level increased due to diode losses increasing more slowly than the input power. However, the measured efficiency was lower than the simulated efficiency due to the unknown parasitic behavior of the diode. In addition, the S21, S31, and S41 of the rectifier array were also measured to study the isolation of the different ports. The rectifier array has great isolation at the four operating frequency bands. Although there are some deviations between the measured and simulated results, the measured results also verify the excellent performance of the designed rectifier at low input power levels.
[image: Figure 3]FIGURE 3 | (A) Measured reflection coefficient of the proposed rectifier at different input power levels for a load resistance of 2000 Ω. (B) Measured RF-DC conversion efficiency of the proposed rectifier versus input power level a for a load resistance of 2000 Ω. (C) Measured S21, S31, S41 of the rectifier array at an input power of −10 dBm.
BROADBAND HIGH GAIN ANTENNA ARRAY DESIGN
A broadband monopole antenna array integrated with an artificial magnetic conductor (AMC) is proposed as the receiving antenna of the rectenna array due to its high gain characteristic. In addition, the reflecting ground plane can be integrated with the rectifier array to decrease the size of the rectenna array. The proposed broadband high gain antenna array was made on an F4b substrate with a relative permittivity of 2.2. The substrate thickness of the monopole antenna array was 0.787 mm and that of the AMC array was 0.508 mm. The distance between the antenna and the AMC was designed as 5 mm by comprehensively considering the profile and the effect of the AMC on the input impedance of the antenna. To extend the operating band (where the reflection phase ranges from −90° to +90°) of the AMC, the distance between the AMC and reflecting ground plane was designed as 20 mm.
The receiving antenna consists of four independent high gain antennas (HGA). Each HGA was designed by combining the monopole antenna with AMC to achieve high gain and broadband performance. The size of the monopole antenna is dependent on the operating frequency. To reduce the omnidirectional radiation of the monopole, an AMC was placed under the monopole antenna to increase the gain of the receiving antenna. The AMC is consisted of 24 × 24 square ring cells, and the dimension of the AMC cells is shown in Figure 4A. This design improves the radiation performance (S11), and the corresponding impedance bandwidth can be extended to 1.79∼5.31 GHz as shown in Figure 4B. Next, similar to the rectifier array design, the isolation feature of the antenna array was also studied, as shown in Figure 4C. It is obvious that the isolation performance between port 1 and port 2 (port 4) is excellent since the polarization of the two antennas is vertical. In addition, S31, denoting the isolation between port 1 and port 3, is also less than −15 dB at the operating band, showing little cross-talk between ports. Similar characteristics of other ports can be drawn since the locations of the four monopoles are rotationally symmetric.
[image: Figure 4]FIGURE 4 | (A) Geometry of the proposed antenna array. (B) Simulated reflection coefficient of the antenna with and without AMC structure. (C) Simulated S21, S31, S41 of the antenna array.
For evaluation, the proposed optimal antenna array was printed on a 0.787-mm-thick F4B substrate, as shown in Figure 5B, and the measured S11, S21, S31, and S41 of the fabricated antenna array are illustrated in Figure 5A. The measured relative impedance bandwidth (|S11|<−10 dB) of the antenna was 101.1% (1.74–5.3 GHz), and the center frequency was approximately 3.52 GHz. The measured S21, S31, and S41 show that the four antennas have great isolation. The simulated and measured realized gains of the antenna are also shown in Figure 5B. The measured gain was approximately 7∼9.5 dBi over the entire operating band. The simulated and measured 2-D radiation patterns of the proposed antenna array at 2.35 and 3.5 GHz are given in Figure 5C. The measured results agree well with the simulated results.
[image: Figure 5]FIGURE 5 | Measured S-parameter (A), gain (B) and radiation pattern (C).
OUTPUT POWER RECONFIGURABLE RECTENNA ARRAY
Ultimately, the rectifier array is located under the AMC, and the ground plane of the rectifier array was designed as the reflecting plane of the AMC to reduce the overall size. A photograph of the proposed power-reconfigurable rectenna array is shown in Figures 6A,B. Each HGA is connected to SFR by an RF switch to compose the dynamic rectenna array. The on-off state of the RF switch can be tuned by adding a 5 V bias voltage or not, which is provided by a single chip microcomputer, as shown in Figure 6C. The measured S21 of the RF switch is also shown in Figure 6D. The status of the RF switch can effectively affect the transmissive energy level, and therefore, the input energy to the rectifier is decided by changing the number of opened switches, resulting in the dynamic control of the output DC power.
[image: Figure 6]FIGURE 6 | (A,B) Photograph of the rectenna array. (C) The photograph of the single chip microcomputer and RF switch. (D) The measured S21 of the switch. (E) Measurement setup inside an anechoic chamber. (F) Measured voltage and out power of the rectenna array versus the number of the opened switches.
To verify our design, the power reconfigurable rectenna array is measured in a microwave anechoic chamber, where the horn antenna connected with an RF signal generator is used as a transmitting antenna, and our design is adopted to receive RF energy, as shown in Figure 6E. The distance between the horn antenna and rectenna was taken as 2.7 m. Next, the output voltage and DC power across the load resistance were measured at 1.88 and 2.35 GHz with the number of opened switches, as shown in Figure 6F. The output voltage and output power increase with an increasing number of opened switches at two frequency bands. That is, in practice, different numbers of RF switches can be turned on according to the power required by the load.
CONCLUSION
In this paper, a reconfigurable rectenna array was proposed to realize the dynamic manipulation of the output DC power. The rectifier array and antenna array prototypes were constructed and measured to demonstrate the performance. The measured result shows that when the input RF energy is fixed, the output DC power can be successfully divided into four different levels by controlling the on-off state of the external RF switches. Our design shows great potential in driving low-power electronics since it can adjust its output voltage or output power according to the needs of applications.
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This article proposes a dual-band slot IFA antenna using a combined technique of liquid metal (LM) filling and polydimethylsiloxane substrate. The antenna working at 2.4 and 5.8 GHz consists of three liquid metal layers—radiation patch, short circuit stub, and ground plane and can be bent to different radiuses for flexible, conformal, and wearable applications. The vacuum filling method enables realization of a monolithic-integrated substrate. The applicability of this antenna for a wearable wristband is validated through simulation.
Keywords: liquid metal, flexible antennas, microfluidic channel, PDMS, wearable application
INTRODUCTION
The demand for compact, multiband, and flexible microwave components and antennas is increasing due to the prosperity of the Internet of Things (IoT) [1, 2]. Typical IoT systems are found in a lot of emerging and conventional scenarios, such as smart industry or wireless body area network (WBAN), where various sensors are required for industrial information collecting or human healthcare monitoring, among which conformal or flexible antennas are critical to transit the collected data. Such antennas for wearable applications (clothes, shoes, bracelets, and glasses) utilize flexible substrate, including paper, textiles or polymer composites, and conductive materials, such as electro-textiles and nanowire, instead of conventional rigid substrates or metal in cases they can be bent or twisted when worn on the human body [3–6]. Furthermore, in order to maximize the connectivity, the antenna for body communications usually operates at multiple bands for on- and off-body communications [7–9].
Eutectic liquid metal (LM) with low toxicity and high conductivity at room temperature is potential for creating antennas with flexibility and high conformity [10]. Particularly, the LM fluidity is critical for maintaining conductive continuity during deformation. When capsulated within soft materials, such as polydimethylsiloxane (PDMS), the LM-enabling technology enables creation of flexible antennas. The bendable microstrip patch and dipole antennas are constructed by injecting LM into microfluidic channels molded by PDMS [11, 12]. A flexible antenna based on liquid metal and additive printing technologies is given in [13], in which the microfluidic branch is printed in flexible NinjaFlex plastic. These antennas can be bent or curved to different radiuses, and at the same time the antenna radiation properties maintain stability during the deformation. Most of these LM channels or cavities are constructed along one-dimensional axis or on two-dimensional surfaces with only two layers, while the three-dimensional volume has not been fully exploited. Stretchable sensors using 3D-printed LM demonstrate stable conductivity of the liquid metal paste circuit interconnects among [14]. The combined technique of liquid metal filling and PDMS material as a substrate has great potential in flexible antenna applications. Based on the authors’ knowledge, there has not been much investigation into the LM antennas for wearable applications.
This article proposes the design and implementation of a LM dual-band antenna for wrist-worn applications. The antenna, with dimensions of 30 × 12 × 4.5 mm3, operating at two WLAN frequency bands—2.4 and 5.8 GHz, comprises radiating cavities formed by LM filling within a PDMS substrate. In order to fabricate the proposed antenna, a layered-bonding method to fabricate the PDMS wristband structure and a vacuum compression method to inject LM into the microfluidic channels are implemented.
ANTENNA DESIGN AND FABRICATION
Antenna Design
The structure of the LM antenna adopts the structure of inverted-F antenna (IFA) with three parts—the radiation patch of width W1 and length L1 on the top layer, a U-slot of width W2 and length L2 is etched on the radiation patch for generating the band at 5.8 GHz while the IFA resonates at 2.4 GHz, the ground plane of width W3 and length L3 on the bottom layer, and the rectangular short circuit of width SW and height H in between as shown in Figure 1. The distance from the short circuit to the left side of the grounding plane is optimized to be 2 mm for impedance matching. The two resonances can be roughly determined from the following equations (15),
[image: image]
[image: Figure 1]FIGURE 1 | Dual-band antenna topology.
Dimensions of the patch, the slot, and the short circuit are optimized to resonate the antenna at the aforementioned two bands and listed as follows: W1 = 8 mm, L1 = 15.5 mm, W2 = 3 mm, L2 = 7 mm, W3 = 10 mm, L3 = 30 mm, and H = 2.5 mm. The proposed antenna operates at dual-bands—2.4 GHz covering 100 MHz and 5.8 GHz covering 150 MHz with a well-matched reflection coefficient below −10dB. Different to conventional copper cladding on PCB technology, LM-based devices use post-filled LM to construct a conductive path. Based on our experimental experience, the whole cavity volume can be filled with LM through visual checking. But, still minor possibility of unfilled cavity corners might exit. Therefore, it is reasonable to briefly evaluate the sensitivity of the antenna resonances to the change of the aforementioned dimensions. Parametric simulations show that the resonance shifts less than 5% when L1 and L2 vary between 0.5 and 0.25 mm shown in Figure 2, respectively. This ensures that when corners of the microfluidic channels and cavities are occasionally hollow due to partially filled LM, the frequencies still locate within the desired bands and maintain the desired frequencies.
[image: Figure 2]FIGURE 2 | Reflection coefficient of the dual-band IFA.
To achieve flexibility and mitigate the user discomfort of the antenna wristband, PDMS (Sylgard 184 kit, Dow Corning) with a dielectric constant of 2.68 and loss tangent of 0.0375 is chosen as the substrate material for its high elasticity and low surface tension. Meanwhile, PDMS is human skin-safe and widely used in various consumer and cosmetic products. PDMS is composed of two solvents—polymer and crosslinker with a mass ratio 10:1. PDMS can be cured by placing it in an oven at 80°C for 2 h and therefore is routinely used for preparing microfluidic channels. A layered bonding process technology is implemented to assemble the different PDMS layers. Due to the liquid nature of LM, channels are reserved within the PDMS substrate for latterly injecting LM into the channel.
Antenna Fabrication
The schematic view of the manufacturing process is presented in Figure 3. The fabrication process of the wearable antenna includes mainly molding the PDMS wristband and metalizing the wristband [16]. The three layers of wristband are made, respectively, which are made of PMMA material and processed using a high-precision computerized numerical control (CNC) machine. To ensure that LM is completely wrapped, the heights of the molds are not consistent. The prepared PDMS solution is poured into three molds, respectively, and then put them into a vacuum oven to cure at 80°C for 2 h. Since the PMMA material is easy to demold, the cured PDMS can be peeled out of the mold to obtain three substrate layers. These layers are bonded after cleansed using a plasma cleaning machine. A total of three holes with a diameter of 0.9 mm are drilled in the model, and then LM is pneumatically pushed into the cavity by the vacuum compression method [17]. In order to inject EGaIn into the PDMS wristband model, the wristband model is inverted and placed in the vacuum oven after putting the LM on top of the circular holes 1 and 2. After evacuating the air in the vacuum box and the microfluidic channel, EGaIn will all be pushed into the microfluidic channel once the vacuum box is opened.
[image: Figure 3]FIGURE 3 | Steps for fabricating the wearable antenna.
The prototype of the wearable antenna is fabricated as shown in Figure 4. The three PDMS layers are molded, respectively, and then bonded together by plasma treatment. Then, LM is pushed into the microfluidic channels through vacuum filling after assembling the three layers. The vacuum-filling method ensures that the least air bubbles are generated during this process so that the three-dimensional conductive path is well established. Superglue is attached between SMA connectors and the PDMS substrate to fix the connection in case the LM leaks and the frequency bands shift. Based on our knowledge, this is the first demonstration of multilayer PDMS-embedded liquid metal antenna for wearable applications. Compared to the liquid metal antenna printed on a planar surface with only two layers, although can be curved to different radiuses, this prototype antenna realizes a three-dimensional-layered LM structure that utilizes the vertical space of the flexible substrate. Although the antenna topology in this article is an inverted-F antenna commonly used for wireless communication, the proposed process technology can be extended to manufacturing of more complicated antenna structures, therefore exploiting the three-dimensional space and maximizing the design degree.
[image: Figure 4]FIGURE 4 | Photographs of the fabricated wearable antenna. (A) Flat wristband before and after filling LM and (B) curved wristband filled with LM.
ANTENNA RESULTS AND DISCUSSION
To assess the radiation properties of the proposed flexible antenna, the prototype antenna in Figure 4 is built and measured. The experimental data are compared to the simulation results obtained from a full-wave simulator. The antenna impedance matching behavior over the frequency range of 1–7 GHz is shown in Figure 5. Due to the flexibility of the PDMS substrate and the fluidity of LM, this wearable antenna can be bent to curvatures of different radiuses.
[image: Figure 5]FIGURE 5 | Reflection coefficient of the wearable antenna.
The radiation patterns of the flexible antenna on a flat platform (in the x-y, x-z, and y-z planes) are simulated and measured as shown in Figure 6. The plots show the graphs of the Eφ and Eθ components, and it is seen that the patterns are nearly omnidirectional at several conditions of the two frequencies. The discrepancies between the simulated and measured radiation patterns are more prominent at higher frequencies possibly due to uneven filling of LM within cavities or unstable connection of LM to an SMA connector during rotation of measurements. The measured gain and efficiency of the flexible antenna are 1.55 dBi and 34.6% at 2.4 GHz, 1.66 dBi and 28.74% at 5.8 GHz, respectively. Compared to antenna structures copper plated on commercial substrates (Rogers or FR4 boards), this antenna has a low efficiency mainly due to the lossy PDMS substrates. Customizable PDMS made of different proportions of materials can be implemented to mitigate the negative effects brought by the PDMS substrates [16].
[image: Figure 6]FIGURE 6 | Measured and simulated radiation patterns of the wearable antenna for the x-z, y-z, and x-y planes at 2.4 GHz (left) and 5.8 GHz (right). Solid lines indicate the Eφ component and dashed lines for Eθ component. Red lines indicate the simulated patterns and black lines for measured patterns.
Since this flexible antenna can be bent to different radiuses, it could be used as a wearable antenna. Such as when worn on the human wrist, the antenna mainly works in areas close to the human body; the nonuniform human body will mutually affect the antenna performance due to its electrical complexity. Figure 7 shows a human wrist model consisting of skin, muscle, fat, and bone, exhibiting various electromagnetic properties over the bands of interest [18]. Our full-wave analysis indicates that when the wearable antenna is 5 mm away from the surface of the human body, the antenna operates with the same bands within free space. Meanwhile, the human body absorbs and dissipates part of the antenna electromagnetic radiation due to its lossy intrinsic, usually quantified by the specific absorption rate (SAR). SAR is usually limited to a standard of 2 W/kg per 10 g of human tissue [19]. Figure 5 shows the SAR values at the bands of 2.4 and 5.8 GHz. The local SAR peaks are 1.66 W/kg and 7.16 W/kg when the input power is on the scale of mW, which, however, is higher than the regulated SAR standards. For this particular scenario, the ground plane of the antenna is narrower than a typical IFA antenna, and the antenna structure has not been optimized for a reduced SAR. Enlarging the ground plane of the antenna and adapting the antenna topology are methods to reduce the SAR values to the regulated levels in our future research.
