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Abstract

:

Traditional power supply cords have become less important because they prevent large-scale utilization and mobility. In addition, the use of batteries as a substitute for power cords is not an optimal solution because batteries have a short lifetime, thereby increasing the cost, weight, and ecological footprint of the hardware implementation. Their recharging or replacement is impractical and incurs operational costs. Recent progress has allowed electromagnetic wave energy to be transferred from power sources (i.e., transmitters) to destinations (i.e., receivers) wirelessly, the so-called wireless power transfer (WPT) technique. New developments in WPT technique motivate new avenues of research in different applications. Recently, WPT has been used in mobile phones, electric vehicles, medical implants, wireless sensor network, unmanned aerial vehicles, and so on. This review highlights up-to-date studies that are specific to near-field WPT, which include the classification, comparison, and potential applications of these techniques in the real world. In addition, limitations and challenges of these techniques are highlighted at the end of the article.
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1. Introduction


Wireless power transmission (WPT) is a term that denotes many different technologies for transmitting electromagnetic energy through a physical electromagnetic field. WPT is not a new concept. In fact, several efforts have been conducted in the past decades to transfer energy wirelessly. The beginning of WPT dates back to 1868, when James Clerk Maxwell merged “Ampère’s circuital law” and “Faraday’s law” of induction. In addition, other experiments, observations, and mathematical models have been developed into the consistent theory that constitutes conventional electromagnetic theory. The Maxwell equations provide the keystone for current electromagnetics, including wireless energy transfer. In 1884, John Henry Poynting presented an electromagnetic field mathematical equation that can be used in contactless energy transfer [1,2]. In 1888, Heinrich Rudolf Hertz discovered radiowaves, confirming the forecast of electromagnetic propagation by Maxwell. Hertz’s experiments showed that electromagnetic waves could be produced in transmitter coils and wirelessly detected by a receiver coil [3]. In 1894, Hutin and Leblanc’s patented WPT system was used to supply an electric railway system [4]. Their system consists of a primary single wire that transmits power at 2 kHz along the railway track and several resonant receiver coils used at the secondary side.



From 1891 to 1904, the first significant innovation in WPT technology was accomplished by Nikola Tesla. Tesla’s experiments were conducted based on inductive coupling WPT using Tesla coils, which produces high alternating current (AC). Tesla demonstrated the wireless lighting of phosphorescent bulbs. In 1897, Tesla patented the “Tesla Tower” built in Colorado Springs. Three shining lamps were lit on this tower at a transfer distance of approximately 100 feet. The work of Tesla contributed to long-distance energy transfer based on radio communications. Brown [5] realized long-distance energy transfer thanks to the advancement of microwave technology in 1960. Later in 1964, Brown efficiently used a rectenna to convert electromagnetic waves into direct current (DC) power. In 1975, Brown introduced short-distance transfer of 475 W using microwaves at 54% DC to DC efficiency at Landmark. In 2007, a group of physicists from the “Massachusetts Institute of Technology” lit a 60 W light bulb 2 m away from the transmitting coil [6]. In 2012, the United States Department of Transportation realized the use of WPT for charging vehicles while moving on the highway [7]. The WPT research efforts between 2001 and 2013 are described briefly in [8]. According to [8], the four most active countries in research on WPT are the US, Japan, China, and South Korea. In 2015, the Nuclear and Quantum Engineering team at KAIST University adopted inductive coupling WPT to transfer energy to a distance of 3, 4 and 5 m with efficiencies of 29%, 16%, and 8%, respectively. This team transferred energy based on an oscillating frequency of 20 kHz in the transmitting coil.



WPT can be categorized into two types, namely, far-field and near-field WPT. Microwave energy transfer falls under the far-field category, in which a large amount of energy can be transmitted between two positions. A WPT system involves a transmitter unit that is connected to the main source of power or battery, which transforms the electrical power into an electromagnetic field. This field may be received by one or multiple receivers to convert it back into electrical power, to be used by the electrical load. On the transmitter side, the power signal and information are carried by the same radio frequency (RF) signal. The information can be recovered at the information receiver and the electromagnetic energy is recovered by the harvester section of the receiver to supply the power to the receiver [9]. The oscillator circuit of the transmitter converts the input power to the electromagnetic field that can be transmitted via the transmitter antenna or coupling systems. At the receiver side, similar coupling systems or antennas are used to alter the received electromagnetic field into electrical current that can be harvested to run the receiver devices [10].



