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Abstract

:

This article presents the analysis of the electromagnetic (EM) properties of a novel metamaterial (MM) array in the microwave frequency range. The background for this work is the rapid development of portable devices with low individual energy consumption for the so-called “Internet of Things” (IoT) and the demand for energy harvesting from the environment on a micro scale through harvesters capable of powering billions of small receivers globally. The main goal of this work was to check the potential of the novel MM array structure for EM energy harvesting. The proposed MM array was analyzed in the CST Studio simulation environment. This resulted in the determination of the substitute average EM parameters (absorption, reflection, and transmission) of the MM array. Then, the MM array was manufactured, and the simulation results of the MM array parameters were experimentally validated in a microwave waveguide test system. Based on this conclusion, a prototype of the microwave MM absorber, together with an RF/DC converter, was designed and manufactured for harvesting EM energy from the environment. The system’s energy efficiency was evaluated, and its potential application in energy harvesting technology was appraised. Using a microwave horn antenna, the EM energy harvesting efficiency of the prototype was evaluated. It was about 50% at a microwave frequency of about 2.6 GHz. This may make the prototype attractive as an EM energy harvester or bolometric sensor.
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1. Introduction


Technological progress and the exponentially growing number of mobile electronic devices are causing an increase in the demand for electrical energy worldwide. While individual electronic devices have relatively low energy demands (wearable devices, Internet of Things), the dynamic growth in their quantity necessitates the exploration of new alternative energy sources to power them. Addressing this need is the technology of Wireless Power Transfer (WPT), which utilizes various forms of energy present in the environment, ranging from solar and thermal energy to the kinetic energy of acoustic waves and the energy of electromagnetic (EM) waves. WPT encompasses elements, devices, and systems that operate by harnessing energy from the surroundings, known as Ambient Energy Harvesting (AEH) [1]. Environmental energy sources can include devices and systems using EM radiation for communication, such as mobile phones, GSM system antennas, WiFi routers, Bluetooth headphones, and more. It is expected that in the era of the development of the Internet of Things (IoT) and smart cities, the energy of radio and microwave waves generated in the environment in a wide frequency range will become ubiquitous, and devices with low energy demand will be able to obtain RF energy and MW wirelessly in a continuous way. It is believed that obtaining RF and MW energy from the environment is becoming a trend in the development of low-power wireless energy transfer systems.



To assess the energy potential and identify the most favorable frequency ranges for EM Energy Harvesting applications, a study was conducted to examine the frequency spectrum of microwave power density averaged over a 20 min period.



Figure 1 illustrates the spectrum power distribution of the EM field in terms of frequency on the campus of Gdynia Maritime University, Gdynia, Poland (Figure 1). The spectrum depicted in Figure 1 indicates that within the campus environment, the highest values of EM field power correspond to the frequencies used by wireless communication systems such as DTV, DVB-C, GSM, and LTE/WiFi [2].



The ubiquity of EM energy sources in the environment represents a significant energy potential that can be harnessed in WPT technology. In recent years, there has been increased interest in new materials for their suitability as absorptive elements for EM radiation. The exploration of new absorptive materials focuses particularly on so-called EM metamaterials (MM), whose unconventional EM properties are not widely known and practically utilized.



Electromagnetic metamaterials are unconventional materials with extraordinary EM properties. MM structures can exist in two-dimensional forms or in three-dimensional forms, with various spatial geometries. Metamaterials are constructed from structural units known as MM unit cells. These unit cells serve as the building blocks from which larger metamaterial structures are fashioned, both as metasurfaces (2D) and various spatial geometries (3D).



The EM properties of MM structures depend on the shape of their individual components, material parameters, the frequency of incident radiation, and the ratio of the characteristic dimension of an MM unit cell to the wavelength of the incident EM wave. The metamaterial effect is observed when the size of the MM unit cell is considerably smaller than the wavelength of the electromagnetic (EM) wave it interacts with. Metamaterials exhibit exceptional characteristics, such as a negative refractive index, the inverse Doppler effect, the reversal of the group and phase velocity vectors of the wave, and an augmentation of the electromagnetic wavelength as the frequency increases. Thanks to these characteristics, metamaterials can block, absorb, enhance, or bend electromagnetic waves and have significant potential applications in various scientific and technological fields.