[image: Figure 7]FIGURE 7 | Average SAR values of the human wrist wearing the LM antenna. (A) Antenna worn on the human wrist, (B) average SAR values of the human wrist at 2.4 GHz, and (C) average SAR values of the human wrist at 5.8 GHz.
CONCLUSION
This article introduces a dual-band flexible antenna for conformal or wearable applications. The combined technique of using liquid metal as the radiating patch and PDMS as the substrate enables creation of such flexible antenna structures. At the same time, a layered bonding processing technology and vacuum compression technology facilitate the monolithic integration. The radiation properties of the two bands at 2.4 and 5.8 GHz are evaluated. As a demonstration, the LM-embedded layered-PDMS antenna is implemented on a human wrist for validating its applicability. This article concludes that the LM–PDMS combined technique can be extended to more complex scenarios, such as flexible and conformal reconfigurable antenna arrays for sensing and communicating.
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Spoof localized surface plasmons (LSPs) have proven significant advantages in sensing and detection. In this work, we propose a high-Q-factor and high-sensitivity hybridized spoof LSP sensor and a mixed-resolution algorithm. The sensor consists of two concentric inner and outer LSP structures with corrugated rings coupled to each other. The achieved Q-factor is up to 178, and the sensing figure of merit (FoM) is up to 30. Moreover, a mixed-resolution algorithm, combined with multiple resonant peaks, is proposed to enhance the Q-factor and sensing FoM. This algorithm doubles the Q-factor and sensing FoM effectively. This mixed-resolution sensor has a wide range of application prospects in the field of high-frequency on-chip resonators and sensors.
Keywords: spoof localized surface plasmons, sensor, hybridization, mixed-resolution, spoof surface plasmons
INTRODUCTION
Spoof localized surface plasmons (LSPs) in corrugated metal cylinders were proposed by Pendry et al. [1] in 2012, and magnetic spoof LSPs with long curved corrugated grooves were proposed and experimentally demonstrated by Cui et al. [2]. In 2014, Cui et al. realized the design and verification of ultrathin LSPs for the first time [3]. Following that, many different structures of spoof LSPs such as ultrathin corrugated metal–insulator–metal ring resonator [4], compact spoof LSPs [5], spoof LSP hybridization [6], spiral spoof LSPs [7], and meander line structure [8] were investigated and proposed. Spoof LSPs have been proven to be valuable in the design of resonators [9–11], filters [12, 13], sensors [14], biomedical applications [15], etc. Due to the strong confinement of the electromagnetic field [16], the spoof LSP resonance has a high-Q-factor [17] and is sensitive to the surrounding environment. Therefore, spoof LSP structures became popular and widely used in microwave and millimeter wave sensor research.
A metallic ring with corrugated gratings is the elementary structure of spoof LSPs. There have been several reports on spoof LSP sensors, such as quarter-mode spoof LSP microfluidic chemical sensor [18, 19], flexible and printed microwave plasmonic sensor [20], single hybrid plasmonic resonator [21], and effective LSP sensor [22]. Those spoof LSP structures could improve Q-factor and sensitivity significantly, compared to conventional resonator structures [21, 23]. Asymmetric metamaterials [24] or symmetry-broken in toroidal plasmonic resonator [25] can exhibit sharp Fano-resonances or a high-Q trapped mode, which shows excellent performance in resonator and sensor fields. In previous research, hybridization of spoof LSP structures can produce enormous field enhancement and improve the Q-factor [26]. The hybridized spoof LSPs can enhance resonance while preserving the structure area, which is beneficial to on-chip integration design [6].
In addition to simple physical sensors, other dimensions of sensing enhancing methods such as multifactor sensing [27], chemical sensing with the addition of black phosphorus and graphene [28], and index sensors with multimode interference [29] have been carried out. Nevertheless, those methods are limited to the structural level, resulting in high operation difficulty and cost. It would be cheap, convenient, fast, and easy to implement Q-factor and sensing FoM enhancement through back-end data processing.
In this study, we designed a multimode and high-sensitivity sensor in the microwave region, and this sensor is based on hybridized spoof localized surface plasmons and proposes a mixed-resolution algorithm to enhance the Q-factor further. The hybridized spoof LSP sensor is a coupling structure with inner and outer corrugated rings. The sensor exhibits a high-Q-factor and high sensing FoM with samples of different permittivity values on the top of the spoof LSP structure. Measurements and simulations match well, which confirm the theory. It also demonstrated that spoof LSPs could be excited and functional as a microwave sensor with a high-Q-factor and sensing FoM. The proposed mixed-resolution algorithm combines two or more resonant peaks to form one resonant peak with almost doubled Q-factor and sensing FoM than raw data. The mixed-resolution spoof LSP sensor can be extended to the terahertz band and has a wide range of applications in on-chip high-frequency resonators and sensors.
HIGH-Q HYBRIDIZED SPOOF LOCALIZED SURFACE PLASMON RESONATOR
The proposed high-Q concentric corrugated ring-coupled resonator is excited by microstrip lines (MSs), as demonstrated in Figure 1. Both the inner and outer LSP structures contain 24 grooves. The inner radius, the groove height, the groove width, and the strip width of the inner and the outer corrugated rings are [image: image], [image: image], [image: image], [image: image], [image: image], and [image: image], respectively. The length and width of the 50Ω microstrip line and the impedance matching strip are [image: image], [image: image], [image: image], and [image: image]. The angle [image: image] and the width [image: image] of the circular arc of the coupling feed structure are [image: image] and [image: image], respectively. The width of the gap ([image: image]) between the coupling feeding structure and the LSPs is [image: image]. The LSP resonator and MS coupling structures are etched on a 0.508-mm-thick Rogers RT5880 substrate with 0.018-mm copper. To enhance the resonances of this LSP structure and define the microstrip line’s ground plane, the whole back of the substrate is covered with copper, as shown in Figure 1C. The sample for characterization is placed on the top of this structure, as demonstrated in Figure 1B. Rogers’ plates with very small loss and different permittivities were selected as the samples.
[image: Figure 1]FIGURE 1 | Proposed spoof LSP sensor structure. (A) The detail and geometric parameters of the top view. (B) The 3D perspective view of the spoof LSP sensor. (C) The side view of the schematic diagram.
The simulated transmission coefficients of the spoof localized surface plasmon resonator are obtained using the commercial software CST. The experimental results are measured using a vector network analyzer (Agilent N5230C). Both simulated and measured results are plotted in Figure 2A. It shows that the simulated results are in good agreement with the measured results. This structure is designed with 7 resonance peaks, marked as m1 to m7 from the range of 0 to 8 GHz. Those resonance frequencies are located at 2.03, 3.72, 4.29, 4.91, 5.69, 6.46, and 7.82 GHz. In the measurement, the measured frequency responses confirmed those 7 resonance peaks. And those frequency points are located at 2.037, 3.736, 4.27, 4.94, 5.73, 6.43 and 7.77 GHz, respectively, which matches the design. The quality factor of resonator represents the ratio of stored energy to the consumed energy of the resonant circuit, respectively, which can be expressed as follows:
[image: image]
where [image: image] is the resonance frequency and [image: image] represents the 3dB bandwidth of the resonance peak. In Figure 2A, the Q-factors of simulated modes [image: image] to [image: image] are 122, 147.6, 98, 186.8, 245, 103, and 122. The Q-factors of measured results are 108, 118, 97.3, 178.4, 160.3, 93.2, and 121.3 at each resonance peak, which is also close to the simulated data. The measured highest Q-factor is 178.4 at 4.94 GHz.
[image: Figure 2]FIGURE 2 | (A) Simulated and measured transmission coefficients of the spoof LSP resonator. (B) The simulated 2D near electric field distributions at the resonance frequencies on the plane 1 mm above the resonator.
To further study the mechanism of this high-Q-factor resonance of the spoof LSP structure, a 2D near-field electric distribution at the resonance modes [image: image] to [image: image] on the plane 1 mm above the resonator is illustrated in Figure 2B. The [image: image], [image: image], [image: image], and [image: image] modes in Figure 2B are the odd dipole, quadrupole, hexapole, and octupole, respectively. The inner and outer spoof LSP resonators are resonant in opposite phases in these odd modes. The modes [image: image], [image: image], and [image: image] can be seen as resonator’s even modes, with the inner and outer rings resonating in phases. And the Q-factors of odd modes are higher than even modes. And the Q-factors of odd modes are higher than even modes. As can be seen in Figure 2B, the embedded electric field in the odd modes is more complicated than the even modes, so they have different equivalent circuits with fewer losses from the even mode and achieve higher Q-factors.
Previous studies have shown that the Q-factor of outer corrugated spoof LSP resonator is higher than that of inner LSP resonator [5, 30], so only the outer corrugated spoof LSPs are analyzed here. The transmission coefficients of the hybridized spoof LSP resonator and outer corrugated spoof LSP resonators covered with tested samples are compared and analyzed to verify the superiority of the hybridized structure in the sensing test. In this part, only odd modes [image: image], [image: image], and [image: image] are analyzed. The curves in Figure 3 show the measured transmission coefficients, which are tested by hybridized spoof LSPs, as shown in Figure 1B, and the outer corrugated spoof LSP structure, as shown in Figure 3. The tested samples are 0.508-mm-thick Rogers RT5880 plates, with a permittivity of 2.2. The black line describes the transmission coefficient of the hybridized spoof LSPs, and the Q-factors of [image: image] to [image: image] modes are 103.2, 124.6, 71.4, and 141.6. The red dotted line depicts the transmission coefficient of the outer corrugated spoof LSPs, where the Q-factor of the corresponding [image: image] and [image: image] is 77.2 and 71.2, respectively. The hybridized structure consists of an inner spoof LSPs and an embedded outer corrugated spoof LSPs. By coupling the inner LSPs, outer LSPs, and the metal ground, the electromagnetic field in the hybridized structure is highly concentrated, which reduces the radiation loss and reflection loss, thus improving the resonant Q-factor noticeably. In addition, the complex coupling structure of the hybridized spoof LSPs increases the electromagnetic field transmission path, which reduces the resonant frequencies compared to the outer spoof LSPs. Therefore, the hybridized spoof LSPs show superior advantages over the single outer spoof LSPs in resonance strength and dimension.
[image: Figure 3]FIGURE 3 | Transmission coefficients of the hybridization spoof LSP resonator and outer corrugated spoof LSP resonator. The inset shows the outer corrugated spoof LSP structure.
HIGH-FOM SPOOF LOCALIZED SURFACE PLASMON SENSOR
The hybridized spoof LSP structure-based resonator with a high-Q-factor is a primary condition for the resonance sensor as the sensitivity requirement. In order to verify the sensing performance, a prototype of this LSP sensor and several samples with different permittivities are fabricated and characterized for demonstration. A spoof LSP sensor and excitation microstrip lines are printed on the substrate of Rogers RT5880, with a relative permittivity of 2.2, as shown in Figure 4. Three Rogers materials, namely, RT5880, RO3003, and RO4003, are applied in the test samples. Those samples are 0.508 mm thickness, and their relative permittivity is 2.2, 3, and 3.55, respectively. The samples are kept in the same size, while their permittivities are different. Those sizes are 20 mm × 25 mm×0.508 mm, and they can be laid on the spoof LSP sensor.
[image: Figure 4]FIGURE 4 | Photo of the fabricated prototype. The three small squares at the bottom of the picture are the three samples under assessment with different permittivities for sensor detection.
Sensing FoM is an important parameter to characterize the sensor’s sensitivity [31], which synthetically indicates the overall interaction effect with the environment. The sensing FoM is defined as follows [32]:
[image: image]
where sensitivity is the frequency offset [image: image] when the corresponding refractive index [image: image] changes by unit and can be defined as follows [33]:
[image: image]
where the refractive index n means the square root of the relative permittivity [image: image] of the tested sample, and it can be calculated by [image: image]. From the aforementioned analysis, when the permittivity changes at the same level, the larger the frequency offset and the smaller the 3dB bandwidth, the larger the sensing FoM.
The sample under test is placed directly above the spoof LSP structure in the measurement. The sample and the sensor are fixed together with two identical small iron clips to secure the position and distance, as illustrated in Figure 5A. The spoof LSPs have strong confinement of electromagnetic field, and the field intensity outside of spoof LSPs is weak. Therefore, the small iron clip has little impact on the sensor’s performance, which is also verified in the measurement process. The sensor’s simulated and measured transmission coefficients are plotted in Figure 5A. Figures 5B,C show the detail of the m5’s resonant mode in simulation and in the measurement.
[image: Figure 5]FIGURE 5 | (A) Simulated and measured transmission coefficients of the spoof LSP sensor. The inset is a photograph of the sensor under experiment. (B) Details of simulated transmission coefficients of resonant mode [image: image]. (C) Details of the measured transmission coefficients of resonant mode [image: image].
The simulated odd dipole modes locate at 1.6176, 1.6896, and 1.792 GHz with Q-factors of 95.2, 94.5, and 102 when the sample relative permittivity changes from 3.55, 3, to 2.2. The odd quadrupole modes are located at 2.912, 3.0496, and 3.2544 GHz with Q-factors of 112, 116.8, and 124.6 when the sample relative permittivity changes from 3.55, 3, to 2.2. Meanwhile, the odd octupole mode [image: image] is located at 4.38, 4.61, and 4.93 GHz with Q-factors of 103, 179.8, and 200. When the permittivity [image: image] changes from 3.55 to 3, the offsets of the dipole mode, quadrupole mode, and octupole mode are 0.072, 0.1344, and 0.2272 GHz, respectively. The corresponding sensitivities are 0.475 [image: image], 0.905 [image: image], and 1.494 [image: image], respectively, while sensing FoMs are 27.05 [image: image], 34.33 [image: image], and 51.43 [image: image], respectively. When the permittivity [image: image] changes from 3 to 2.2, the offsets of dipole mode, quadrupole mode, and octupole mode are 0.1024, 0.2032, and 0.3232 GHz, respectively. The corresponding sensitivities are 0.42 [image: image], 0.817 [image: image], and 1.299 [image: image], respectively, while sensing FoMs are 26.45 [image: image], 31.6 [image: image], and 54.53 [image: image], respectively. Both the Q-factor and sensitivity of this LSP sensor are beyond the state of art in the passive design [21].
The measured results are presented in Figures 5A,C as the dotted line. The measured odd dipole modes locate at 1.6738, 1.724, and 1.835 GHz with Q-factors of 59.8, 76.7, and 81.6 when the sample relative permittivity changes from 3.55 to 3 to 2.2. The odd quadrupole modes locate at 3.015, 3.113, and 3.325 GHz with Q-factors of 70.8, 94.1, and 106.3, while the odd octupole mode locates at 4.546, 4.711, and 5.049 GHz with Q-factors of 44.6, 103, and 111. When the permittivity [image: image] changes from 3.55 to 3, the offset of the dipole mode, quadrupole mode, and octupole mode are 0.05, 0.098, and 0.165 GHz. The corresponding sensitivities are 0.333 [image: image], 0.45 [image: image], and 1.082 [image: image], while sensing FoMs are 15.5 [image: image], 17.16 [image: image], and 14.25 [image: image]. When the permittivity [image: image] changes from 3 to 2.2, the offset of dipole mode, quadrupole mode, and octuple mode are 0.111, 0.212, and 0.338 GHz. The corresponding sensitivities are 0.446 [image: image], 0.852 [image: image], and 1.36 [image: image], while sensing FoMs are 19.8 [image: image], 26.46 [image: image], and 30.72 [image: image].