Near-field WPT refers to the distance of transfer energy within the wavelength (λ) of the transmitter antenna. The near-field mechanisms can be categorized into four groups depending on the type of coupling technique used: (i) magnetic resonant coupling; (ii) inductive coupling; (iii) capacitive coupling; and (iv) magneto dynamic coupling. The most suitable methods are magnetic resonant coupling and inductive coupling because the amount of transfer power in capacitive coupling increases with the capacitance between the plates and frequency. Therefore, the total surface area of the capacitor will be increased and accordingly, the size will be large and high voltages on the capacitor plates are required.



In magnetodynamic coupling, two energy conversions occur, namely: (i) electrical to mechanical energy in the transmitter; and (ii) mechanical to electrical energy again in the receiver. This process makes magnetodynamic coupling less efficient relative to electrical conversion methods such as inductive coupling. However, the magnetic resonant coupling and inductive coupling methods are suitable for short and midrange distances and rely on the shape and size of the antenna or coil of the transmitter and receiver.



In the past few years, portable and wireless devices have become prevalent. This has resulted in a significant diversity of battery chargers on the market, which can be considered a serious problem [11]. Conventionally, charging these devices is performed based on wired technology that requires a wire connected to an electrical wall outlet. Charging can also be achieved wirelessly to achieve similar efficiency by using WPT technology [12]. WPT is a promising method to solve the particular power-charging problems ingrained in several wireless platforms [13]. When the electromagnetic energy (EM) is available, such as in a Tesla coil, WPT can be produced without a physical connection. Essentially, WPT ideas originated from “electrical-oriented” power transmission objectives for electromagnetic waves that have much lower frequencies than do optical and infrared ones. The potential of WPT has not yet been well realized, although four recent key technological features, namely: (i) high-density power devices; (ii) high-efficiency rectennas; (iii) innovative circuit architectures; and (iv) low-power integrated circuits (ICs), have been progressing at the research level [14].



Given the rapid development of mobile devices (e.g., mobile phones, laptops, Personal digital assistants (PDAs), and handheld devices) and sensor-based Internet of Things (IoT) applications, significant attention has been focused in the development of wireless power-charging techniques. These applications rely on the short-range inductive coupling of WPT. Previous studies include an effective detection technique for various charging devices and an electric charging strategy by finding correct receiving equipment [15,16]. A method called resonance coupling was proposed to extend WPT to mid-range operation [17]. This method relies on the physical conception that two resonators with identical frequency can efficiently receive power with reciprocity. In addition, utilization of an extra resonator as a repeater improves the power conveyance ability of the system, thus allowing the working range between transmitter and receiver coils can be extended [18,19]. However, for real-time applications, the distance over which the power transmission can be varied. The efficiency of WPT drops quickly when the air gap between the coils is changed or any axial misalignment between transmitter and receiver coils occurs [20]. Therefore, some studies, such as [21], have proposed a self-adjusting system to address the misalignment problem.



WPT techniques can be used to address the energy consumption problem in wireless sensor networks (WSNs). The WSN lifetime is limited by the battery capacity and they can only work for a limited amount of time. Several studies have emphasized different methods to prolong the lifespan of networks. Although these efforts have shown an improvement in WSN power consumption, their power consumption/lifespan remains a performance bottleneck and its feasibility is the key factor that impedes deployment in vast areas. Xie et al. [12] classified WPT into three categories, namely, magnetic resonant coupling, inductive coupling, and EM radiation. They presented the pros and cons of each category and discussed the opportunities to use WPT technology in WSNs. In their study, they concluded that EM radiation technology has some restrictions when used in WSNs. The first key concern is that omnidirectional radiation has poor efficiency in WPT. Second, it is sensitive to the presence of any obstacles between receiver and transmitter. Third, it poses a challenge to human safety. The research also found that magnetic resonant coupling technology is more appropriate for WSNs. Powering the sensor nodes in WSNs remains a challenge nowadays, even with developments in battery technology and energy efficient techniques. Inductive coupling only works efficiently over a short distance, but it can be expanded at further distances by using robust coupled magnetic resonances [22].