Based on their operating frequency, EM MM structures can be categorized as terahertz, optical, and microwave [3]. Terahertz metamaterials are designed to interact with electromagnetic waves in the terahertz (THz) frequency range, which typically spans from 0.1 to 10 THz. This range is situated between microwave and infrared frequencies. Optical metamaterials are engineered to manipulate light in the visible and near-infrared spectrum, encompassing frequencies from hundreds of terahertz to hundreds of petahertz (PHz). Microwave metamaterials operate within the microwave frequency range, typically spanning from hundreds of megahertz (MHz) to tens of gigahertz (GHz). Each category serves specific purposes and applications, harnessing the unique EM properties of MM to manipulate and control waves in their respective frequency ranges. A very popular category of EM metamaterials is microwave metamaterials [3].



Due to the EM properties, EM metamaterials are divided into resonant and non-resonant categories. Resonant metamaterials typically consist of metal loops with gaps. Their properties generally result from the macroscopic interaction of the arrangement of loops and gaps with incident EM radiation. On the other hand, the properties of non-resonant metamaterials result from interactions of their microscopic structure with incident EM radiation [3]. Resonant metamaterials are the most popular group of metamaterials.



The operation of a MM structure is based on the magnetic resonance, which arises from the resonant LC circuit formed by the capacitance of the gap and the inductance of the metal loop. The charges accumulated in the gap capacitance during the interaction of the MM structure with the incident EM radiation can be utilized by placing a load, e.g., a resistor, in the gap. The voltage obtained in this way can be used to power low-power electronic devices, such as GPS and RF receivers, hearing aids, RFID systems, etc.



Among the most popular application examples of EM metamaterials are antenna metamaterials (improving and increasing the efficiency of antenna systems while maintaining small sizes) [3], superlenses (achieving resolution beyond the diffraction limit) [4], and camouflage devices (manipulating light beams) [5].



The use of metamaterials in electromagnetic energy harvesting systems is the subject of many studies [6,7,8,9]. Their undeniable advantages, including low production costs, simple construction, and the availability of materials used in their manufacturing, make them attractive structures for research, with potential practical implementation. Although some MM structures exhibit a high absorption efficiency with regard to EM radiation (of the order of 80% [10,11,12,13]), new MM structures are under study [10,11,12,13]. Another challenge MM harvesting technology faces is an unsatisfactory efficiency in converting the absorbed EM energy by MM structures into electrical energy by RF/DC converters (less than 50% [14,15,16]). Considering the limited resources of EM energy in the environment, the apparent goal is to achieve the highest possible efficiency in converting EM energy into electrical energy. Attaining higher efficiency translates into broader potential applications of metamaterial structures.



This work first aims to check if the proposed novel MM array structure is suitable for EM energy harvesting in the microwave frequency range. For this purpose, numerical simulation studies of the EM parameters (absorption reflection and transmission) of the novel MM array structure in the microwave range were performed. Next, the simulation results were experimentally validated using a microwave antenna system. Then, based on these results, a microwave prototype for EM energy harvesting using the MM array with a dedicated RF/DC converter was proposed and manufactured. Finally, the EM harvesting ability of the microwave prototype for EM energy harvesting was tested by measuring the efficiency in converting the absorbed EM energy by the novel MM array structure into electrical energy by the dedicated RF/DC converter.




2. Selected Microwave Metamaterial Array


Microwave metamaterials come in various geometries, with planar two-dimensional array metasurfaces being the most common. These planar arrays consist of MM unit cells. The characteristic dimension of a single structure is smaller than one-fourth of the wavelength of the incident EM wave [17,18]. The dimensions of MM structures designed to operate in the microwave frequency range are typically in the order of single centimeters. Planar MM arrays can form symmetric or asymmetric arrays [19]. They can also be arranged into three-dimensional structures [18].



As mentioned above, the metamaterials are divided into resonant and non-resonant categories. The resonant metamaterials, exhibiting higher efficiency in this range, are easier to implement in the microwave range [20,21,22]. Among the most well-known resonant MM structures in the microwave range are split-ring resonators (SRRs) [23], characterized by a relatively narrow resonance band and high absorptive capacity [24,25]. Other resonant structures include Electric LC Circuit (ELC) structures [25,26,27,28] and spiral structures [22], although their popularity in the microwave range is lower compared to the SRR structures. The planar MM array presented in this paper is a resonant MM structure, suitable for use in the microwave range.