Comparing the simulated results with measured results, it can conclude that the frequencies of the resonant modes are blue-shifted, and both the Q-factor and sensing FoM have been reduced, especially in the odd octuple mode. This shift could be caused by the unavoidable air gap between the samples and the sensor. Also, from the simulation and experiment, it is not difficult to find that the lower the permittivity of the sample, the higher the resonant frequency. The air gap causes the effective permittivity above the sensor to be less than the relative permittivity of the samples, resulting in this blue shift. The odd octuple mode is a resonant mode which is similar to Fano resonance produced by coupling internal and external resonators, requiring higher environment configuration. Manufacturing, material, and measurement errors affect the measured resonant frequency, resonant intensity, and sensitivity.
The proposed hybridized spoof LSP sensor shows excellent performance in simulation and measurement, with Q-factors up to 178.4 and sensing FoM up to 30.72 [image: image]. The electrical size of the sensor is very small as the path length of the surface current is compressed, significantly smaller than the size of the spoof LSP sensor. The size of the resonant structure is about one-tenth of the working wavelength. The spoof LSPs of the resonator improve the ability to confine electromagnetic fields and the sensitivity to the surrounding environment. Moreover, the sensor detection can be realized with low cost and simple operation by replacing the sample, which dramatically improves its practical engineering value.
OPTIMIZATION ALGORITHM
Although the proposed hybridized sensor achieved a very high-Q-factor and sensing FoM, they are expected to be even higher by data processing. Therefore, a mixed-resolution optimization algorithm is proposed to enhance the Q-factor and sensing FoM based on the multi-resonance property. The algorithm is based on the resulting linear data and combines several resonant modes later to form a new resonant mode. The new resonant mode achieves narrower 3dB bandwidth, improving the Q-factor and sensing FoM.
To precisely describe the algorithm for increasing the resonant Q-factor and sensing FoM, a schematic diagram is inserted in Figure 6. Suppose there is a resonant peak, which consists of a curve [image: image] with slope 1 and a curve [image: image] with slope -1. Then, the 3dB bandwidth here is 1, which can be obtained by calculating the bandwidth when the ordinate is half of the peak value, and the corresponding Q-factor is 1. If there are two such resonant peaks, the linear values of the curves are multiplied to the left of the two peaks, which results in a curve of [image: image], and the same process is repeated to the right to get the curve of [image: image] as blue curves shown in the illustration. The 3dB bandwidth and Q-factor here can be calculated as 0.586 and 1.71. Compared with curves [image: image] and [image: image], the 3dB bandwidth is reduced by 41.4%, and the Q-factor is increased by 71%. Furthermore, the multiplication of two curves composed of [image: image] and [image: image] gives the curves [image: image] and [image: image] illustrated in red lines, whose 3dB bandwidth and Q-factor become 0.32 and 3.14, respectively. The 3dB bandwidth is reduced by 1.83 times, and the Q-factor increases by 1.83 times. It can be seen that when the slopes on both sides of the original resonant peaks are larger, the bandwidth of the composite peak is narrower, and the Q-factor is higher. Also, from Eq. 2, the sensing FoM of the sensor will increase when the 3dB bandwidth is reduced. In the electromagnetic field, the resonant peak cannot reach 1, and there are larger slopes on both sides of the peaks, which further improves the performance of the proposed mix-resolution algorithm.
[image: Figure 6]FIGURE 6 | Input and output linear transmission coefficients of the mixed-resolution algorithm.
First, to apply this mixed-resolution algorithm to sensor data processing, 100 linear sampling points at higher frequency and 100 at lower frequency around the dipole and quadrupole resonant frequencies were taken, respectively. The sampling points with different permittivities are shown as the input dotted curves in Figure 6. Then, these three groups of data are processed using the described mixed-resolution algorithm, respectively, and it generated three new groups of resonant peaks, as shown in the solid line in Figure 6. The frequency of the output resonant peak is half the sum of the corresponding frequencies of the dipole and quadrupole. Finally, according to Eqs 1–3, an algorithm for automatically calculating resonant Q-factors and sensing FoM is developed. The calculated input and output Q-factor and sensing FoM are listed in Table 1. As compared in Table 1, the mixed-resolution algorithm increases the Q-factor from 96 by 1.93 times to 185.1, and the sensing FoM increases by 2.17 times, from 23.38 to 50.7. The algorithm can almost double the Q-factor and sensing FoM without changing the sensor structure, which is an important breakthrough in the microwave sensor field [34–37]. With this mixed-resolution algorithm, sensors are expected to achieve multimode enhanced sensing in the future. Also, it can detect more subtle environmental changes to a great extent.
TABLE 1 | Comparison of input and output Q-factor and sensing FoM. All of the data in the table are calculated automatically using the mixed-resolution algorithm.
[image: Table 1]DISCUSSION AND CONCLUSION
In this work, a hybridized spoof LSP sensor is proposed, implemented, and measured with high environmental sensitivity. A mixed-resolution algorithm was also proposed to further improve the Q-factor and sensing FoM by combining multimode resonant peaks. A prototype was designed, fabricated, and measured for demonstration. High-Q-factor and high sensing FoM are achieved by applying the algorithm. Meanwhile, the mixed-resolution can further double them. The hybridized spoof LSP sensor and the mixed-resolution algorithm have great potential in the field of high-frequency on-chip resonators and sensors.
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A wideband controllable band-pass filter is proposed, which is based on the spoof surface plasmon polaritons (SSPP) and slip ring resonators (SRR). The design concept of the bandpass filter is using the SSPP and SRR to control the high cut-off frequency and filter the low-frequency wave, respectively. The bandpass filter is used diode reconfigurable technology to tunable the bandwidth. The filter has a passband range of 5–9 GHz, an out-band rejection of −20 dB for the lower sideband, and an out-band rejection of −50 dB for the upper sideband. The simulated and measured results are in good agreement over the operating band. Benefit from its low-profile and low-cost, the proposed bandpass filter has a great potential for development in plasmonic functional devices at microwave frequencies.
Keywords: bandpass filter, split ring resonators, spoof surface plasmon polaritons, reconfigurable technology, wideband
INTRODUCTION
Due to the congestion in the lower frequency ranges, more occupancy of these regimes may cause interference, crosstalk and mutual coupling problem [1]. Meanwhile, compact integrated circuits with efficient energy, low loss and low crosstalk need to be investigated to satisfy the continuous development of wireless communication. Band pass filters (BPF) are one of the essential components of the wireless transceiver, thus designing a broadband BPF is important for RF circuit designers. Several structures have been reported in this regard [2, 3]. In literature [2], the BPF structures generated dual passband notches with the help of multiple stubs attached to patch. In literature [3], the BPF structures with multiple transmission zeros enable frequency response. However, most of the reported structures were of large circuit area and complex construction due to the use of vias or fabrication limitation. Therefore, a band pass filter based on the spoof surface plasmon polariton (SSPP) may be a good candidate for future microwave communications.
Surface plasmon polariton (SPP) is a class of special surface electromagnetic wave mode, which was used only in the optical region for a long time [4]. Pendry et al. [5]and Hibbins et al. [6]proposed that the metal embedding with periodic sub wavelength structures could also support SPP-like mode in lower frequencies, which is known as spoof SPP(SSPP). The SSPP has several advantages over conventional microwave devices, including limiting the microwave field in a sub-wavelength scale, rejecting electromagnetic (EM) interference, and having a wide bandwidth. In 2013, Shen and Cui [7] proposed a planar structure that could realize SSPP. After that, many planar SSPP structures employing printed circuit board (PCB) technology were presented in microwave region from C to K bands [8, 9]. Since then, some SSPP structures have been realized by modulating periodic holes or grooves on the metal surface in [10–16]. Meanwhile, some works on GaAs–based BPFs have been reported in recent years [17–19]. In [18], a bandpass filter with a notched band has good transmission performance was constructed. In [19], a new GaAs-based wideband SSPP waveguide with super compact size was presented.
Recently, several SSPP-based bandpass filters have been proposed [20–26]. Substrate integrated waveguides (SIWs) were used to achieve high-efficiency SSPP propagation with controlled lower cut-off frequencies, allowing for more tuning freedom [20–23]. The SIW waveguide was directly coupled to the SSPP structure in literature [20], resulting in an extremely long physical length. In SIW, embedded SSPP units [21–23] were used to minimize the physical size. HMSIW was used to minimize the overall size of the filter in [24–26]. Using slotted HMSIW, a unit cell capable of supporting SSPP was proposed. The dispersion diagram, which is distinct from that of standard SSPP, may forecast both higher and lower cut-off frequencies in the passband. However, these designs were electronically adjustable, and changing the bandwidth is challenging. As a result, it is theoretically challenging to develop a planar mechanically controlled bandpass filter with separate controllability of low and high cut-off frequencies and low cost. Therefore, SSPP-based structures were a good choice for managing high cut-off frequency because of their advantages of having a high cut-off frequency that can be readily controlled by optimizing geometrical parameters [27–31]. Furthermore, some CPW- or microstrip-based coupling structures [32, 33]could be a promising candidate for controlling the low cut-off frequency following modification.
In this work, a wideband controllable bandpass filter is proposed, which is based on the SRR high-pass filter cascaded SSPP transmission line. The transmission characteristics own both the features of SRR and SSPP. The low-pass cut-off frequency can be controlled by SSPP structure, while the high-pass cut-off frequency can be controlled by SRR structure. The bandwidth can be tuned by diode reconfigurable technology. The filter has an operating passband over 5–9 GHz, an out-band rejection of −20 dB for the lower sideband, and an out-band rejection of −50 dB for the upper sideband. The physical processing is performed and verified, and the measured results agree well with the simulated results.
CONFIGURATION AND ANALYSIS
The bandpass filter is illustrated in Figures 1A–C. It can be considered as a combination of the SRR and SSPP units. The SSPP shown in Figure 1A controls the high cut-off frequency by changing the unit cell depth, while the SRR shown in Figure 1C based coupling structure controls the low cut-off frequency by changing the width of grooves. In addition, the RF diodes in Figure 1B controlled by a DC power are added in the SSPP to regulate the bandwidth of passband.
[image: Figure 1]FIGURE 1 | (A) the front view of the spoof surface plasmon filter, (B) the front view of the spoof surface plasmon filter using diode reconfigurable technology, and (C) the back view of the spoof surface plasmon filter.
The structure is printed on the 1 mm thick Taconic RF-35 substrate (relative permittivity εr = 3.5, loss tangent tanδ = 0.001). The SSPP is composed of a 50-Ω CPW transmission line using matched conversion. The width and length of SSPP uints are denoted by ds and p, and the depth and width of grooves are denoted by ws and k, respectively. The total width and length of the SSPP filter are marked as a and l, the access part is marked as l1, CPW feeding part is marked as l2, and the SRR part is marked as l3. The gap width is marked as w1, and the width of ground of CPW is marked as w2. The length and width of the slotted slit are marked as s1 and w3, respectively. The slotted spacing is denoted by gap1. Likewise, the distances between two SRR stages are denoted by trans, and the distances between two SRRs are denoted by d.
Configuration of Slip Ring Resonators
For the sake of clarity, the design of the bandpass filter starts with the basic bandpass filter, which consists of a CPW coupled with slip ring resonators (SRR). The structure of SRR is shown in Figure 2A. The coloring part is covered with a metal part, and its shape is the common center of two open rings spliced together. The currents will be induced in SRR when an external electromagnetic action received. The ring currents act as magnetic pole moments, which leads to the negative magnetic permeability. The coloring part of the figure is the copper-clad part, where rout is the outer ring radius, e is the ring distance, f is the ring width, and r0 is the average radius of the ring. These parameters are related to the main performance of the SRR. In a certain frequency range, this structure can be equivalent to the assembled element circuit diagram as shown in Figure 2B. C0 is the equivalent capacitance between the whole ring and Cs is the series capacitance composed of the upper half and the lower half capacitances, which can be obtained from the series capacitance formula: Cs = C0/4. Ls is the equivalent inductance of the SRR. The resonant frequency of the whole resonant circuit is given by
[image: image]
[image: Figure 2]FIGURE 2 | (A) The structure of SRR, (B) the equivalent circuit diagram of the SRR structure.
By structuring the SRR on the top of the dielectric substrate, the distributions of the electric field and the magnetic field are shown in Figures 3A,B, respectively. It can be observed that the electric- and magnetic-field distributions on the SRR symmetry surface are consistent.
[image: Figure 3]FIGURE 3 | (A) Simulation of electric field distribution of SRR at f = 4.75 GHz. (B) Simulation of magnetic field distribution of SRR at f = 4.75 GHz.
From Eq. 1, the resonant frequency of the SRR is related to the ring radius. Because the inductance and the length are proportional, the length of the ring equivalent and the equivalent inductance Ls both increase with the raise of the ring radius. The dielectric substrate is Rogers RO4003C with the dielectric constant εr = 3.38, tanδ = 0.001, and thickness h = 1 mm. The Parameter values of the SRR is shown in Table 1.
TABLE 1 | Parameter values of the SRR (unit: mm).
[image: Table 1]The results simulated by the model via changing only the radius rout of the outer ring of the SRR are shown in the Figure 4.
[image: Figure 4]FIGURE 4 | (A) Analysis of the radius parameter rout of the SRR outer ring. (B) Parameter analysis of the SRR ring opening spacing g. (C) Parameter analysis of the SRR ring opening spacing e.
The resonant frequency is 4.23, 4.75, and 5.75 GHz for the SRR outer ring radius rout = 7.5, 6.5, and 5.5 mm, respectively. It can be seen that the resonant frequency of the SRR decreases with the increase of the outer ring radius. When the SRR ring opening spacing g increases, the equivalent length increases and Ls decreases, thus the resonant frequency increases. Keeping the outer radius of the SRR ring as a constant of rout = 7.5 mm, the simulation results are obtained for different SRR ring opening spacing g. From the above simulation curve sshown in Figure 4B, the resonant frequencies of SRR are 4.2, 4.25, and 4.3 GHz for the opening pitch gap of 3, 4, and 5 mm, respectively. The resonant frequency of SRR is shifted to the high frequency direction with the increase of the ring opening pitch. If only the ring spacing e is changed without changing other parameters (g and rout), the performance curves are obtained from the simulation shown in Figure 4C. From the analysis above, the effect of ring spacing e on the SRR is relatively small.
To complete the transition and achieve tight coupling, the coplanar waveguide (CPW) structure is placed on the front, the SRR resonant ring is symmetrically placed on the back, as shown in Figures 5A,B. This structure could produce a negative permeability effect near the resonant frequency to prevent the transmission of electromagnetic waves. The dimensions of the above structure are listed in Table 2. The equivalent circuit is shown in Figure 5C, where L0 and C are the equivalent inductance and capacitance generated after the action of the SRR with CPW structure, respectively. Ls and Cs are the equivalent inductance and capacitance of the SRR after resonance generated in the structure, respectively. Lgnd represents the equivalent value of the grounding inductance. The series branch will change from inductive impedance to capacitive impedance. The port impedance is 50 Ω, which could matched to the SRR with CPW structure.
[image: Figure 5]FIGURE 5 | Schematic diagram of bandpass filter based on SRR CPW structure. (A) The front side view (B) The back side view (C) Equivalent circuit of the SRR CPW structure.
TABLE 2 | Parameter values of the bandpass filter with CPW structure based on SRR (unit: mm).
[image: Table 2]Keep the other parameters unchanged to perform simulations on parameters S1 and d, the results in Figure 6 could be obtained.
[image: Figure 6]FIGURE 6 | (A) Performing sweep analysis on filter parameter S1 (B) Performing sweep analysis on filter parameter d.
As shown in Figure 6, the passband bandwidth of the filter decreases when S1 increases. This is mainly due to the increase of the ground inductance, which leads to the increase of the local resonant frequency. Simulations of parameter d show that the transmission characteristics in the passband gradually become better as d increases (the transmission coefficient S21 can be inferred from S11). However, its transmission bandwidth remains basically unchanged, so we conclude that the passband bandwidth can be controlled by adjusting parameters S1 and d to regulate the impedance matching in the passband. Finally, the dimensions of the above structure are derived by optimization, as shown in Table 3.
