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Abstract: This work demonstrates the design of a single band Electromagnetic Band Gap (EBG) antenna by employing an open stub EBG microstrip of a patch antenna for better achievements in terms of its performance to be utilized in a reconfigurable harvester to operate over a wide input power range. The EBG antenna has been used to gather RF energy and a FET-transistor has been obtainable to determine and control the power flow with the intention to operate at the same time for a different level of input power. The measured data of the EBG antenna shows a directivity of 8.52 dBi, a gain of 7.18 dBi, a return loss of −27 dB with a radiation efficiency of 84.3%, showing a clear enhancement in directivity, peak realized gain, and radiation efficiency by 41.76%, 25.61%, and 17.12% respectively compared with a regular reference antenna; without utilized the EBG structure. Moreover, the harvester design accomplishes 40% of RF-DC power conversion efficiency over a wide dynamic input power range from −15 to 27 dBm, and its peak is around 78%. The harvester is designed to work at the ISM band for 915 MHz and is suitable for Wireless Power Transfer (WPT) uses.
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1  Introduction

Nowadays, Wireless Power Transfer (WPT) is considered an important subject for researchers and innovators due to the high demand for portable devices with flexibility, sustainability, and reliability to the power source. In addition, diversities of applications for Wireless Sensor Network (WSN) devices need to be operated separately, such as Internet of Things (IoT), Internet of Everything (EoT), Artificial intelligent systems, and smart cities have been increased the need to have such a system [1,2]. In fact, WPT has two main categorizations, including the coupling resonators for both coupling/inductive and Radio Frequency (RF) approaches. The former is used for a short distance while the latter is utilized for a long distance [3]. In line with the advantages of long-range operation techniques and the need to have devices that suit miniaturized portable devices, this work has utilized the RF technique to harvest energy from ambient energy sources. Accordingly, a RF harvester, a critical part of WPT, has been explored to achieve a WPT system.

The proposed RF harvester block has a receiving RF antenna, matching network, rectifier circuitry, and output load, as displayed in Fig. 1. The main principle of the RF harvester is to transform the received ambient radio frequency signal available at the receiving antenna to the output voltage which likely a DC through a rectifier circuit with the aim to turn on portable devices or directly charge its battery [4]. The existing exploration directions are primarily concentrating on the harvester circuitry to develop and maximize conversion efficiency to power the WPT system.
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Figure 1: Harvester block diagram

Consequently, harvester ought to be designed to enhance its performance over a wide input power range to obtain higher Power Conversion Efficiency (PCE). Thus, more than a few antenna structures have been suggested for WPT [5–7]. Nevertheless, a tradeoff amongst antenna parameters is essential to ultimately unlock the ut-most power conversion efficiency in WPT systems, including power harvesting abilities, antenna size, and operation frequency. For example, a large antenna tends to lead to high gain and gains higher WPT system efficiency [8]. A compact antenna is indispensable for portable and miniaturized devices such as Radio-frequency Identification (RFID) and IoT devices to ease the integration with various applications [9]. Miniaturization of traditional antennas faces performance limitations in gain, bandwidth, and efficiency [10].

Therefore, a number of topologies and structures have been explored in the previous work such as in [11] diversity of ambient energy harvesting has been reviewed and its capability to operate as a stand-alone system for various of operation frequency at Industrial Scientific Medical (ISM) band mainly to power WSN. In addition, a tri-band slot antenna has been proposed for RF harvesting to operate at 2.45 GHz and achieves 5.53 dB of gain [12], while in [13] the authors proposed a design for a rectenna with wide-beam by using a multi-port metasurfaces-based antenna to enhance the energy system in [4], a rectenna with a tunable architecture was introduced to resolve the early breakdown voltage; however, it comes at the expense of the design size and complexity. Correspondingly, a Pseudomorphic High-Electron-Mobility-Transistor (pHEMT) connected in series with the proposed configuration of a diode was obtainable in [14]. This configuration was used in [15] to increase the performance of the rectifier by adding a resistance compression network (RCN). Furthermore, a multiport rectenna has been proposed in [16] to increase the PCE of the rectenna system. To increase the PCE of a harvester, a rectenna with adaptive reconfigurable was projected in an earlier work [17] to work at 900 MHz for the ISM frequency bands application.

Hence, in this work, the integration of EBG structure with a microstrip antenna is proposed to enhance its performance and improve the utilization in the antenna design due to their distinctive electromagnetic properties and capabilities including low cost, low profile, and easy integration which positively impact the antenna performance parameters: gain, directivity, resonance frequencies, coverage bandwidth and return loss [18–20]. It operates at 915 MHz, appropriate for light, compact and low cost MMID and RFID which operate within ISM radio frequency bands.