The planar MM arrays are composed of mosaics consisting of metallic pathways and “void” areas (gaps) between them. The mosaics are placed on dielectric plates. The metallic traces form an electric inductance, while the gaps between the traces are an electric condenser. Both constitute the resonant LC circuit. When the planar MM array interacts with EM radiation, the electric charges accumulate in the gap regions. The resulting potential difference in the gap can be utilized as a “source” of voltage. This voltage can be practically applied in the harvesting process.



The MM array proposed as a resonant microwave planar metamaterial consists of single MM unit cells (Figure 2) arranged in two rows and three columns (Figure 3), forming a 2 × 3 MM array. An arrangement of each single unit cell consists of copper traces with a thickness of 35 µm, superimposed on a rectangular dielectric substrate (FR-4). Behind the substrate is a metallic layer with a thickness of 35 µm, serving as an EM shield (a reflector).



The mosaic arrangement of the copper traces in the MM unit cell (Figure 2) enables the resonant frequency of the single MM unit cell to be changed in many ways by altering the dimensions of length and width and the distances between the traces.



The EM properties of the proposed resonant microwave MM structure were preliminarily investigated by the authors in simulation and experimental tests (described in [29]). The obtained results indicated that this structure exhibits strong absorption properties.



In the present work, apart from designing the proposed MM array to resonate around a frequency of 2.6 GHz and simulating and experimentally studying its EM properties within this frequency range, investigations were conducted on the suitability of the proposed MM array for harvesting EM energy from the EM environment.



The dimensions of copper traces in a single MM unit cell, as well as the distances between unit cells in the MM array, were optimized to achieve the maximum absorption of the EM radiation at a frequency of approximately 2.6 GHz. The dimensions of a single MM unit cell were selected based on the wavelength corresponding to a frequency of 2.6 GHz in such a way that the characteristic dimension of this unit cell does not exceed one-fourth of the wavelength of the incident EM wave. The frequency value was selected based on the characteristics of the EM smog spectral power density in the 9 kHz to 2.7 GHz band in an urban environment in Poland [30]. The dimensions of the MM array and the single MM unit cell are summarized in Table 1.




3. Simulation and Experimental Studies of the Metamaterial Array


The numerical simulation of the microwave MM array was performed using CST Studio 2019 software. The software enables modeling and comprehensive simulations of high-frequency EM fields for 3D objects [31]. This environment uses the Finite Element Method (FEM) and Method of Moments (MoM) in the frequency domain to solve EM field problems.



The simulation consisted of performing numerical calculations using the Frequency Solver. This tool enables obtaining the array response for a sinusoidal signal (EM radiation) of a specific frequency. Ultimately, it becomes feasible to find the array response in the chosen frequency range.



The EM radiation propagates in the −z direction, implying boundary conditions in the CST Studio 2019 software package. A perfect electric conductor boundary condition (Figure 4, Et = 0) is assumed along the walls of the x-axis and the y-axis



The simulation procedure involved placing the investigated metamaterial array in a virtual waveguide for the EM radiation (Figure 4).



In general, the EM radiation incident on the MM array can be absorbed, reflected, and transmitted by the structure. In the CST Studio 2019 software, which simulates the processes of absorption, reflection, and transmission, the coefficients of the so-called scattering matrix S for the incident radiation on the studied structure are determined [32]. Knowing the values of the scattering matrix coefficients S11, S12, S21, and S22, as functions of frequency, it is possible to calculate the frequency characteristics of the absorption A, reflection R, and transmission T coefficients of the studied MM array [33]. The simulation was carried out in the frequency range from 2 to 3 GHz.



The experimental investigations of the EM properties (absorption, reflection, and transmission coefficients) of the planar MM array were carried out using the waveguide techniques with the use of a vector network analyzer (VNA) (Figure 5). The measuring test system consisted of a VNA Keysight N5225, between the input and output of which the measurement path was connected via coaxial cables and adapters. The measurement path was composed of two WR-430 waveguides, in which the investigated MM array was placed.