TABLE 3 | Parameters of bandpass filter with CPW structure based on SRR (unit: mm) (optimized).
[image: Table 3]The scattering parameter (S-parameter) of the bandpass filter based on the SRR with CPW structure is shown in Figure 7. The S-parameter is obtained by simulating the model created by CST, and it produces good passband characteristics from 5 to 9 GHz as shown in Figure 7.
[image: Figure 7]FIGURE 7 | Bandpass filter simulation results of SRR-based coplanar waveguide structure.
Configuration of Spoof Surface Plasmon Polaritons
The high frequency characteristics of the filter is based on the SSPP transmission line (TL). The SSPP unit dispersion curves are displayed in Figure 8A. These curves remain in the slow wave region, which are similar to the natural SPP material. The cutoff frequency decreases when the length of the slot increases. The wave number of the SSPP-TL unit is larger than that of the microstrip line, which suggests that the SSPP-TL unit has better electromagnetic constrain, lower coupling, and lower signal crosstalk than the microstrip line. In order to investigate the transmission loss performance of the SSPP-TL, the numerical simulation is performed, as shown in Figure 8B. The depth ds of the trench determines the cutoff frequency of the SSPP-TL. As the cutoff frequency decreases, the transmission loss decreases due to the stronger electromagnetic field binding.
[image: Figure 8]FIGURE 8 | (A) Dispersion performance of the SSPP-TL with different ds. (B) S21 of the SSPP-TL with different ds. (C) S21 of the SSPP-TL with different g.
As shown in Figure 8C, the slot width g has almost no effect on the transmission properties. Therefore, the deeper the slot, the lower the cutoff frequency and the stronger its binding.
IMPLEMENTATION AND MEASUREMENT
Based on the theoretical analysis above, a bandpass filter with SSPP is designed. As shown in Figure 9, the SSPP based filter is cascaded by the SSPP transmission line and the SRR with CPW section. In the SRR with CPW section, the two-section SRR structure is used, which can effectively increase the low frequency rejection effect. The cutoff frequency of the SSPP TL is at 9.5 GHz. By adding a first-order ground inductor and SRR series structure, low-frequency stopband rejection can be achieved, and the optimized dimensions are listed in Table 4.
[image: Figure 9]FIGURE 9 | The SSPP filter (A) front side (B) reverse side.
TABLE 4 | Parameter values of SSPP filter.
[image: Table 4]As shown in Figure 10A, the proposed SSPP filter has a good window characteristics. The passband range is 5∼9.5GHz, the out-of-band rejection at 4 GHz is −20dB, and the out-of-band rejection at 10 GHz is −50dB for the bandpass filter. The measurement results and simulation results are basically consistent. Using reconfigurable technology, the passband range can be changed from 9.5 to 7.5 GHz by diode switching based on Figure 10B. A comparative study of the SSPP bandpass structures reported in recent literatures is presented in Table 5. The proposed filter features out-of-band rejection and passband range control.
[image: Figure 10]FIGURE 10 | (A) The S-parameters simulated and measured results of SSPP filter. (B) The transmission coefficient results of SSPP diode reconfigurable filter in Figure 1B.
TABLE 5 | Comparative study of the SSPP bandpass structure.
[image: Table 5]CONCLUSION
In this paper, a wideband pandpass SSPP filter is proposed, which structured based on a SRR CPW section and a SSPP transmission line. The passband can be controlled by the RF diodes. The passband of proposed filter is range from 5 to 9.5 GHz, out-of-band rejection of -20 dB at 4 GHz, and out-of-band rejection of −50 dB at 10 GHz. The measurement results and simulation results are in agreement. Finally, a passband controllable filter using diode reconfigurable technology is proposed, and the simulation analysis is given to provide a new scheme for future filter design.
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A tunable low pass filter (TLPF) based on the tuning of input/output impedance was presented in this letter. The TLPF mainly consisted of improved quarter-wavelength stubs. The input/output impedance of the improved quarter-wavelength stubs can be tuned in a certain range. The design procedure of this TLPF was derived from the filters based on the quarter-wavelength transmission stubs. Through the tuning of the input/output impedance of the transmission lines, the cut-off frequency of the TLPF can be adjusted in a certain range. The TLPF has relatively good designability and can be easily changed to meet other performance levels. Finally, a TLPF was designed, fabricated, and measured. The measured results verify the effectiveness of the design method.
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INTRODUCTION
As a key component in wireless communication systems, the filter can suppress the interference signal at the outband. A tunable filter can be applied to reconfigurable communication systems and has been widely studied [1–13]. The cut-off frequency of the tunable low pass filter (TLPF) can be adjusted according to the actual application which can be applied in a variety of communication systems with different parameters and has been studied widely [6–13]. The design methods of the TLPF can be summarized into three types. Firstly, some resonators with a special structure can realize a TLPF [6–9]. In this method, due to the particularity of the resonator structure, it was difficult to realize a TLPF to meet other requirements. Secondly, through the tuning of parameters, such as dielectric constant and permeability of the substrate, can also realize a tunable low pass filter [10, 11]. But in this method, the tuning range was relatively small. Thirdly, the improvement of the low pass prototype can also realize a TLPF [12, 13]. In this method, the change of the cut-off frequency can be achieved through the tuning of the capacitors or inductors in the LPF. It is difficult to achieve a tunable inductor in an LPF. Therefore, it is difficult to realize a wide tuning range for the cut-off frequency. Therefore, there are few studies on TLPFs with a larger cut-off frequency tuning range and better designability simultaneously.
Starting from the low pass filter equivalent circuit based on quarter-wavelength stubs, this letter attempts to achieve a TLPF based on the tuning of the input/output impedance of the transmission line in the equivalent circuit model. At the same time, the cut-off frequency tuning range of the TLPF can also be expanded. The resonators of the TLPF mainly consisted of step impedance lines loaded with tunable reactance at the connections of the high and low impedance lines and the open ends. The improved quarter-wavelength line between the resonators was mainly achieved with the transmission lines parallel to tunable reactances. Through the tuning of the tunable reactances loaded in the improved quarter-wavelength lines, the cut-off frequency of the TLPF can also be tuned in a certain range. Compared with the traditional TLPF that achieves frequency tuning by adjusting the electrical length of the resonators [11–13], by inserting the step impedance lines and the transmission lines parallel to tunable reactances, the tuning range of the TLPF can be further expanded.
Analysis of the Equivalent Circuit of the TLPF
The equivalent circuit of the TLPF is shown in Figure 1.
[image: Figure 1]FIGURE 1 | The equivalent circuit of the TLPF.
In Figure 1, the open end stubs represent capacitance. The transmission lines between open end stubs represent inductance. The tuning of the electronic length θ can achieve the tuning of the cut-off frequency. But it was difficult to achieve the tuning of the electronic length θ for the transmission lines between open end stubs.
According to the design method of low pass filters based on quarter-wavelength transmission lines, in addition to the electrical length tuning, the cut-off frequency of the low pass filter can also be tuned in a certain range through the adjusting of the characteristic impedance Z of the transmission lines. The simulated results are shown in Figure 2.
[image: Figure 2]FIGURE 2 | The tuning of the low pass filter.
In Figure 2, only through the tuning of the characteristic impedance can the cut-off frequency of the low pass filter be tuned from 430 to 670 MHz. The relative bandwidth of tuning was 43.6%. Beyond this range, the ripple and return loss performance in the passband of the low pass filter will deteriorate sharply.
Obviously, the combination of the characteristic impedance tuning and electronic length θ tuning of the transmission lines can achieve a wider cut-off frequency tuning range.
Design of TLPF Based on Tunable Input/Output Impedance
For a transmission line, it was very difficult to adjust the characteristic impedance. But the tuning of the input/output impedance can be realized through inserting a tunable reactance parallel to the transmission lines. The feature of the input/output impedance tuning was similar to the tuning of the characteristic impedance. Therefore, the tuning of the input/output impedance of the transmission lines can be adopted to achieve a TLPF.
The schematic of the designed TLPF is shown in Figure 3.
[image: Figure 3]FIGURE 3 | The schematic of the designed TLPF.
In Figure 3, the transfer matrix can be derived as follows.
[image: image]
In Eq. 1, Z1 and Z3 are the port impedances of the stepped impedance line loaded with tunable capacitors at the open ends of the first/fourth and second/third sections, respectively. Z2 and Z4 are the total input impedance of the quarter-wavelength transmission line parallel to the tunable capacitors Cc1 and Cc2, respectively. The expression of Z2 was as follows:
[image: image]
Substituting Eq. 2 into Eq. 1, the transmission matrix of the entire TLPF can be obtained and T21 was the transmission characteristic of the filter. The calculation method of Z4 was similar to that of Z2.
Through the tuning of the capacitors Cc1 and Cc2, the tuning of the input/output impedance can be realized. The size of the schematic in Figure 3 was optimized (ws1 = 1.6 mm, ls1 = 10.7 mm, ws2 = 1.5 mm, ls2 = 13 mm, ws3 = 6.8 mm, ls3 = 21 mm, ws4 = 3 mm, ls4 = 11 mm, wc1 = 0.7 mm, lc1 = 63 mm, wc2 = 0.8 mm, lc2 = 94 mm). With the tuning of Cc1 and Cc2, the simulated transmission performance of the TLPF is shown in Figure 4.
[image: Figure 4]FIGURE 4 | The curve of transmission performance with Cc.
From Figure 4, the cut-off frequency of the tunable LPF can be tuned from 220 to 404 MHz providing Cc tuning from 1 pf to 8 pf. The return loss of the passband was less than −10 dB. Beyond this frequency tuning range, the return loss of the tunable filter in the passband will deteriorate sharply.
Fabrication and Measurement of TLPF Based on Tunable Input/Output Impedance
To verify the effectiveness of the design method described in this letter, a TLPF with seven resonators was designed, fabricated, and measured. The Logers 4350b substrate was selected to realize this TLPF. The dielectric constant of this substrate was 3.48 and thickness was 40 mm. In order to expand the tuning range of the filter further, tunable capacitors were introduced at the connection of the high and low impedance lines. In order to obtain a larger tuning range, the size of the TLPF in this letter has been optimized. The layout of the TLPF is shown in Figure 5. The dimensions of the TLPF were the same as the ones in Figure 3. The fabricated TLPF is shown in Figure 6.
[image: Figure 5]FIGURE 5 | The layout of the TLPF.
[image: Figure 6]FIGURE 6 | The fabricated TLPF. The measured performance is shown in Figure 7.
Due to the insertion of capacitors at the connections and open ends of the high and low impedance lines, the cut-off frequency tuning range of the TLPF was expanded compared to the situation with only input and output impedance tuning. As seen in Figure 7, the cut-off frequency of the TLPF can be tuned from 220 to 440 MHz, the relative bandwidth tuning range was 66.7%. The return loss of the TLPF was better than 10 dB. The insertion loss was better than 0.5 dB.
[image: Figure 7]FIGURE 7 | (A) The measured performance of the TLPF (220 MHz). (B) The measured performance of the TLPF (440 MHz).
The TLPF proposed in this article has good designability and can be designed into a TLPF that meets other performance requirements easily the comparison between the proposed TLPF and the references (Table 1).
TABLE 1 | Comparison between the proposed TLPF and the references.
[image: Table 1]CONCLUSION
A tunable low pass filter adopting tunable input/output impedance technology was presented. Through the tuning of input/output impedance of the quarter-wavelength resonator, the cut-off frequency of the TLPF can be tuned in a certain range. The design of the TLPF based on variable input/output impedance can be generalized to other types of filters and filter designs with other properties.
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Abstract—A novel double-layer transmitarray element is presented at 60 GHz with linearly- and circularly-polarized characteristics. A planar frequency-selective structure using the complementary design is adopted to augment the element performance for millimeter-wave applications. By integrating two different types of structure, i.e. cross and slot type, the compensation phase range is extended effectively with a satisfactory transmission magnitude. A transmitarray prototype is fabricated and tested to verify this double-layer complementary design. The measured gain at 60.5 GHz is 33.1 dBi with an aperture efficiency of 42.15%. Low side-lobe and cross-polarization levels are obtained. The proposed double-layer complementary design can reduce the structure complexity effectively and offer a high aperture efficiency at a low cost, which can be a potential candidate for the millimeter-wave transmitarray.
Keywords: high gain, double-layer, transmitarray, antenna, millimeter (MM) wave
1 INTRODUCTION
Recently, transmitarray antenna has become a popular research item. Compared with the traditional lens antenna, the transmitarray aperture can be a planar frequency-selective surface, which makes it easy integration, visual invisibility, and economical fabrication with PCB technology. Many transmitarray antennas have been investigated with diverse performances such as wideband [1], multiple bands [2], low profile [3], multiple beams [4], and beam scanning [5].
Many devices have been reported for the millimeter-wave band near 60 GHz [6–8]. A three-layer linearly polarized transmitarray antenna was presented in [9] for millimeter-wave applications. Employing a slot-coupling method, a triple-layer linearly polarized transmitarray was proposed in [10]. Although satisfactory performances have been realized, these designs have at least three metallic layers that make the structure relatively complicated. A dual-layer transmitarray was proposed for the 77-GHz automotive radar applications [11]. However, the proposed element can only provide 0° and 180° phase differences, which would result in a relatively large phase error and lower aperture efficiency. A dual linearly polarized transmitarray was presented at D-band with a peak gain of 32 dBi and aperture efficiency of 32% at 150 GHz [12]. It is discussed in [13] that at least three metallic layers are required to achieve a compensation phase range of nearly 360°and -1-dB magnitude simultaneously. To reduce the structural complexity, the double-layer element has been investigated and reported. A double-layer transmitarray element with metallic vias was proposed [14, 15]. It was further investigated in [16–18] with improved performance. A two-layer linearly-polarized metal-only TA was presented in [19].
For the 60-GHz millimeter-wave and even higher frequency band, transmitarrays with a simple structure are desired for easy fabrication and low cost. Then, some double-layer designs without vias are investigated. A double-layer planar lens antenna was presented in [20] using a gradient metasurface structure with a measured aperture efficiency of 24.6%. A double-layer design from [21] can achieve a high aperture efficiency of 60.2% using a circular polarization conversion approach for circular polarization. Recently, a conformal transmitarray was developed in [22] using a dual-layer Huygens element with single linear polarization. It has a measured gain of 20.6 dBi with an aperture efficiency of 47%. Although the above designs have achieved satisfactory performance, it is still difficult to accommodate both linear and circular polarizations simultaneously to meet the application requirements of different occasions. Recently, a planar transmitarray element based on a complementary frequency-selective structure was reported in [23] with an extended compensation phase range. It can be adapted potentially for millimeter-wave applications.
A complementary double-layer transmitarray element is presented for the millimeter-wave band in this letter. The element performance is improved effectively based on the hybrid design combining cross and slot-type structures with linear and circular polarization characteristics. Then, a transmitarray antenna is fabricated for verification. Satisfactory radiation performance has been achieved with a measured gain of 33.1 dBi. The measured aperture efficiency is 42.15% with low side-lobe and cross-polarization levels.
2 PROPOSED DOUBLE-LAYER COMPLEMENTARY ELEMENT
The double-layer complementary element is shown in Figure 1. The element size is 2.98 mm in the X- and Y-directions. Two identical metallic structures are printed on the top and bottom of the Rogers-5880 substrate with a thickness of 20 mil. The detailed parameters are in Table 1.
[image: Figure 1]FIGURE 1 | Structure of the double-layer element. (A) Top view, (B) Side view.
TABLE 1 | Antenna element parameters (mm).
[image: Table 1]The metallic structure consists of modified cross, slot, and parasitic structures. The slot-type structure has four stubs at the corners with lengths L2, L3, and widths W2, W3. The cross has the length L and width W with a circular slot carved at the center. Four parasitic rectangular patches with the sizes of L1 and W1 are distributed around the cross with a gap of G1. All metallic structures are distributed symmetrically. The central symmetry structure makes it suitable for both linear and circular polarizations.