2. Related Review Works


In a review by Hui et al. [23], two-coil, three-coil, and relay and domino resonator WPT are covered. In addition, the effect of electromagnetic radiation on the human body is highlighted. The review suggested that the transfer efficiency of the two-coil WPT is appropriate for short-range rather than midrange applications. By contrast, the four coils WPT approach can be used to maximize the transfer distance. However, the transfer efficiency will be reduced and limited to 50%. Moreover, the relay or domino technique presents good system transfer distance and transfer efficiency in a situation, in which the relay coil is located between the source and load coils. Dai and Ludois [24] compared inductive coupling and capacitive coupling, which they used in small energy transfer gap applications. They reviewed these two types of WPT in terms of power level, operating frequency, transfer distance, transfer efficiency, and transmitter and receiver areas. Applications and limitations for both types were also emphasized. In addition, recommendations for selecting inductive coupling or capacitive coupling in small range systems are introduced.



Inductive and conductive charging of hybrid and electrical vehicles were reviewed by Yilmaz and Krein [25]. In addition, the present status and execution of battery charger, infrastructure, and charging power level for electrical vehicles were highlighted. The researchers classified vehicle charging systems into on-board and off-board types. Several infrastructure configurations and charger power levels were considered and compared in their review, depending on the charging time and position, the amount of power, suitability, equipment necessary, cost, and other factors. Kalwar et al. [26] briefly reviewed and compared several electrical vehicle charging systems and their deployment. They presented circuit investigation and characteristics of the inductive coupling power transfer and concentrations on the research development as regards the strategy for the charging coil, power level improvement, inductance topologies, and misalignment toleration. Through their review, they found that the implementation of the inductive coupling technique was conditioned on proper alignment, charging distance, and coil topology. In addition, a trade-off between transfer efficiency, distance, and charging pad size is essential for electrical vehicle applications.



Similar review papers can be highlighted that have adopted different issues related to electrical vehicles charging such as opportunities and challenges, sustainable performance, topology infrastructure of inductive coupling, milestones of improvements in charging vehicles based on inductive coupling techniques [27], dynamic and static vehicle charging [28], consideration for designing inductive coupling, and charging power levels [29].



Akhtar and Rehmani [30] presented energy-harvesting techniques to replenish the energy of WSNs, including WPT. The inductive coupling, magnetic resonant coupling, radio frequency, laser, and acoustic WPT techniques were emphasized with their applications, challenges, limitations, advantages and disadvantages, transfer efficiency, and future research trends.



Our review paper differs from the other reviews (listed in Table 1) in that our paper focuses on all the near-field WPT techniques, namely, magnetic resonant coupling, inductive coupling, and capacitive coupling. The paper also discusses WPT applications and performance metrics (i.e., energy transfer, operating frequency, transfer distance, transfer efficiency, and output power) through comparison with previous work in terms of limitations and challenges. Recently, the WPT has been used to replenish the batteries of implanted devices and medical sensors, in which battery change is impossible [12]. One potential application of WPT is charging wireless sensor nodes in WSNs because of the limited battery energy. For example, WPT can be used to improve the battery lifetime of an unmanned aerial vehicle (UAV), which is likely used in monitoring agricultural crops.



This paper presents a concise evaluation of recent advancements in WPT, and near-field WPT is specifically reviewed. The contribution of this review paper can be outlined as follows:




	(i)

	
The near-field WPT techniques are critically reviewed for inductive coupling, magnetic resonant coupling, and capacitive coupling.




	(ii)

	
Comparisons of our review paper with previous reviews are achieved based on types of near-field WPT, performance metrics, challenges, and applications.




	(iii)

	
The performance metrics of near-field WPT are identified, which include transfer distance, transfer efficiency, output power, and operating frequency. In addition, the comparison between these metrics is presented.




	(iv)

	
A taxonomy of near-field WPT is introduced to select the more efficient technique in terms of transfer distance and transfer efficiency.