The MM array for the experimental measurements was manufactured using the photochemical etching method on printed circuit boards. For this purpose, double-sided (three-layer) printed circuit boards consisting of FR-4 dielectric covered on both sides with a copper layer of 35 µm thickness were employed. The dimensions of the MM array were like those of the MM array used in the simulation.



Figure 6, Figure 7 and Figure 8 show the simulated (using CST) and measured (with the waveguide techniques) frequency characteristics of the absorption A, reflection R, and transmission T coefficients of the MM array in the frequency range of 2 to 3 GHz. The values of the coefficients must satisfy the equation A + R + T = 1.



The frequency characteristics of the absorption A, reflection R, and transmission T coefficients obtained from the numerical simulation and experimental studies showed that the examined MM array exhibits strong absorption properties for microwave radiation. The absorption properties of the MM array have a resonant character. The simulation studies showed that the absorption coefficient of the MM array reaches its maximum (A = 96%) at resonant frequency f = 2.596 GHz. The experimental research results are consistent with the simulation ones. The experimental absorption coefficient reaches its maximum value, A = 95.9%, at a frequency of f = 2.606 GHz. This positively validates the applied simulation method. The transmission coefficient T of the studied MM array in the whole frequency range is zero due to the metallic layer at the rear side of the array serving as the EM shield. The wavy form of the A and R characteristics at frequencies beyond the resonant frequency results from the zero transmission of the MM array and the formation of a standing wave in the waveguide, which is monitored by the vector network analyzer.



We found that the resonant frequency of the MM array could easily be changed by altering the dimensions of length and width and the distances of the copper traces in the single MM unit cell. For example, by increasing the parameter N1 in the single MM unit cell (Figure 2) by 1 mm, the resonant MM array frequency decreased by 0.1 GHz.




4. A Prototype for EM Energy Harvesting Using the Metamaterial Array


To assess the suitability of the MM arrays for EM energy harvesting applications, a prototype system was developed for converting the EM energy absorbed by the MM array from the EM field into useful DC power. The prototype consists of an MM array and an RF/DC converter (Figure 9). To assemble the EM harvesting system, we attached an SMA (f) connector to the output of the constructed metamaterial array. Similarly, for the input of the RF/DC converter, we connected an SMA (m) connector.



The experimental setup for testing the harvesting ability of the prototype consisted of a microwave signal generator that supplied a horn antenna, the MM array, and the RF/DC converter (Figure 10).



In the test, an EM signal of variable frequency from a signal generator Keysight N5181B (9 kHz to 6 GHz) was delivered to a broadband horn antenna (1700 MHz to 2600 MHz); see Figure 10. Then, the horn antenna emitted the EM radiation towards the MM array. The surface power density radiated by the antenna with an aperture of 3169 cm2 (dimensions of the antenna aperture: 61 cm × 51 cm) towards the MM array was 3.8 mW/m2. The energy of EM radiation incident on the MM array accumulated in the gap regions of each single MM unit cell in the form of the electrical voltage, which could be transferred to the RF/DC converter using resistors inserted in the gaps, connected in series (Figure 9).



The aim of the experimental test was to measure the electrical voltage, current, and power at the converter output and finally determine the energy conversion efficiency of the prototype.



The prototype MM array was fabricated using the photochemical etching method on printed circuit boards. To manufacture the prototype, a four-layer printed circuit board was used. The first layer consisted of six single MM unit cells made of copper. The second layer was an FR-4 dielectric. An EM shield (a copper layer) formed the third layer. The fourth layer was composed of an FR-4 dielectric plate, with copper traces connecting resistors inserted in the gaps. Figure 9 depicts the MM array with resistors inserted in the gaps and the RF/DC converter for EM energy harvesting.



The RF/DC converter was built with the use of high-frequency Schottky diodes and capacitors with a capacitance of 1 nF and 10 nF. The optimal value of the resistors placed in the single MM unit cell gaps was experimentally found to be 3 kΩ (Figure 11).