Using structural design freedom, two complementary elements with different stub and cross sizes are utilized to extend the compensation phase range, as shown in Figure 2. For element 1, the stub is relatively short with L2 = 0.37 mm and L3 = 0.05 mm, respectively. The diameter of the central slot is with the equation D = –1.75L2+4.52L–2.17. The phase range is obtained by changing the cross length L from 0.9 to 1.67 mm. For element 2, the stub lengths L2 and L3 are 0.61 and 0.54 mm, respectively. D is with the equation of D=(1.96 mm–L)×2. The L varies between 1.68 and 1.9 mm. The element performances with a normal incidence at 60 GHz are plotted in Figure 2. The phase range of element 1 is from −59° to −141° with a transmission magnitude better than −1.5 dB. For element 2, the −1.5-dB phase range is from 40° to 133°. The phase range between −180° and 180° can be covered with a maximum phase error of 55° based on these two elements. So a double-layer complementary element with an extended phase range is realized for the 60-GHz millimeter-wave band.
[image: Figure 2]FIGURE 2 | Phase and magnitude performance of the complementary element at 60 GHz with normal incidence.
3 ANTENNA ANALYSIS
The element performances under oblique incidence are simulated with the TE and TM sources. The phase and magnitude performances are plotted in Figure 3 and. 4. It is observed in Figure 3A that the maximum phase error for TE source is 61° between the normal and oblique incidence with θ = 25° and φ = 45°. For the TM source in Figure 3B, the maximum phase error is 49° between the normal and oblique incidence with θ = 25° and φ = 0°. In Figure 4, the maximum magnitude error for TE source is −1.18 dB between the normal and oblique incidence with θ = 25° and φ = 45° while the maximum magnitude error for TM source is −2.5 dB between the normal and oblique incidence with θ = 25° and φ = 0°.
[image: Figure 3]FIGURE 3 | Phase performance under oblique incidence: (A) TE, (B) TM.
[image: Figure 4]FIGURE 4 | Magnitude performance under oblique incidence: (A) TE, (B) TM.
As elements 1 and 2 can cover the phase ranges from −180° to 0° and from 0° to 180° respectively, the effective current distributions are plotted for analysis, which is depicted in Figure 5 with the cross length L = 1.68 mm.
[image: Figure 5]FIGURE 5 | Effective current distributions with L = 1.68 mm: (A) Element 1, (B) Element 2.
For element 1, it is observed in Figure 5A that most currents distribute on the cross while there are few currents on the slot-type structure due to a relatively small stub length. The slot-type structure has little effect on the element performance when the stub length is electrically small, so the slot-type structure has limited influence on element 1.
In Figure 5B, the currents are on cross and slot-type structures of element 2. The slot-type structure affects the element performance when the stub length is comparable to the wavelength. The instantaneous current distributions are in Figure 6. The cross is excited at the reference time point of t in Figure 6A. The slot-type structure is excited at the time point of t + T/6 in Figure 6B where T represents one cycle. It is noticed that the slot-type and cross structures are not excited simultaneously but with a time interval of T/6. The introduced slot-type structure can offer an extra phase shift compared with element 1, so the transmission phase is shifted from the negative range to the positive range, as shown in Figure 2. It can be concluded that the cross is responsible for the performance of element 1. Both the cross and slot-type structures affect the performance of element 2. They are stimulated successively within half cycle.
[image: Figure 6]FIGURE 6 | Instantaneous current distributions of element 2 with L = 1.68 mm at different time points: (A) t, (B) t+T/6.
4 EXPERIMENTAL VERIFICATION
To verify the proposed double-layer frequency-selective structure, a transmitarray antenna with a diameter of 113 mm is designed and fabricated, as shown in Figure 7. It includes 1,060 elements with a cross length varying between 0.9 and 1.89 mm. A linearly-polarized horn antenna with a gain of 18.25 dBi at 60 GHz is employed to illuminate the antenna aperture in the normal direction. The height is optimized to be 140 mm. Based on the element and feed characteristics, the compensation phase of each element is calculated [24]. A full-wave simulation is conducted using CST software. The calculated radiation patterns are plotted in Figure 8. In Figure 9, the antenna gain at 60 GHz is calculated to be 33.16 dBi with the simulated aperture efficiency of 43.7% [25].
[image: Figure 7]FIGURE 7 | Antenna prototype based on the proposed double-layer complementary element.
[image: Figure 8]FIGURE 8 | Measured and simulated patterns at 60 GHz: (A) E-plane, (B) H-plane.
[image: Figure 9]FIGURE 9 | Measured and simulated gains.
An LPKF ProtoLaser system is employed for the aperture fabrication while the antenna prototype is assembled and tested in an anechoic chamber. The measured radiation patterns and gain are plotted in Figures 8, 9, respectively. The measured gain at 60 GHz is 31.95 dBi with an aperture efficiency of 34.5% while the maximum gain is 33.1 dB at 60.5 GHz with an aperture efficiency of 42.15%. The 3-dB-gain bandwidth is from 58.4 to 61.9 GHz with a relative bandwidth of 5.9%. It is observed in Figure 8 that the measured main beam almost overlaps with the simulation result. The measured side-lobe levels are below −24.2 dB at E-plane and −22.3 dB at H-plane while the maximum cross-polarization level is -29.1 dB. It is observed that the measured gain is 1.2 dB lower than the simulated one at 60 GHz while the simulated and measured gains are almost equal at 60.5 GHz.
There are certain discrepancies between the simulation and measurement results. Firstly, certain elements are not etched precisely. It would introduce additional phase and magnitude errors. Secondly, the tramsmitarray prototype is assembled manually, the assembly errors with the radiation aperture and feeding horn are inevitable. Finally, the antenna is supported by a metallic frame. It would introduce more reflections and refractions, resulting in certain influences on the radiation patterns.
The proposed transmitarray is compared with some existing millimeter-wave designs in Table 2. Based on the traditional three-layer frequency-selective structure [9, 10], aperture efficiency of more than 42% has been realized with 3-dB-gain bandwidths of more than 15%. However, they are only suitable for linear-polarized applications with a relatively complex structure. A linearly-polarized dual-layer transmitarray was proposed [11] at 77 GHz with a relatively lower aperture efficiency of 19.3%. A triple-layer transmitarray antenna has been presented at D-band with both linear and circular polarization characteristics [12]. The measured gain is 32 dBi with an aperture efficiency of 32%. To improve the aperture efficiency and to reduce the structural complexity, a double-layer complementary frequency-selective structure is designed in this work. The measured aperture efficiency is improved to be 42.15%, which is close to the triple-layer designs of [9, 10]. Furthermore, the proposed element is suitable for linear and circular polarizations. It can fulfill various requirements and extend its application scenarios.
TABLE 2 | Comparison of the proposed antenna with existing designs.
[image: Table 2]5 CONCLUSION
A double-layer complementary transmitarray structure is studied at 60 GHz for linear and circular polarizations. Combining the cross and slot-type structure, a double-layer frequency-selective element has been designed with good transmission phase and magnitude performances. The working principle of this complementary structure has been investigated and a prototype has been fabricated for verification. The measured antenna gain is 33.1 dB at 60.5 GHz with an aperture efficiency of 42.15%. The antenna structural complexity and cost have been reduced effectively. With these favorable advantages, this double-layer transmitarray antenna should have broad application prospects in the future.
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This article presents a dual-polarized corrugated horn antenna incorporated a turnstile orthomode transducer (OMT) covering the full Ka-band (26.5–40 GHz). A three-stepped cylindrical tuning stub scattering element is designed in the turnstile junction to combine/split the two linearly polarized waves with high isolation. The proposed turnstile OMT shows a good simulated return loss better than 20 dB and a high isolation higher than 57 dB within the whole Ka-band. Then, a corrugated horn antenna with five-stage choke rings is designed. Finally, the proposed horn antenna incorporated in the turnstile OMT is fabricated and measured. The measured impedance bandwidth for |S11/22|≤ −15 dB is 50.7% from 25 to 42 GHz. The measured peak gain is 11.9 dBi. The proposed antenna system is a promising candidate for the 5G millimeter-wave applications.
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INTRODUCTION
Recently, millimeter-wave (MMW) devices such as antennas [1], filters [2], etc., have attracted much attention from researchers. Reflector antennas have been widely utilized in many fields such as radar, radio astronomy, satellite communications due to the advantages of high gain. As a kind of feed source of the MMW reflector antennas, MMW horn antennas have been widely studied [3–5]. Corrugated horn antennas are one of the most popular feed antennas due to their advantages such as low cross-polarization, symmetrical radiation patterns in two orthogonal planes, and low sidelobe level [6–10]. On the other hand, we are faced with challenges in channel capacity limitations in communication systems. Orbital angular momentum (OAM) [11, 12] and dual-polarization [13] technologies have been proposed to increase the communication capacity. To realize dual-polarized horn antennas, dual-polarized quad-ridged horn antennas or linearly polarized horn antennas integrated with an orthomode transducer (OMT) have been reported. However, the quad-ridged horn antennas have the disadvantages such as high cross-polarization levels and unsymmetrical radiation patterns [14–16]. The OMT can combine or split the waves with two orthogonal polarizations simultaneously. In general, a three-port OMT is made up of a common port and two independent ports with high isolation between each other. Boifot OMT [17–20] and turnstile junction OMT [21–25] are the two kinds of widely used OMTs with wideband characteristics. Compared with the Boifot OMTs, the turnstile junction OMTs can achieve wide impedance bandwidth without pins or septums.
In this article, a dual-polarized corrugated horn antenna using turnstile OMT operating within 24–42 GHz is presented. The turnstile OMT can realize dual-linear polarization and provide high isolation. A corrugated horn antenna with five-stage choke rings is designed as the radiator. The fabricated horn antenna incorporated a turnstile OMT exhibits a 50.7% measured −15 dB impedance bandwidth and an 11.9 dBi measured maximum gain. The measured isolations between the two orthogonal polarizations are lower than -40 dB within the bandwidth.
ANTENNA DESIGN
Orthomode Transducer Design
As a key component of the turnstile OMT, the turnstile junction is designed first. The internal view of the proposed turnstile junction is shown in Figure 1. The turnstile junction is made up of a circular waveguide (port 1), a three-stepped cylindrical tuning stub, and four rectangular waveguide outputs (ports 2–5). The input waves with two orthogonal polarization directions from port 1 can be separated into two linearly polarized waves. The design of the scattering element is critical to the overall performance of the turnstile junction. A four-stepped cylindrical tuning stub has been designed in a turnstile junction achieving 40% bandwidth (10–15 GHz) [21]. According to [21], the impedance bandwidth of a turnstile junction can be increased by increasing the number of steps of the multi-stepped cylindrical scattering element. However, the larger the number of steps, the larger the volume of the turnstile OMT. Moreover, the top metallic cylinder tends to be thinner when the number of steps increases, which may cause larger mechanical errors, especially at millimeter-wave frequency bands. Then, a tradeoff is made between the impedance bandwidth and the number of the steps: a three-stepped cylindrical tuning stub is adopted as the scattering element. Four rectangular stubs are placed in the four corners to improve impedance matching. The detailed dimensions of the three-stepped cylindrical tuning stub are as follows (in mm): D1 = 0.73, D2 = 2.5, D3 = 6.2, h1 = 3.9, h2 = 2.1, h3 = 0.65.
[image: Figure 1]FIGURE 1 | Geometry of turnstile junction. (A) Internal view. (B) Three-stepped cylindrical scattering element.
The simulated results of the turnstile junction are shown in Figure 2. The two |S11| curves related to two orthogonal polarization directions are almost the same with each other. They are both almost lower than −20 dB within the bandwidth from 24 to 42 GHz. As shown in Figure 2B, the E-field distributions simulated results indicate that good isolation has been achieved between two input waves with two orthogonal directions, respectively. Figure 2C shows how the TE11 mode input wave in the circular waveguide is converted to two ways of TE10 mode wave.
[image: Figure 2]FIGURE 2 | Simulated results of the proposed turnstile junction. (A) Reflection coefficient. (B) E-field distribution in the turnstile junction at 35 GHz. (C) Section view of the E-field distribution (35 GHz) inside the turnstile junction.
Based on the above design, a turnstile OMT is designed, as shown in Figure 3. The proposed turnstile OMT includes a turnstile junction, two Y-shaped junctions, a common circular waveguide port (port 3), and two rectangular waveguide ports (port 1 and port 2, respectively). Thanks to the scattering element of turnstile junction, or the three-stepped cylindrical tuning stub, the wave from port 3 with two orthogonal polarization directions can be separated into two linearly polarized waves, which are sent to port 1 and port 2, respectively. Waves separated by the turnstile junction will be routed through 180° E-plane two-stepped bends. Then, power combinations will be carried out through the Y-shaped junctions. The simulated results of the proposed OMT are shown in Figure 3B. The simulated |S11| and |S22| are both lower than −20 dB within the bandwidth from 24 to 41.6 GHz. The proposed design shows high isolation between ports 1 and 2. The simulated |S21| is lower than −57 dB within the bandwidth from 24 to 42 GHz.
[image: Figure 3]FIGURE 3 | (A) Internal view of the turnstile OMT. (B) Simulated results of the turnstile OMT.
Corrugated Horn Design
The proposed choke ring horn antenna is shown in Figure 4. The five-stage choke rings are fed by a circular waveguide which is excited by dominant TE11 mode waves. According to the waveguide theory, TEmn and TMmn mode waves will be excited in the choke rings. The depth of each choke should be λ/4 to λ/2 to get equal beam widths, low cross-polarization levels, and low back radiation. To attain broadband impedance and radiation pattern bandwidths covering 26–40 GHz, the five chokes are designed and optimized as different depths. The detailed dimensions of the choke ring horn antenna are as follows (in mm): h1 = 4.97, h2 = 5.59, h3 = 2.87, h4 = 3.26, h5 = 2.61, h6 = 2.61, h7 = 3.95, h8 = 3.2, h9 = 2.71, h10 = 2.84. W1 = 1.87, W2 = 2.14, W3 = 2.26, W4 = 2.18, W5 = 1, W6 = 8.6, W7 = 9.6.
[image: Figure 4]FIGURE 4 | Simulation model of the proposed corrugated horn antenna. (A) 3-D view. (B) Section view.
Under these conditions, the electric fields over the radiation aperture will decay along the radius axial direction. The simulated electric field distributions in yoz-plane at z = 1 mm for different frequencies are shown in Figure 5. It is observed that the E-fields are similar to Gaussian distribution which leads to rotationally symmetric radiation patterns. The simulated results of the proposed choke ring horn antenna are shown in Figures 6, 7. The |S11| is less than −15 dB in 26–40 GHz frequency band. The maximum gain is 12.5 dBi. Good rotationally symmetric radiation patterns have been observed within the bandwidth.
[image: Figure 5]FIGURE 5 | Simulated electric field distributions in yoz-plane at z = 1 mm for different frequencies.
[image: Figure 6]FIGURE 6 | Simulated results of the proposed corrugated horn antenna.
[image: Figure 7]FIGURE 7 | Simulated radiation patterns of the proposed corrugated horn antenna element at (A) 26 GHz. (B) 30 GHz. (C) 35 GHz. (D) 40 GHz.
EXPERIMENTAL VALIDATION AND DISCUSSION
Based on the designs presented above, the co-simulations of the OMT and choke ring horn antenna are carried out. The simulated model is shown in Figure 8A. Then, an OMT and a horn antenna are fabricated separately. The OMT is incorporated into a box-type flange. The fabricated dual-polarized antenna system after assembly is shown in Figure 8C. The measured results of port matching and port isolation are shown in Figure 9. The measured −15 dB impedance bandwidths (|S11/22| ≤ −15 dB) are both 50.7% covering from 25 to 42 GHz at two ports, respectively. The simulated and measured isolations between two ports are larger than 85 and 40 dB within the bandwidth of 25–42 GHz, respectively. The measured maximum gain is 11.9 dBi at 42 GHz while the simulated one is 12.4 dBi at 41 GHz. The measured gains are all larger than 9.9 dBi within the bandwidth. The measured radiation efficiency can be calculated by comparing the simulated directivity and the measured gain. Then the measured radiation efficiency of the horn antenna (with OMT) is 90.2% at 36 GHz. The measured aperture efficiency is 78.6% at 36 GHz. The simulated and measured radiation patterns for port 1 at frequencies of 26, 30, 35, and 40 GHz are presented in Figure 10. Due to the measurement limitation, the measured radiation patterns with low sidelobe levels are presented from −90° to 90°. The simulated and measured results agree well within the bandwidth. Almost equal 3-dB beamwidths have been achieved between two planes within the bandwidth.