2  RF Energy Harvester Antenna Design

In this section, we deal with the design of an open stub EBG microstrip antenna for maximizing the RF signal harvested. Therefore, EBG structures were first introduced to overcome some antenna challenges in wireless communications, taking advantage of the properties of electromagnetic materials (EM). The EBG structure consists basically of periodic structure arrangements of a high and low dielectric substrate and metallic conductors. The mushroom-like EBG structures produce a band gap depending on the structure's periodicity illustrated in Fig. 2. It displays High Impedances Surfaces (HIS) and suppresses the propagation wave of its surfaces at a specific frequency band which is referred to as a band gap, accordingly reflect back coming waves without changing in the phase leading to improving and optimizing the antenna's characteristics [21,22]. The antenna gain can be enhanced by expanding the EBG structure in two diverse methods; the first structure can be applied as a superstrate and the other can be performed as a ground plane. In Multiple Input Multiple Output (MIMO) systems, using EBG structure increases the diversity gain and the isolation [23,24].
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Figure 2: Illustrating 2-D of EBG surfacess: (Left) a mushroom-like surface and (Right) a uni-planar surface [24]

Different structure of antenna configurations including dipole, patch, Planar Inverted-F Antenna (PIFA), monopole, spiral, small antenna and parabolic antennas have been used to transmit and receive power energy in WPT systems for different locations. Nevertheless, to apply such antennas WPT system, the most critical characteristic in the receiver antenna is the aptitude to maximize the collection of the incident power at the receiving stage. Hence, integrating microstrip antennas with EBG structures can expand and improve the PCE of WPT systems.

For that reason, in this paper, a single band EBG antenna was employed as an open stub EBG microstrip of a patch antenna, as illustrated in Fig. 3. In fact, two techniques can be used to apply the EBG structure to the antenna proposed. The first technique employs a two-layer structure; the first layer contains an EBG layer while the antenna is located in the second layer. The EBG array near the feed line is the second approach, which is simple, straightforward, and cost-effective to implement. The amount of coupling changes with the distance variation amongst the feed line and the structure of EBG antenna. Therefore, such a crucial parameter can be modified to achieve high performance and the resonate frequency of the band gap can be changing a little with the predicted one.
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Figure 3: Geometrical configuration and fabricated prototype of the open stub EBG microstrip antenna

Therefore, the EBG structure is initially combined using a microstrip antenna. Its structure performance depends on its physical dimension parameters, namely the EBG patch width (We), the gap between the patches (g), via radius (r), the thickness (h), and permittivity substrate (εr). The patch width determines the resonant frequency, whereas the gap variation determines the frequency band of the EBG surface. By adjusting the substrate thickness, reduction in the frequency and increase in the bandwidth can be achieved. Substrate permittivity controls the frequency behavior [24].

Consequently, the EBG patch antenna design was illustrated in Fig. 3 and is implemented as an open stub rectangular patch antenna. An antenna implementation on FR4 substrate material with a 48 mm × 30 mm size has been proposed. On one side, the substrate has a relative dielectric constant of εr = 4.3 and loss tangent, tan δ = 0.025, and thickness of h = 1.6 mm to support 915 MHz operation frequency. Tab. 1 shows the geometrical dimensions of the EBG antenna. The feed line length is chosen to be 32.9 mm to maximize the transfer power at the characteristic impedance of 50 ohms. The 50 Ohm microstrip feed line and the radiation of the patch antenna are engraved on the same surfaces of the substrate. On the opposite surface, the rectangular ground is carved. Multi-resonant-length antennas are constructed by incorporating rectangular split-ring slots enclosed inside rectangular patches to operate in the 915 MHz band.
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To evaluate the harvester, the most critical factor in WPT is the amount of power that can be transmitted and received via a signal. The attenuation of radio energy amongst the transmitter and receiver RF antennas in the Free Space Path Loss (FSPL) is given by Friis free space equation, where the amount of the received power can be calculated as:


Pr=PtGtGr(λ4πR)2
(1)

λ is refer to the signal wavelength while Pt and Pr are the transmitted and received power, while Gt and Gr represent the antennas’ gains at both transmitter and receiver. The distance between two antennas, transmitter and receiver is represented by R. The smaller antenna size and lower attenuation make the 900 MHz band a suitable frequency for wireless power transmission. Taking into account the Federal Communications Commission's regulations regarding the allowed output power transmitted which is around 30 dBm while the maximum Effective Isotropic Radiated Power (EIRP) is about 36 dBm [25], researchers investigate a tradeoff among antenna dimension, free-space path loss, and amount of power received. Therefore, harvester performance can be characterized and evaluated by various design parameters such as : overall power conversion efficiency (PCE), sensitivity, and output load [26].