	(v)

	
Challenges and limitations are emphasized in terms of health and security, metallic element in the path of transferred power, and transfer distance and efficiency.










3. Wireless Power Transfer Applications


WPT can be used over a short range in offices and homes to charge different devices. Battery charging can be performed on a table or a desk for different electronic devices, such as smartphones, PCs, tablets, and audio players [35]. Special outdoor applications are also used, such as wireless charging for electric trams and vehicles; furthermore, power supply for running cars may be used [36,37]. In addition, WPTs can be used in medical applications as a power supply for a capsule endoscope for diagnosis gastroenterologists [38], as well as other devices implanted under the human skin, such as cardiac implants [39]. Tower and transmission lines can be inspected based on UAVs. The main task of the UAV is to inspect the transmission line via remote and rough terrain and forests, and at high altitudes. This is an important task because the transmission lines can supply power to hospitals, homes, industry, and others over long distances.



The main limitations of UAV are their endurance and range because of the limited battery capacity. UAV battery size cannot be increased because it would add extra weight, thereby becoming a limiting factor for flying. UAV batteries can be charged based on inductive coupling WPT to increase flight time or extend the UAV range that is used, for example, in surveillance or inspection. The energy of the UAV that inspects the high-voltage transmission line can be obtained from the electromagnetic field that is generated from the transmission line, in which the transmission lines operate as a long transmitting antenna [10]. Thus, the limitation of the UAV can be overcome based on the presented method. By contrast, using UAVs overcomes the limitations of the current inspection methods, which rely on manned helicopters; this is considered a risky operation and an expensive task. UAVs can also be used to transfer power to the ground nodes based on inductive coupling as presented in the studies [22,40] in which the transmitted coil is mounted on the UAV and the receiving coil is fixed on the sensor node.



WPT was used to recharge electric vehicle batteries rapidly to meet the extended working range [41]. Battery charging can be achieved during a temporary stop in stations based on receiving and transmitting coils, through the transmitting coil embedded in the roadway and receiving coil equipped on the bus or rail transit [42]. Yang et al. [43] proposed an energy harvesting approach that used a bicycle motion to acquire kinetic energy. Their experimental results disclosed that more than 6.6 mW of energy could be obtained under regular cycling situations. They concluded that the energy harvesting method could also produce electrical power uphill without increasing the mechanical work by the cyclist.



WPT is used in medical implantation applications to detect and treat diseases of the human body. Some tiny electronic devices are deployed outside or inside the body. These devices are power hungry and need continuous power to work properly for a long time. Chiu et al. [44] used the 402 MHz RF to stimulate the dorsal root ganglion. The external device can charge the implant device using inductive coupling that uses 1 MHz. Depending on the inductive coupling techniques, the implant device can be operated for six months. Inductive coupling WPT is used by Ha et al. [45], who employed an outside helical coil that induces a magnetic field in the coil implant inside the human arm. Consequently, a current will flow in the coil inside the human body. Therefore, the device inside the body can receive the energy from the outside coil. Furthermore, the WPT is presented by Sun et al. [46] for capsule endoscopy inspection. The proposed system was able to transfer the energy of 24 mW to the capsule over an air gap of 1 m with a power efficiency of 3.04%. Secure communication can be achieved based on encryption techniques to ensure safe exchange of information between transmitter and receiver. However, encryption techniques may consume a large amount of power because of high computational capacity, thereby leading to inefficient system energy, in which the energy of the communication system is considered a crucial issue. Consequently, power transfer and wireless information can be proposed to achieve two tasks; the first task ensures secure information transmission and the second ensures efficient WPT. When the received power is a potential eavesdropper, the enhancing power transfer efficiency by increasing the information power could result in loss of secrecy. Thus, a tradeoff between power transfer efficiency and information transmission security is necessary, as presented in [47]. WPT technology is already used widely and looking forward to be used in new applications in the near future, as illustrated in Figure 1.