[image: Figure 8]FIGURE 8 | Photographs of (A) Co-simulation model of the OMT and horn antenna. (B) Bottom view of the OMT. (C) Fabricated dual polarized horn antenna with OMT.
[image: Figure 9]FIGURE 9 | Simulated and measured results of the dual-polarized corrugated horn antenna with OMT. (A) Reflection coefficient. (B) Isolation. (C) Gain.
[image: Figure 10]FIGURE 10 | Simulated and measured radiation patterns of the dual-polarized horn antenna with OMT at (A) 26 GHz. (B) 30 GHz. (C) 35 GHz. (D) 40 GHz.
CONCLUSION
A broadband dual-polarized corrugated horn antenna incorporated a turnstile orthomode transducer (OMT) has been presented and verified at Ka-band (26.5–40 GHz). A turnstile OMT is designed to achieve dual polarization with high isolation. A broadband linearly polarized corrugated horn antenna is designed with five-stage choke rings achieving stable and symmetric radiation patterns within the bandwidth. The antenna system including the turnstile OMT and corrugated horn antenna shows a 50.7% −15 dB impedance bandwidth at two input ports, respectively. The proposed dual-polarized antenna system is a promising candidate for future 5G applications.
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Controlling the polarization state is an efficient way to enhance the functionalities in sensing, imaging, and communication systems in the microwave and terahertz (THz) spectrum. This study proposed an anisotropic metasurface and numerically explained it as a highly efficient polarization conversion using far-infrared frequency. Structural design, optimization, and results examination of the metasurface are performed using the CST microwave studio electromagnetic simulator. The metasurface was developed surrounding the two individual arrow-shaped metal resonators with two bar resonators on the opposite angular side of the arrow. Aluminum (Al) was used as a metallic resonator, while gallium arsenide (GaAs) was as the substrate. The interference theory was used to describe the co-polarized and cross-polarized reflectance coefficients, where two different mediums and interference layers were considered along with the reflected and transmitted wave. The polarization conversion efficiency yielded over 90% from 282.9 to 302.3 µm (0.987–1.062 THz) and 558.78 to 676.7 µm (0.442–0.537 THz) indicating multiple resonances at 286.7, 298.25, 586.1, and 689.55 µm. In conclusion, the performances and diverse characteristics of the designed metasurface demonstrated potential applications in the far-infrared spectrum as an efficient polarization converter application.
Keywords: metasurface, polarization conversion, terahertz, x-polarized, y-polarized
INTRODUCTION
The development of metasurfaces has attracted significant attention among researchers as they possess unusual properties that could be useful in artificial composite structures and future innovations for its lightweight, simplified structure, and easy integration with other devices [1]. Comparatively, natural materials do not possess such characteristics. Although microwave and terahertz (THz) metamaterials have a wide range of applications [2–6], 3D metamaterials frequently suffer from drawbacks such as narrow bandwidth, low efficiency, and bulky size [7]. The superior polarization manipulation capabilities of a 2D metasurface, on the other hand, overcome these constraints [8]. Polarization is an essential characteristic in the field of electromagnetic waves, as it plays a fundamental role in many communication systems (antenna, satellite, optical fiber, etc.), contrast imaging microscopy, optical sensing, molecular biotechnology, and controlling, by manipulating the polarization states of electromagnetic waves. Thus, achieving arbitrary control of electromagnetic wave polarization state remains a key problem in microwave and TH) engineering. Some are always being used, such as the optical action of crystals, the Faraday effect, gases, or solutions of chiral molecules (e.g., sugars), helical secondary structure proteins, and chiral liquid crystals [9]. The major drawbacks of these methods are that they result in bulky volumes, narrow bandwidth, and an incidence-angle-dependent response that limits their use in practical applications [10, 11]. Hence, metasurfaces are being emphasized to overcome these limitations due to their light profile nature, polarization-insensitiveness, and higher efficiency [12, 13]. Metasurfaces are widely used in beam splitting [14], radar cross-section reduction [15], flat lensing [16], real-time holograms [17], absorbers [18], etc. Additionally, the miniaturized polarization converters and various metasurface design schemes were proposed to extend the operating bandwidth or realize multiband and multiple resonances to enhance its practical applicability [19, 20]. Feng et al. developed a polarization rotator using a high impedance surface (HIS) over polarization conversion ratio (PCR) efficiency of 56% from 2 to 3.5 GHz. Their geometrical structure of 20.2 × 18.2 mm2 was comparatively bigger in terms of only 56% efficiency [21]. Chen et al. developed a polarization conversion metasurface using an arrow-type resonator structure in a microwave where the bandwidth was enhanced through the generation of electric and magnetic resonances [22]. Zhang et al. designed a metasurface with a metallic oval ring resonator with a PCR of 68.6% between 8 and 18 GHz [23]. Meanwhile, the Flame Retardant-4 (FR4) is a highly lossy substrate over 10 GHz in the real-life experiment. The dielectric value changes with increasing frequency, hence resulting in deviations from the simulated results.
Several researchers proposed and developed reflectance-based metasurface for polarization conversion. Cheng et al. proposed a dual-band asymmetric transmission-based multi-layered anisotropic metamaterial working from 0.1 to 0.9 THz [24]. Jiang et al. investigated a reflective linear to circular polarization converter. The unit cell was made of multiple phosphorene layers over a dielectric layer and a gold mirror [25]. At the same time, Zhu et al. proposed a sinusoidally structured graphene-based metasurface that can be tuned using the Fermi energies of the graphene. The metasurface presented polarization conversion from 1.28 to 2.13 THz with a PCR over 85% [26]. Wen et al. developed a polyimide dielectric substrate base metasurface where gold was used as the metasurface resonator array. They claimed a near-unity efficiency from 0.44 to 0.76 THz [27]. On the other hand, Cheng et al. proposed a bilayer chiral metamaterial for linear to circular polarization where incident x-polarized light propagated on the back surface, while y-polarized light was emitted at a frequency range of 2.19–2.147 THz [28]. Ako et al. developed a tri-layered linear polarization converter utilizing the cyclin olefin copolymer (dielectric medium) and gold as a resonator pattern that works between 0.22 and 1.02 THz frequency range with over 80% conversion efficiency [29]. Due to the high demand for THz applications, more investigations are being conducted to develop a polarization converter with higher conversion performance and wider bandwidth in the microwave and THz frequency spectrum [30–32]. In recent years, THz wavefront modulation research is gaining much interest among researchers [33, 34], and THz technology has penetrated the field of biomedical applications such as microfluidic biosensors [35], DNA characterization [36], protein synthesis [37], diagnosis of cancer tissues [38], imaging [39], etc. Thus, a metasurface with highly efficient polarization conversion is still in demand. Research is ongoing to develop a highly efficient metasurface that is of low cost and can be produced using available conventional materials to make a compact-sized single-layered structure for easy fabrication.
This study aimed to design a metasurface structure with significant bandwidth and high polarization conversion efficiency. To serve this purpose, an anisotropic metasurface with a size of 120 × 120 μm2 was designed and numerically demonstrated from 0.3 to 1.2 THz. Aluminum (Al) was used as a metallic resonator (front and ground), while gallium arsenide (GaAs) was used as a substrate medium. The metasurface yielded a cross-polarization conversion efficiency of up to 90% from 282.9 to 302.3 µm (0.987–1.062 THz) and 558.78–676.7 µm (0.442–0.537 THz) with multiple resonance frequencies at 286.7 µm (1.046 THz), 298.25 µm (1.0055 THz), 586.1 µm (0.5115 THz), and 689.55 µm (0.4554 THz). The single-layered structure makes the design more compact to be used in the THz regime. Thus, the metasurface device is highly suitable for the applications of THz detectors, sensing, biomedical imaging, and potential THz-based devices. A meta lens-based holographic imaging system using the polarization conversion metasurface is one kind of illustration to show the image of the object at suitable distances [40].
METASURFACE DESIGN
The metasurface was designed following a series of optimization to yield better results. The final metasurface structure was designed using two individual arrow-shaped metal resonators surrounded by two bar resonators on the opposite angular sides of the arrow (Figure 1). The overall size of the metasurface was 120 × 120 μm2 with aluminum (Al) as a metallic element (thickness = 11 µm and conductivity = 3.56 × 107 S/m). The Al layers were etched on the front and back of the Gallium Arsenide (GaAs) substrate. The GaAs have a relative permittivity of 12.94 and a loss tangent of 0.0004. The GaAs substrate has some distinct advantages such as higher efficiency, heat and moisture resistance, superior flexibility, etc. In addition, electrons travel faster through its crystalline structure than through silicon. Both the dielectric and metallic lossy mediums were used to ensure the outcomes would match the actual prototype. Inductance (L) was produced by the metal strips of the resonators, whereas capacitance (C) from the splits or gaps of the resonators. The coupling of the inductance and capacitance helps to create resonance frequency. Thus, the resonance frequency comes from [41],
[image: image]
[image: Figure 1]FIGURE 1 | Schematic prototype of the proposed metasurface polarization converter with the front and side views of the unit cell in the inset figure. The dark green and yellow parts represent GaAs and Al, respectively.
The optimized dimensions were A1 = 61.05 µm, A2 = 68.45 µm, G1 = 7.85 µm, G2 = 7.15 µm, G3 = 2.2 µm, Ws = 120 μm, and Ls = 120 μm; the thickness of GaAs was 20 µm (hs), while the thickness of the metallic resonator was 11 µm (hr, hg).
THEORETICAL ANALYSIS AND SIMULATION METHODOLOGY
Interference theory [42] clarifies the co-polarized and cross-polarized reflectance coefficients. Interference theory can be applied when there is an interface between the metallic resonators and the dielectric substrate medium. The theory for the proposed metasurface polarization converter is depicted in Figure 2A. When a y-polarized wave is an incident on interface layer 1, then the polarized wave is transmitted to medium 2 from medium 1. However, some portion of the wave is reflected in medium 1. Since interface layer 1 is the interconnection of the metallic resonator and dielectric medium, it functions as a polarization converter. Thus, the transmitted and reflected waves will yield two components, y to y and y to x components denoting y-polarized and x-polarized waves, respectively. As the second interface layer 2 is grounded, it also serves as an interface layer of the metallic resonator and dielectric medium. Thus, when the transmitted wave is incident, some components will be reflected in the same medium 2 with negative unity, i.e., [image: image] The reflected waves will propagate in medium 2 in a backward direction. When they are incident on interface layer 1, some portion of the waves will be transmitted to medium 1 and some will be reflected into medium 2. Thus, the reflected portions between interface layers 1 and 2 will undergo multiple reflectances and multiple transmissions to medium 2. The reflected [image: image] and transmitted ([image: image]) portions of the waves contain co-polarized and cross-polarized components of both x-polarized and y-polarized waves. Hence, the reflectance coefficient for the y to y is
[image: image]
and the reflectance co-efficient for y to x is
[image: image]
[image: Figure 2]FIGURE 2 | (A) Reflectance and transmission of waves based on interference theoretical model and (B) schematic description of simulation.
Similarly, the same occurs when an x-polarized wave incident on interface layer 1. For the x-polarized wave, the reflectance coefficient for x to x is
[image: image]
and the reflectance co-efficient for x to y is
[image: image]
Equations (1)–(4) were simplified for the clarification of the model where higher-order multiple reflected components are neglected [43, 44]. The terms [image: image] and [image: image] refer to the co-polarized reflectance coefficient and cross-polarized reflectance coefficient exhibited from the metasurface array resonator, respectively. The other terms represent the reflectance that was produced through the superposition of multiple reflectances between interface layers 1 and 2. When destructive interferences occur continuously in the co-polarized reflectance and other multiple reflectances, the reflectance for y to y and x to x becomes so small, i.e., [image: image]. Therefore, this phenomenon successfully achieved polarization conversation.
To control the polarization state of the electromagnetic waves through the metasurface, it is necessary to accurately simulate the metasurface structure. In this regard, the finite integration technique (FIT)-based CST microwave electromagnetic simulator (CST Studio Suite 2019) was used for the design, numerical calculations, and characteristic analysis. During the simulation, the proposed metasurface was placed in the x- and y-direction, where the unit cell boundary conditions were imposed so that infinite unit cells were assumed to make the simulation more accurate. The positive z-direction was set as an open space boundary condition with the applied floquet port, while for the negative z-axis, the perfect electric conductor boundary was used to ensure the occurrences of reflectance only. The boundary condition of the proposed metasurface is depicted in Figure 2B. The numerical simulation was performed between 250 and 850 µm wavelength. Adaptive tetrahedral mesh refinement was also applied to get the results more accurately. Moreover, transverse electric (TE) and transverse magnetic (TM) waves have been utilized for the y-polarized and x-polarized wave simulation, respectively.
RESULTS AND DISCUSSION
Based on the extant literature, in a common phenomenon, the intensity of the co-polarized reflectance coefficient should be lower than −3 dB (i.e., Rxx < −3 dB and Ryy < −3 dB) and the cross-polarized reflectance coefficient should be opposite of that of the co-polarized reflectance coefficient (i.e., Ryx ≥ -3 dB and Rxy ≥ -3 dB), resulting in a cross-polarization conversion performance of 70%. However, if the intensity of co-polarized reflective coefficient falls below -10 dB (i.e., Rxx < −10 dB and Ryy < −10 dB) or the cross-polarized reflectance is higher than -2 dB (i.e., Ryx ≥ −2 dB and Rxy ≥ −2 dB), the cross polarizer is deemed to be highly efficient. In this situation, the cross-polarization performance reaches 90% and more [45]. The metasurface achieved dual bandwidth operation because of the multi-resonance characteristics. Multiple resonances were recorded at 286.7 µm (1.046 THz), 298.25 µm (1.0055 THz), 586.1 µm (0.5115 THz), and 689.55 µm (0.4554 THz). In this study, the developed metasurface performed as a polarization plane converter at an efficiency rate of 90%. The co-polarized and cross-polarized reflectance coefficients for both the x-polarized and y-polarized waves are presented in Figures 3A,B, respectively.
[image: Figure 3]FIGURE 3 | Simulated co- and cross-polarized reflectance coefficients for (A) y-polarized and (B) x-polarized waves.
Based on Figure 3, the co-polarized reflectance coefficients for both the x-polarized and y-polarized waves remained almost the same, i.e., less than −10 dB, whereas the cross-polarized reflectance coefficients for both the x-polarized and y-polarized waves were above −2 dB. Thus, the cross-polarization conversion was achieved from 282.9 to 302.3 µm (0.987–1.062 THz) and 558.78 to 676.7 µm (0.442–0.537 THz), signifying the conversions of the x-polarized wave into the y-polarized wave, and the y-polarized wave into the x-polarized wave, respectively. The cross-polarization efficiency was measured using PCR. The PCR for both the y-polarized and x-polarized waves was calculated as follows:
[image: image]
The magnitudes of PCR for the x- and y-polarized waves were plotted versus frequency spectrum as illustrated in Figure 4. The developed metasurface yielded above 90% polarization conversion efficiency from 282.9 to 302.3 µm and 558.78 to 676.7 µm. This result indicated that the developed metasurface could be used as an efficient polarization converter at a far-infrared range (0.3–1.2 THz).
[image: Figure 4]FIGURE 4 | Computed PCR for x- and y-polarized waves.