3  Experimental Results and Discussion

The proposed EBG antenna was simulated by using a commercial simulator, Computer Simulation Technology (CST), and it's implemented on FR4 substrate material with dielectric constant of εr = 4.3 and loss tangent, tan δ = 0.025, and thickness of h = 1.6 mm to operate at 915 MHz. It consumes area of 48 mm × 30 mm. The proposed antenna measured at the anechoic chamber and its results exhibit 8.92 dBi of antenna directivity, 7.38 dBi of antenna gain and radiation efficiency of 0.843 with a reflection coefficient at 915 MHz greater than 25 dB as shown in Figs. 4 and 5 respectively. Fig. 4 presents the 3-dimensions of the radiation pattern for the open stub EBG antenna, which illustrates the gain and directivity. Both the simulated and measured far-field radiation patterns of the proposed antenna is presented as well as its normalized radiation patterns at the given resonant frequencies. The patterns are almost directional in the planes H plane (x-y plane) and E plane (x-z plane). Fig. 5 compares between the return loss of the reference open stub antenna and after embedding the EBG structures. The results for both simulated and measured return loss of the open stub EBG antenna show an agreement, achieving around −28 dB of return loss. Similarly, the measured data for the reference open stub antenna are consistent with the simulated one, having a return loss of 19 dB. The variance between simulations and measurements results from a misalignment in the anechoic chamber, which is not considered by software.
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Figure 4: 3D radiation pattern of the open stub EBG antenna
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Figure 5: Reflection coefficient of the open stub antenna with EBG structures and without EBG (ref)

Tab. 2 summarizes the impact of incorporating EBG structures into the open stub microstrip antenna on the antenna performance parameters. It is apparent that by inserting the EBG structures, a clear enhancement is achieved in directivity, peak realized gain, and radiation efficiency by 41.76%, 25.61% and 17.12% respectively.
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To evaluate the harvester (rectenna) performance, the proposed antenna is combined with the proposed adaptive rectifier in [27] through a 3-pin coupler, as illustrated in Fig. 6 using Keysight's Advanced Design System (ADS 2020) which is a commercial simulator. As stated in [28] “it is used as monotonic frequency depended power to excite the circuit.”
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Figure 6: The schematic circuit of the proposed harvester

The proposed harvester achieves over than 40% efficiency across a wide input power range starting at −15 dBm and reach about 27 dBm, with the maximum peak efficiency (PCE) of 78% at 13 dBm of input power, as illustrated in Fig. 7a while Fig. 7b illustrates the PCE as a function of frequency which is operated at its maximum of PCE at 915 MHz for different input power. In addition, the return loss at the center frequency is around −20 dB, as displayed in Fig. 8. The designed harvester is implemented to work at high PCE and operate over an extensive range of input power levels. For the same rea-son, the load resistor is carefully chosen to be around 1 kΩ. In the rectified output circuit, a low-pass filter comprises the inductor (L5) and capacitor (C1) and to rectify the output. Via a SMA connector, the capacitor (C10) be located to match the designed rectifier circuit to the 50.
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Figure 7: Power conversion efficiency of the proposed harvester: (a) vs. input power at output load of 1 kΩ. (b) vs. frequency and different input power
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Figure 8: Return loss (S11) of the proposed harvester

4  Conclusions

In this paper, an adaptive harvester design using an open stub EBG antenna was presented to work for the ISM band for Wireless Power Transfer application at 915 MHz to accomplish a design operating over wide range of input power. Such design demonstrated an enhancement in the harvester's operation for wide-ranging of input power levels. The EBG antenna was validated and compared through a simulated result; resulting a clear enhancement in directivity, peak realized gain, and radiation efficiency by 41.76%, 25.61% and 17.12% respectively. With aim of having a harvester, the EBG antenna has been combined with an adaptive harvester and its achieved more than 40% of the power conversion efficiency (PCE) which is converted from RF-DC over a wide dynamic range of RF input power levels and it is starting from −15 dBm and ending by 27 dBm at a peak of PCE of 78% at 13 dBm.
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Table 1: Geometric dimensions of the EBG antenna
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Table 2: State-of-the-art performance comparison between the antennas reference and the new one when
inserting EBG structures at the resonance frequency £=0.915 GHz realizing both a bandwidth BW =
206 MHz

Antenna type Directivity Gain (dB) Radiation
(dB1) efficiency

Sim. Measured Sim. Measured Sim. Measured

Open stub and partially grounded compact antenna 6.09 6.01 5.89 5.72 0.739 0.720

Open stub and partially grounded EBG compact 8.92 8.52 7.38 7.185 0.827 0.843
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