4. Classification of Near-Field Wireless Power Transfer Techniques


These technologies are classified based on the principal mechanism, power transfer, and transfer distance. Based on the power transfer air gap, WPT methods are divided into two categories: far field and near field. The technique can be considered far field if the wavelength of the electromagnetic signal is smaller than the transfer distance. By contrast, if the wavelength of the electromagnetic signal is longer than the transfer distance, the technique belongs to the near-field kind. For example, when the resonant frequency is relatively low (less than 5 MHz) and the transfer range is short (for example, 5 cm), the technique is near field. When the resonant frequency is 900 MHz and the range of power transfer is more than 2 m, the technique is characterized as far-field power transfer [48]. Microwaves, RF, photoelectric, laser, and acoustic can be classified as far-field energy transfer techniques, whereas inductive coupling and magnetic resonant coupling can be considered near-field techniques.



The transmission range of far-field techniques is up to several kilometers. Far-field techniques are subjected to trade-offs in the directionality of the antenna and transfer efficiency. Notably, transfer efficiency in the far-field technique remains low. The frequency band of the far-field method is extremely high, up to several GHz bands relative to near-field, thereby supporting the frequency range (kHz–MHz). Inductive coupling near-field techniques can be employed to transfer high power with significant efficiency in a very near distance up to several centimeters [49]. The efficiency of such techniques declines exponentially with the transfer distance. The magnetic resonant coupling can be employed in midrange applications with a suitable efficiency [17]. Figure 2 shows the subcategories of the near-field WPT techniques.




5. Performance Metrics Based on Wireless Power Transfer


In WPT, certain metrics such as frequency, transmitted power, efficiency, and transfer distance can be considered key parameters in determining the overall system performance. These key parameters are explained in detail in the following.



5.1. Frequency


The design of near-field WPT operating frequency has been implemented with regulatory constraints and a number of technical limitations [49]. For inductive coupling, the operating frequency varies in low frequency (LF) bands. For example, in [4], the authors adopted a frequency range of 20–40 kHz when the planned distance from coil to coil is roughly 10 cm. Magnetic resonant coupling systems typically work in high-frequency (HF) bands; a frequency range of 1–50 MHz was considered in [50]. In the magnetic resonant coupling method, high efficiency with a larger distance between the receiving and transmitting antennas can be achieved when their resonance frequencies are the same [51].



Experimental results of [52] show that frequency control can increase the transfer distances. For example, when the frequency band is 2 MHz, the transfer distance can only be roughly 50 cm, whereas the transfer distance can improve to 99.5 cm when the frequency band is adjusted to 30 MHz. Consequently, when the operating frequency increases to several GHz, the transfer efficiency can be improved and the receiving coil size can be minimized [53]. The far-field WPT technique is based on electromagnetic radiation; it operates in the microwave frequency band 2.4–5.8 GHz [54]. In this technique, the same frequency band can be utilized for WPT and communication information because the WPT uses the RF signals to obtain DC energy [55].




5.2. Energy Transfer


WPT can be categorized as radiative (i.e., far-field) and non-radiative (i.e., near-field). The radiative energy transfer technique can be classified into two types: directive and non-directive. For the non-directive application, omnidirectional radiation will be used to transfer energy to portable devices [4]. However, the omnidirectional characteristics of the radiated energy significantly reduce the system efficiency.



Non-radiative WPT mechanism originated from Tesla’s idea of a method that supplies power via wireless transmissions. Non-radiative WPT can be divided into two common types, namely, magnetic resonant coupling and inductive coupling for midrange and short-range power transfer applications, respectively [56]. The leakage inductance in the energy flow path can be reduced by using both magnetic resonant coupling and inductive coupling to enhance the energy transfer capability of the system [14]. When the maximum energy is consumed by the source, the transferred energy develops to a maximum value, which is subject to matching between source impedance and the input impedance of the source coil. Thus, the input impedance of the source coil is changed with the coupling coefficient alteration and working frequency of the source. The maximum energy transfer can occur at a specific coefficient value when working at a self-resonance frequency. This coefficient value is denoted as a crucial coupling point. The coupling coefficient matches the critical coupling at a specific distance. In mobile charging WPT, the coupling coefficient and transfer distance always vary, therefore, working at the coupling point is not appropriate [49].