To achieve matching of the MM array with measurement instruments and find the maximum voltage and current, at the output of the RF/DC converter circuit, a resistor decade was connected to the output. The voltage, current, and the output power at the RF/DC converter output were measured. The maximum value of the output power was approximately 60 µW at a voltage of 2 V and current of 30 µA. Measuring the EM power from the horn antenna incident on the MM array, the maximum value of energy conversion efficiency of the MM prototype with the RF/DC converter was estimated at a level of approximately 50% for the frequency of 2.59 GHz. The manufactured prototype of an RF/DC converter is shown in Figure 12. To connect the harvesting system, we attached an SMA (f) connector to the output of the constructed metamaterial array. Additionally, for the input of the RF/DC converter, we connected an SMA (m) connector. Figure 12 provides a clearer explanation and additional description.




5. Summary and Conclusions


A planar MM array of original design, consisting of six single MM unit cells, was presented. Its EM parameters (absorption, reflection, and transmission) were determined by numerical simulation using CST Studio. The results obtained were validated using the microwave waveguide technique. The validation confirmed the simulation results, showing strong resonant absorption (96%) of the planar MM array at a frequency of around 2.6 GHz. The resonant frequency can easily be tuned by altering the dimensions of length and width and the distances between the traces in the single MM unit cell.



Based on these results, the microwave prototype for EM energy harvesting using the MM array with an RF/DC converter was proposed, manufactured, and tested. The efficiency of energy transmission to the receiver or potential energy storage reaches a value of approximately 50%. Such an efficiency may be attractive. The proposed prototype of the EM harvesting system can power low-power devices with an energy demand below 0.1 mW (e.g., hearing aids, RFIDS systems, watches, calculators, quartz clocks). Also, the modified prototype may be interesting as an EM bolometric sensor.



The attractive findings obtained motivate us to plan further work on developing the proposed MM array structure and RF/DC converter. So far, we have checked the operation of the proposed MM array structure as a single-band absorber having a near-unity absorption coefficient with zero reflection and transmission at a selected frequency from the frequency bands used by microwave wireless communication systems, which are the strongest sources of EM energy in our neighborhood. It should also be checked whether the modified MM array will demonstrate high absorption of EM radiation simultaneously in several frequency bands. In particular, in those bands that we find in our environment. It seems that the unique geometry of the design of the proposed MM array makes this a possibility. Widening the bandwidth of our MM array structure would increase its total absorption and harvesting abilities. It should also be examined whether the proposed MM array is polarization-sensitive. Polarization-insensitive MM arrays operating as multi-band absorbers find applications in Radar cross-section reduction (RDS), EM energy harvesting, EM shielding, and EM sensors.
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Figure 1. Spectrum of the power distribution of the EM field in the vicinity of Gdynia Maritime University, Gdynia, Poland. 
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Figure 2. The geometry of the single MM unit cell. Dimensions marked with letters are summarized in Table 1. 
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Figure 3. The geometry of the investigated planar MM array, consisting of 6 single MM unit cells placed on the FR-4 dielectric substrate. Dimensions marked with letters are summarized in Table 1. 
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Figure 4. Virtual waveguide with the propagation path and boundary conditions. The direction of the EM radiation propagation is towards the −z direction. 
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Figure 5. Schematic diagram of the test system using the waveguide techniques with VNA. 






Figure 5. Schematic diagram of the test system using the waveguide techniques with VNA.



[image: Electronics 13 00833 g005]







[image: Electronics 13 00833 g006] 





Figure 6. Absorption A coefficient of the EM radiation by the MM array as a function of frequency. 
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Figure 7. Reflection R coefficient of the EM radiation by the MM array as a function of frequency. 
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Figure 8. Transmission T coefficient of the EM radiation by the MM array as a function of frequency. 
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Figure 9. The MM array prototype with resistors placed on the backside and the RF/DC converter for the EM harvesting system: front and rear view. (a) Front view: an example a gap where the resistor is inserted. (b) Rear view: resistors connected in series on the back side of FR-4 plate. 
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Figure 10. The experimental setup for testing the energy harvesting system, consisting of the antenna (a) and the MM absorber prototype with the RF/DC converter (b). 
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Figure 11. Electric circuit of the RF/DC converter for microwave energy harvesting presented in Figure 12. 
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Figure 12. The prototype of an RF/DC converter with SMA connector. 
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