To describe the multi resonance behavior of the metasurface for further clarification, the electric field distribution and surface current circulation for both the y- and x-polarized waves were assessed (Figure 5). At a higher frequency [i.e., 1.0055 THz (298.25 µm)], the electric charge is concentrated inside the splits of the array resonators. However, at the moderate resonance frequency [0.5115 THz (586.1 µm)], the charge concentration was more spread and concentrated at the corners of the resonators. As the frequency reduced, the electric charge concentration was spread to the corners and gaps [0.4554 THz (689.55 µm)]. However, some portions of resonators were weak in electric charge concentration, indicating decoupling characteristics at those regions. On the other hand, the black circle marks (O) represent the strong electric field, which leads to excellent electromagnetic coupling that defeats the decoupling portions to perform better. The electric charge concentration of the surface current distribution also justified the electric surface current distribution of the metasurface at different frequencies.
[image: Figure 5]FIGURE 5 | (A–C) Electric field distributions and surface current circulations for (D–F) y-polarized wave and (G–I) x-polarized wave at 298.25, 586.1, and 689.55 µm, respectively.
To realize the physical phenomena of the polarization conversion, the surface current distributions for the periodic resonator layer at the resonance frequencies were presented in Figure 5. Figures 5D–F and Figures 5G–I present the instantaneously induced current distributions at resonance frequencies of 298.25 µm (1.0055 THz), 586.1 µm (0.5115 THz), and 689.55 µm (0.4554 THz) for both the y- and x-polarized waves, respectively. As depicted in Figure 5D, when the y-polarized wave propagated through the metasurface structure, where an anti-clockwise current circulation occurred as indicated by the black sign at a resonance frequency of 298.25 µm. The current circulation can also be termed as anti-parallel current circulation. The anti-parallel current circulation could lead to magnetic dipole moments. The y-components of the induced magnetic field, which were also parallel to the incident electric field, led to the cross-coupling formation between the electric field and magnetic field. Subsequently, cross-polarization conversion from the y- to x-polarized state occurred. This cross-coupling effect was also produced for the resonance frequencies at 586.1 and 689.55 µm, as depicted in Figures 5E,F, because the y-polarized wave propagated and cross-polarization conversion occurred from the y- to x-polarized state [46]. When the x-polarized wave propagated through the metasurface, the current flowed in a clockwise direction (Figure 5G). The x-components of the induced magnetic field, which were perpendicular with the incident electric field, could not initiate cross-polarization conversion because the incident magnetic field was also in the same direction. However, the y-components of the induced magnetic field remained parallel with the incident electric field. Hence, it can induce the x-components perpendicular to the y-components of the electric field. Consequently, the induced x-components of the electric field led to polarization conversion. These phenomena occurred at 586.1 and 689.55 µm resonance frequencies, as depicted in Figures 5H,I, as the x-polarized wave was propagating.
The PCR performance of the metasurface was also examined under an increasingly oblique angle from 0 to 45° for the x- and y-polarized waves, as represented in Figures 6A,B, respectively. Based on the figures, the performance of the metasurface remained stable for bandwidths 556–679.9 µm (0.441 THz to 0.539 THz), despite the negligible changes. However, higher bandwidth affected the oblique incidence of the wave. The increase in the oblique incident angle (θ) also changed the magnitudes of the PCR due to the increase in the incident angle that greatly affected the reflected wave. The decrease in the cross-polarization component caused this reaction, whereby the bandwidth becomes narrower. However, in this study, angle stability was examined up to 45°, where 90% polarization efficiency was still achievable up to 30°, while the polarization efficiency dropped to 80% up to 45°.
[image: Figure 6]FIGURE 6 | Computed PCR from 0 to 45-degree oblique incidence for (A) y-polarized wave and (B) x-polarized wave.
For the proper justification of the metasurface structure, the characteristics of the co-polarized and cross-polarized reflectance coefficients were analyzed against three critical parameters of the metasurface, namely, substrate thickness, split length (spotted at the middle of the two orthogonal arrows joining), and splits of the arrow shape of the square-shaped resonator (Figures 7A–F). To achieve the best characteristics of the co- and cross-polarized reflectance coefficients of the metasurface, the dielectric substrate thickness is considered an important parameter. Figures 7A,B displayed the co- and cross-polarized reflectance coefficients using the dielectric substrate at different thicknesses. According to the scale invariance of Maxwell, the substrate thickness and resonant frequency are inversely related. At higher frequencies, the substrate must have a minimum thickness for the unit cell to resonate. To achieve cross-polarization conversion over 90%, after a series of optimization processes, the thickness of the substrate was set at 20 µm. Increasing the thickness of the substrate, decrease the dB values of the co-polarized reflectance as well as the cross-polarized reflectance also tend to decrease higher than −2 dB. In those cases, the cross-polarization conversion could not be achieved, which is our main goal. On the other hand, the co-polarized reflectance coefficient lost its resonance at a higher frequency when the thickness of the substrate was reduced.
[image: Figure 7]FIGURE 7 | Co- and cross-polarized reflectance responses based on varying (A,B) substrate thickness, (C,D) split length, and (E,F) split gap at the corner of the square-shaped resonator.
The split at the middle of the two orthogonal arrows joining is responsible for the metasurface response at higher frequency (i.e., the resonance at 286.7 and 298.25 µm occurred due to the split creation). The split also leads to an increased capacitance of the inside resonator and yields higher frequency resonances. After a series of optimization processes, the split width in this study was set at 55 µm. Moreover, there is an inverse relationship between capacitance and resonant frequency. As depicted in Figures 7C,D, we discovered better co-polarized reflectance characteristics with resonance dip at higher frequencies that were valuable in medical imaging applications. The splits at the corner of the square-shaped resonator were also an important factor in creating an arrow-shaped structure. Figures 7E,F display the co- and cross-polarized reflectance coefficients for varying gaps of splits. Following numerous analyses, the optimum value for the splits of the corner was set as 0.2 µm. Increasing the gap deteriorates the resonance frequencies due to the decrease in capacitance and gap that reduces the bandwidth.
Table 1 summarizes the analytical results of the crucial parameters of the designed structure. When the substrate thickness changes, the resonance frequencies and bandwidth also changed. The split in the middle, which is responsible for the first two low resonance frequencies, changed with different split lengths, except for two other resonance peaks that were almost stable regardless of the changes. Then, the splits in the two corners, which are responsible for the two upper resonance frequencies, are changing with changes of the split length, and for this case, the lower two frequencies saw minor shifting. Overall, the combination of 0.2 µm substrate thickness, 0.55 µm split at the middle, and 0.2 µm splits at two corners demonstrated that the proposed metasurface yielded the best results for polarization conversion.
TABLE 1 | Summary of the parametric analysis of the proposed metasurface.
[image: Table 1]Due to the inadequate facilities, the metasurface device could not be fabricated. However, the metasurface polarization converter can be fabricated using ultraviolet (UV) lithography and lift-off process [47, 48]. The steps are given below:
1) At first, a supporting substrate (Si or Ti) needs to fabricate by the e-beam evaporation process so that the whole structure of the metasurface can be fabricated onto it.
2) Second, the ground metallic layers, which was Al, can be evaporated evenly on the skin of the supporting substrate.
3) After that, with the technologies of spin-coating, the middle dielectric layer can be consistently coated over the surface of the Al layer.
4) At last, the top metallic array pattern (Al) can be fabricated by utilizing conventional lithography and lift-off processes of micro-fabrication.
By following these steps, the proposed metasurface device can be fabricated and experimentally measured utilizing the fiber-coupled THz time-domain spectrometer (THz-TDS) system.
Table 2 summarizes and compares the findings from the reported literature with the proposed design. Based on the results, every metasurface that was designed for polarization conversion either involved cross-polarization or linear to circular polarization conversion. Comparatively, previous studies which utilized double-layered or multi-layered designs were complicated to fabricate and were costly as they used materials such as graphene and gold. Thus, the need for a single layer, low-cost, and compact metasurface was still in demand. The proposed work is a suitable candidate for the metasurface resonator array pattern.
TABLE 2 | Comparison of the proposed work with the existing literature.
[image: Table 2]CONCLUSION
A proposed metasurface was numerically described for efficient polarization conversion in this study. The interference theory was used to discuss the model. Exhibiting the anisotropy of the metasurface structure, the metasurface yielded a 90% polarization converter from x- to y-polarization, and vice versa from 282.9 to 302.3 µm and 558.78 to 676.7 µm. The metasurface structure was also angle independent up to 30°. The metasurface was examined using different parameters to assess its potentiality as an efficient polarization converter. Finally, the compact size, angular stability performance, and numerous features make the proposed single-layered metasurface a potential candidate for advanced THz applications, including THz detectors, sensing, and many other THz-based devices.
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In this study, a comprehensive design of dual-band filtering power dividers (FPDs) with arbitrary phase distribution is presented. With a series of analytical equations for the direct synthesis design, the proposed method shows its great capacity of designing dual-band FPDs with any pre-specified responses, arbitrary phase distribution, and high isolation. To verify this design method, a demonstrated dual-band FPD with 90° phase differences between two outputs based on E-shape resonators has been implemented. The emulational results coincide with the measured results well, showing the feasibility of the proposed method.
Keywords: direct synthesis design, filtering power divider, dual-band, phase distribution, isolation
INTRODUCTION
A bandpass filter (BPF) and power divider (PD) are the indispensable components in various modern wireless communication systems. In general, they often integrate into a single component for miniaturization and improved performance, i.e., filtering power divider (FPD) [1–6], which provides both function of power division and filtering simultaneously. In the meantime, future mobile communication can provide mobile terminal online HD video virtual reality (VR), augmented reality (AR), and such wireless interactive services that require big data traffic and high transmission quality [7, 8]. The phase shifter is the critical component for the multi-polarization and multi-beam technology, which plays an important role in the construction of mobile communication systems with high-speed data transmission and efficient spectrum utilization.
In recent years, there are few research studies on filtering power dividers with an arbitrary phase difference [9–11]. For instance, in [9], a new class of filtering power divider that integrates the filter’s PD, phase shifter, and impedance transformer into a single component was proposed, which achieves a good result in filtering power division response and phase difference. Moreover, in [10], a filtering power divider consisting of a Wilkinson power divider (WPD) and Nth-order-coupled line bandpass filters was proposed, and closed-form design equations are derived.
Unfortunately, they are only single-band filtering power divider with a phase difference; as the author knows, there are few dual-band filtering power dividers with a phase difference.
In this study, a new synthesis design method of dual-band FPD with arbitrary phase distribution is proposed. Based on a series of analytical equations and synthesis design, a dual-band FPD with any prescribed specifications including filtering power division response, isolation, and phase shifter can be obtained. To verify the proposed design concept, a dual-band FPD with 90° port-to-port phase distribution based on E-shape resonators has been designed and fabricated.
DESIGN AND ANALYSIS
Figure 1A describes a new general nth-order dual-band FPD topology, which is mainly made up of multiple dual-frequency resonant units B (ω), one branch line θA, and one isolation resistor R. Specifically, for dual-number operation bands, every dual-frequency resonant unit consists of one bandpass resonator (BPR1) and one inverter-coupled bandstop resonators (BSR1) as shown in Figure 1B. The signal comes from port #1, flowing through multiple dual-frequency resonant units, and finally outputs from port #2 and port #3. Due to the branch line and isolation resistor, the two outputs can achieve phase difference and isolation at the same time.
[image: Figure 1]FIGURE 1 | (A) Topology of nth-order dual-band FPD. (B) Inverter-coupled resonator sections B(ω).
Analysis of Filtering Power Division Response
On the bias of the frequency transformation and prototype synthesis technique, the prescribed dual-band filtering power division response can be obtained step by step. In the first step, the admittance of inverter-coupled resonators in Figure 1B viewed from the input/output is derived by:
[image: image]
[image: image]
where ω0i and bi represent the angular resonant frequency and susceptance slope parameter of the ith resonator, respectively.
Assuming that the FPD has two passbands of (ωL1, ωH1) and (ωL2, ωH2), the lower limits of the two passbands (ωL1, ωL2) ought to map to −1 in the normalized domain, while the upper limits (ωH1, ωH2) ought to map to +1 in the normalized domain. The parameters that define the transformation (ω01, ω02, b1, and b2) can finally be expressed as the functions of the two passband limits (ωL1, ωH1, and ωL2, ωH2) according to the relationship between the roots and the coefficients of the equation of T(ω) = 1. Since the function U(ω) = T(ω)-1 denotes the ratio of two polynomials, we can further use Q(ω) to represent the numerator of U(ω) as:
[image: image]
Once the aforementioned frequencies are prescribed according to specifications in advance, the parameters (ω01, ω02) and (b1, b2) can be calculated as:
[image: image]
Afterward, by mapping the nth-order dual-band FPD topology to its corresponding low-pass prototype, the inverters’ values can be finally expressed as [12]:
[image: image]
Afterward, the coupling coefficients between the adjacent BPRs can be derived as:
[image: image]
Meanwhile, the coupling coefficient between the BSR and BPR can be derived as:
[image: image]
In addition, the external quality factors can be formulated by:
[image: image]
After the dual-band filtering power division responses are analyzed, the isolation and phase distribution can be obtained by means of the isolation resistor R and the branch lines, respectively.
Analysis of Phase Difference Between Outputs
In order to analyze the phase difference between the output ports of the dual-band filtering power division network topology, the ABCD matrix of the whole circuit is solved through the microwave network analysis method. Furthermore, the insertion phase shifts ∠S12 and ∠S13 can be deduced.
First, ∠S12 is analyzed. Assuming that the incident wave is only introduced in port #1 and output in port #2 (GA = GB = Y0), the topology diagram of the dual-band filtering power division network with phase-shifting function in Figure 1A is appropriately simplified and redrawn, as shown in Figure 2. There are five sub-circuits in this schematic, as denoted by sub-circuit I, sub-circuit II, sub-circuit III, sub-circuit IV, and sub-circuit V.
[image: Figure 2]FIGURE 2 | Equivalent circuit diagram for analyzing phase difference between two output ports.
For dual-frequency resonant units B(ω), its input admittance P can be represented as:
[image: image]
where P1 = jωC1 is represented as the square root of capacitances of BPR and BSR in the low-pass prototype, where the value of eac+1/jωL1, P2 = jωC2+1/jωL2, and P1 and P2 are the admittances of the corresponding resonators.
For sub-circuit I, its ABCD matrix can be obtained as:
[image: image]
For sub-circuit II, its ABCD matrix can be obtained as:
[image: image]
where
[image: image]
Meanwhile, for sub-circuits III, IV, and V, their ABCD matrix can be obtained, respectively, as follows:
[image: image]
[image: image]
[image: image]
Finally, the ABCD matrix of the whole circuit can be solved as follows:
[image: image]
where
[image: image]
Then, the insertion phase ∠S12 can be obtained as:
[image: image]
In a similar way, the insertion phase ∠S13 can be obtained as:
[image: image]
where
[image: image]
Once the phase shifts ∠S12 and ∠S13 are achieved, the phase difference between the output ports can be finally solved by subtracting the two equations (∠S12 and ∠S13). Furthermore, the desired electrical length of the branch line can be obtained.
Analysis of Isolation Between Outputs
After analyzing the phase difference between outputs, the isolation can also be derived by means of the microwave network analysis method [13]. First, assuming that the incident wave is only introduced in port #2 and output in port #3 (GA = GB = Y0), the topology diagram of the dual-band filtering power division network with phase-shifting function in Figure 1A is appropriately simplified and redrawn, as shown in Figure 3.
[image: Figure 3]FIGURE 3 | Equivalent circuit diagram for analyzing isolation between two output ports.
The equivalent circuit diagram has five sub-circuits, which are represented as sub-circuits I, II, III, IV, and V, respectively. As mentioned earlier, with the calculated admittance N1 of sub-circuit II, the ABCD matrix of sub-circuit III can be deduced as:
[image: image]
Then, we can attain the admittance matrix Y1 of sub-circuit III with the following equation by conveniently transforming the ABCD matrix to its corresponding admittance matrix:
[image: image]
In a similar way, the admittance matrix Y2 of sub-circuit IV can be derived as:
[image: image]
In the meantime, the ABCD matrix of sub-circuit V is shown as follows:
[image: image]
Then, the result of Y1 + Y2 should be converted into an ABCD matrix and cascaded with the ABCD matrix of sub-circuit V to find the whole ABCD matrix of the schematic that has been analytically derived as follows:
[image: image]
where
[image: image]
Till now, the scattering parameter S23 can be derived according to the conversion relationship between S parameter and transfer matrix, and then the isolation resistance R can be further obtained by setting S23 = 0. The solution formula of resistance R can be derived as follows:
[image: image]
where
[image: image]
When all the design parameters are known, the analytical solution of the required resistance R can be obtained through Eq. 16. In the next section, the microstrip E-shape resonator is chosen as the basic resonant element to design a dual-band filtering power divider with 90° phase distribution, which verifies the proposed design method.
IMPLEMENTATION AND RESULTS
To validate this design method, a dual-band FPD prototype was designed and fabricated based on the substrate of Rogers RO4003C with a relative dielectric constant εr = 3.55, thickness h = 0.508 mm, and loss tangent tan δ = 0.0027.
The L/C resonators are all implemented by E-shape resonators as shown in Figure 3A, and the external/internal couplings are all controlled through the gap couplings. Based on the aforementioned analytical equation, the required design parameters can be obtained.
For the E-shape resonators, it can be analyzed by means of even/odd-mode analysis, and the odd-mode and even-mode equivalent circuits are shown in Figures 4B, C. Based on the even/odd-mode analysis, the resonant frequency of the odd-mode and even-mode can be obtained as [14]:
[image: image]
[image: image]
[image: Figure 4]FIGURE 4 | (A) Structure of the employed E-shape resonator. (B) Odd-mode equivalent circuit. (C) Even-mode equivalent circuit.
The odd-mode resonant frequency of two pairs of E-shape resonators is used to construct the dual-band filtering power divider.
The whole configuration of the proposed dual-band FPD including corresponding dimensions is shown in Figure 5. As observed, there are two pairs of dual-mode resonators between the input port and the output port. The lower pairs of dual-mode resonators are the bandpass resonators, while the upper pairs of dual-mode resonators are the bandstop resonators. The signal is introduced from port #1 and coupled to the arm of the first E-shape resonator. Then, the signal flows through the two pairs of E-shape resonators and is coupled to the two output ports (port #2 and port #3) by the arm of the second bandpass E-shape resonator, which forms a three-coupled line structure. Also, the isolation resistance R is loaded on the front end of the three-coupled line structure to achieve good port–port isolation.
[image: Figure 5]FIGURE 5 | Configuration of the proposed dual-band FPD with physical dimensions: L1 = 16.5, L2 = 8.5, L3 = 17, L4 = 7.65, L5 = 17.9, L6 = 16.3, and L7 = 24, W1 = 0.36, W2 = 0.3, and W3 = 1.1, S1 = 0.1, S2 = 0.3, and S3 = 0.1 (all units: mm), and R = 195Ω. The design targets of the proposed dual-band FPD are given as follows: 1) Passbands 1: 1.87–1.92 GHz; 2) Passbands 2: 2.06–2.11 GHz; 3) Return loss: 20 dB; 4) Isolation: >20 dB; 5) Phase distribution: 90°.
In addition, Figures 6A, B exhibit the simulated and measured results of the proposed dual-band FPD. As shown in Figures 6A, B, the measured insertion losses are 1.2 and 1.3 dB, respectively, the measured return losses are all higher than 18 dB, and the measured in-band isolation within two output ports is all higher than 16 dB. Moreover, the phase difference between two outputs within the two passbands is about 90° with less than 3° phase imbalance. The photograph of the fabricated circuit board of the dual-band FPD is shown in Figure 7. The overall size of the circuit is 0.67λg × 0.53λg, where λg is the relative wavelength of the center frequency. In conclusion, the decent results exhibit the feasibility and effectivity of our proposed design method.
[image: Figure 6]FIGURE 6 | Measured and simulated results of the proposed dual-band FPD. (A) Magnitudes of S11, S12, and S13. (B) Magnitudes of S23. (C) ∠S12−∠S13.
[image: Figure 7]FIGURE 7 | Photograph of the fabricated circuit board.
CONCLUSION
This study presented a novel synthesis design method of dual-band FPD including arbitrary phase distribution based on the topology of inverter-coupled L/C resonators. A representative dual-band FPD with 90° phase distribution based on E-shape resonators has been designed and fabricated to verify the design method. It is our belief that the proposed method will be very attractive in future multi-functional wireless communication systems.
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This letter presents a new triple-band four-way filtering power divider (FPD) with greatly improved frequency selectivity and in-band isolation. By elaborately developing a multi-port multi-mode topology between four identical multi-mode resonators and feedlines, a triple-band four-way FPD is attained. In order to validate the feasibility of the proposal, one prototype is designed, fabricated, and measured. Both the simulated and measured results of the designed FPD are provided with a good agreement. Results indicate that this triple-band four-way FPD exhibits not only sharp selective filtering performance, but also satisfactory port-to-port isolations.
Keywords: filtering power divider (FPD), four-way, triple-band, multi-mode, isolation
INTRODUCTION
In recent years, with the rapid development of modern wireless communication systems, integrated function RF components have become key devices for multi-communication standards. In the conventional wireless communication system, two indispensable components, power divider [1, 2] and filter [3, 4], are usually cascaded together. However, cascaded devices always lead to large circuit sizes and degraded operating performance. In order to solve this problem, filtering power dividers (FPDs) have received increasing attention, which are multi-function integrated devices that provide both frequency band selection as a filter and power splitting/combining as a power divider. Many FPDs have been proposed, such as microstrip-to-slot transition integrated FPDs [5], substrate integrated waveguide (SIW) resonator cavity based FPDs [6], metamaterial or composite right/left handed transmission lines based FPDs [7], FPD formed by integrating bandpass filter and low-pass filter integrated into a Wilkinson power divider [8], and microstrip multi-mode resonator based FPD [9–11]. However, only a few FPDs with multi-way or multi-band power division have been reported [12–14]. By utilizing the TM20 mode of the square patch and the TE110 mode of the SIW cavity resonator, a wideband four-way FPD was proposed in [12]. In [13], a four-way FPD was achieved by introducing coupled lines instead of the quarter-wavelength in conventional Wilkinson power divider. To reduce circuit size and improve operation performance, a four-way FPD was realized based on two looped coupled-lines in [14]. For application of multi-passband, a four-way FPD with reconfigurable characteristics is proposed in [15]. By controlling the varactor, the switchable single/dual/wideband filtering response can be adjusted. The aforementioned works have achieved interesting results, but researches about multi-way multi-band FPD are quite few. To meet the up-to-date development trends, it is meaningful and necessary to explore the design of multi-way multi-band FPD.
In this letter, a new four-way triple-band FPD with sharp frequency selectivity and high port-to-port isolations is presented. By reasonably distributing the first three resonant modes of four triple-mode resonators for each band, the proposed FPD can be operated at three different frequencies of 1.65, 2, and 2.27 GHz. Meanwhile, favorable isolation performances are attained by loading isolated resistors across output feeding lines and adjacent arms of the adopted resonators. For validation, a prototype is designed, fabricated, and tested. The measured results have a good agreement with the simulated results, which prove the concept of the design.
CONFIGURATION OF THE PROPOSED FOUR-WAY TRIPLE-BAND FPD
The configuration of the proposed four-way triple-band FPD is shown in Figure 1. As observed, it is mainly composed of four triple-mode resonators, two T-shaped coupled output lines, five microstrip input/output transmission lines, and four isolation resistors. In particular, the employed four triple-mode resonators are located symmetrically on both sides of the common open-ended input transmission line in this design, and two pairs of output transmission lines are placed at both sides of the two T-shaped coupled output lines, respectively. In addition, two of isolated resistors (R1, R2) are loaded between the inner adjacent arms of two pairs of resonators while the other two isolated resistors (R3, R4) connect the two open ends of the output line to achieve nice port-to-port isolation. It can distinctly see from the structure that the signal input from Port#1 is first transmitted along the open input line and then evenly coupled to the resonators on both sides of the input line to the T-shaped coupled lines, and finally coupled to output ports (Port#2, Port#3, Port#4, and Port#5) with equal power distribution. Based on the proposed symmetrical circuit structure, the couplings between the resonators and the output lines have the same amplitude and in-phase characteristics. In this way, the desired four-way triple-band filtering power division response can be achieved.
[image: Figure 1]FIGURE 1 | Configuration of proposed four-way triple-band FPD.
DESIGN AND ANALYSIS OF THE PROPOSED FOUR-WAY TRIPLE-BAND FPD
In this design, as shown in Figures 2A, a triple-mode net-type resonator is formed by connecting one net-type open-ended stub, one short-ended stub, and two open-ended stubs, which is inspired by [16, 17]. Because the employed resonator has a symmetrical structure with the reference to the symmetrical plane, the even-/odd-mode analysis method [18] can be applied in analyzing its resonance characteristics. With odd-/even-mode excitation, the symmetrical plane behaves as magnetic/electrical wall. The equivalent circuits for the resonator are shown in Figures 2B,C, respectively. According to transmission line theory, the input admittances of odd-/even-mode equivalent circuits are calculated as Eqs 1, 2:
[image: image]
[image: image]
where Yi (i = 1, 2, 3) denotes the characteristic admittance of each transmission line section. [image: image] represents the related electrical lengths, where c and εeff are the light speed in free space and the effective dielectric constant of the substrate. Based on Eqs 1, 2, a triple-mode resonator whose first three resonant modes are even mode, odd mode, and even mode can be designed. Its first three resonance frequencies (feven1, fodd1 and feven2) are derived as Eqs 3 and 4 when Yin,odd = 0 and Yin,even = 0.
[image: image]
[image: image]
Furthermore, the three resonance frequencies of even-/odd-mode can be roughly estimated as Eq. 5:
[image: image]
where f0 is the center frequency. By setting Yin,odd = Yin,even, an inherent transmission zero (TZ) frequency can be deduced by [image: image]. Besides, the other four additional TZs are introduced by two coupled-line prototypes. Figure 3 shows two adopted coupled line sections in the design, i.e., Type A and Type B coupled-line prototypes, which are based on anti-parallel and parallel coupling lines. For the Type A protoype, the frequencies of the two transmission zeros TZ2 and TZ3 can be deduced by [image: image] and [image: image]. Similarly, the frequencies of other two transmission zeros TZ1 and TZ4 can also be established near [image: image] and [image: image], respectively.
[image: Figure 2]FIGURE 2 | Structure of triple-mode resonator and even-/odd-mode. (A) Entire resonator. (B) Even-mode equivalent circuit. (C) Odd-mode equivalent circuit.
[image: Figure 3]FIGURE 3 | Schematics of two coupled-line prototypes. (A) Type A prototype. (B) Type B prototype.
Figure 4 presents the coupling topology and mode distribution of the proposed four-way triple-band FPD. It can be seen from Figure 4A that an incident signal that is fed at Port #1 is divided into two same signals by symmetrically coupling to two pairs of identical triple-mode resonators. Then, by proper exciting the first three resonant modes of the triple-mode resonators and coupling them to the four output ports, four-way filtering power division is realized. In Figure 4A, S and L1/2/3/4 denote source and loads while Res1/2/3/4 represents the employed net-type triple-mode resonators. Among them, resonators Res1/2 and resonators Res3/4 as well as loads L1/2 and L3/4 are symmetrically arranged. Figure 4B is a schematic diagram of the contents of the dotted frame in Figure 4A, which describes detailed mode distribution for multi-band. It can be clearly seen that the corresponding mode contributes to each passband of the triple band. Specifically, each resonator of Res1/2/3/4 is composed of three resonance modes, which are even mode E11 (E21, E31, E41), odd mode O11 (O21, O31, O41), and even mode E12 (E22, E32, E42), respectively. Among them, the first even modes E11 (E31) and E21 (E41) of the resonator Res1 (Res3) and Res2 (Res4) constitute low passband response. In a similar way, the first odd modes O11 (O31) and O21 (O41) of the resonator Res1 (Res3) and Res2 (Res4) constitute middle passband response. Besides, the second even modes E12 (E32) and E22 (E42) of the resonator Res1 (Res3) and Res2 (Res4) constitute high passband response. Based on the above the coupling topology and mode distribution, a four-way triple-band filtering power divider can be initially implemented. Meanwhile, for achieving good port-to-port isolations, two isolated resistors are elaborately introduced between the inner adjacent arms of two pairs of resonators while the other two isolated resistors are properly placed between the adjacent output lines as shown in Figure 1.
[image: Figure 4]FIGURE 4 | The coupling topology and mode distribution. (A) The design coupling scheme of proposed FPD. (B) The modes consist of three passbands.
IMPLEMENTATION AND RESULTS
Based on the above analysis, one prototype four-way triple-band FPD was fabricated on a Rogers RO4003C substrate with a relative dielectric constant εr = 3.55, thickness h = 0.508 mm, and loss tangent tan δ = 0.0027. The photograph of the fabricated four-way triple-band FPD with size of 66.8 × 35.2 mm2 (0.83λg × 0.44λg) is shown in Figure 5A. The final optimal layout parameters (in mm) in Figure 1 are: L1 = 21.86, L2 = 15.62, L3 = 2.03, L4 = 10.82, L5 = 25.44, L6 = 27.86, L7 = 25.53, Lp = 6.28, Lf1 = 1.36, Lx = 10.81, W1 = 0.22, W2 = 0.18, W3 = 0.23, Wf1 = 0.32, Wf2 = 0.64, g1 = 0.14, g2 = 0.11, g3 = 0.1, r = 0.1, R1 = 2000 Ω, R2 = 1,000 Ω, R3 = 220 Ω, and R4 = 220 Ω. The frequency characteristic of the proposed four-way triple-band FPD was studied by the electromagnetic simulator HFSS and the network analyzer Agilent N5244A. The simulation and measured results are shown in Figures 5B,C. Due to the connection loss of the SMA connector, there is a certain discrepancy between the simulation results and the measurement ones. Results indicate that the proposed FPD works at the center frequency of 1.67, 2.10, and 2.26 GHz, with corresponding 3-dB fractional bandwidths of 7%, 12%, and 11%. In addition, as expected, five TZs are generated, at 1.48, 1.76, 2.16, 2.37, and 2.47 GHz, ensuring sharp roll-off skirt and out-of-band harmonic suppression. Meanwhile, the measured insertion losses (ILs) are 7.44, 6.92, 7.02 dB while input return losses (RLs) are better than 17.3, 23.1, and 20.2 for the three passbands, respectively. Besides, the output RLs are better than 17.1, 17.3, and 16.3 dB. Moreover, the three passbands exhibit higher than the 17.0, 16.3, and 17.8 dB isolation for each passband, respectively. Table 1 tabulates the performance comparison between the proposed four-way triple-band FPD and other reported works. It can be seen that our proposed FPD exhibits nice return loss, sharp frequency selectivity with multiple TZs, as well as high port-to-port isolations.
[image: Figure 5]FIGURE 5 | Measured and Simulated results of the four way triple-band FPD. (A) The photograph of the fabricated FPD. (B) Magnitudes of S11&S21&S31&S41&S51. (C) Magnitudes of S22&S44&S23&S24&S34.
TABLE 1 | Comparisons with other previous works
[image: Table 1]CONCLUSION
In this letter, a novel triple-band four-way FPD with highly improved performance has been presented. After clearly analyzing its working mechanism, a four-way triple-band FPD is implemented with nice multi-band filtering performance and satisfactory port-to-port isolation. It is believed that the proposed design is very attractive for multi-way multi-band application in wireless multi-communication standard systems.
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Cross
Linear to orthogonal
Linear to circular
Linear to orthogonal
Linear to cross

Highest efficiency

3%
97.2%
Near urity
96%
> 80%
96%
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