5.3. Efficiency of Power Transfer


Transfer efficiency is defined as the receiver power at the receiver coil divided by the total input at the transmitter coils. The efficiency of the WPT system depends on the type of technique. Figure 3 shows the transfer efficiency of the different WPT techniques for near and far fields. The inductive coupling technique achieves an energy transfer efficiency of 70–90%; it decreases with the distance between primary and secondary coils. To perform such a high efficiency, accurate alignment between primary and secondary coils is required [57]. Magnetic resonant coupling technique has a medium efficiency of 40–60% and also decays with distance. However, the transfer efficiency drops as it differs from the resonance frequency [58]. The efficiency of the microwave and laser is less than the previous two techniques by roughly 30%; furthermore, it decreases extremely quickly as the separation between the receiving and transmitting coils increases. The efficiency of the inductive and magnetic resonant coupling methods can be increased with a high-quality factor of the coils and depends on the coupling coefficient between resonators. In this case, a high operating frequency is required and the AC impedance of resonators must be low. However, operation with high frequency causes system complexity of electronic circuits [49]. The results of the work [59] disclosed that for any given coil, increasing the resonant frequency maximizes the power transfer; thus, the transfer efficiency will be improved.




5.4. Transfer Distance


The transfer distances or air gaps are considered a critical issue in near-field WPT because it determines the DC output power. The transfer distance varies from one type to another near-field WPT, where it depends on the uses of the power transfer technique. The inductive coupling technique has limited transfer distance with high transfer efficiency, whereas for magnetic resonant coupling, the energy can be transferred at midrange from source to load relative to the inductive coupling method. However, in this method, the transfer efficiency will be reduced. By contrast, the transfer distance becomes high with the electromagnetic wave method. However, the transfer efficiency is less than that of magnetic resonant coupling and inductive coupling techniques.



With the declaration of the Wireless Power Consortium (WPC) on extending the transfer distance from 5 mm to 40 mm in 2012, new research works are expected to focus on new magnetic winding schemes and configurations [56]. Based on the new developments in improving the transfer distance, a new planar design would be able to charge the devices on desks and tables. To address the poor transfer efficiency defects of a two-coil energy transfer mechanism, as considered in [20,23,59], midrange WPT techniques, such as relay resonators [60,61] (Figure 4a), four coils [15,62,63,64] (Figure 4b), U coils [65] (Figure 4c), domino coils [56,66] (Figure 4d), array coils [67] (Figure 4e), and dipole coils [68] (Figure 4f) are proposed in previous studies and fused into future planar WPT chargers with increased distances or air gaps. Based on these studies, the transfer distances were 20, 60, 100, 180 (for seven resonator coils), 20, and 500 cm ([60], [15], [65], [66], [67] and [68], respectively).



The four-coil WPT system comprises two resonant coupling coils and two main coils; one for source and the other for load. It is analyzed with basic circuit theory, as emphasized in [62], in which the transfer distance among the resonators coils can be maximized when matching occurs between the impedance of the source coil and impedance of the input of the four coils. Thus, the maximum energy transfer will be accomplished. Using matching impedance indicates that the system power transfer efficiency is restricted to 50% [56]. Kurs et al. [17] practically showed a transfer efficiency of 15% depending on the impedance matching process for four-coil WPT. A similar principle of impedance matching for the four-coil method can be applied to relay and domino resonator methods to maximize the energy transfer efficiency. Thus, the transfer efficiency will be maximized and the transfer distance will be improved. The pros and cons of the principle for middle-range near-field WPT (i.e., magnetic resonant coupling) applications, maximum energy transfer, and maximum transfer efficiency are discussed in [23].



However, when the number of resonator coils among the source and load coils increases, the transfer distance increases; thus, the transfer efficiency will be decreased. Therefore, a tradeoff between transfer distance and transfer efficiency is necessary. To lengthen the distance of WPT, the near-field magnetic resonant coupling can be a promising solution [13].



Table 2 summarizes the performance metrics for near-field WPT techniques. The table shows that the magnetic resonant coupling technique has more transfer distance of 5 m, and operates with high frequency up to tens of megahertz. However, this method has lower transfer efficiency relative to the other techniques (i.e., inductive and capacitive coupling).





6. Previous Works on Near-Field Wireless Power Transfer


Near-field WPT is a promising technology that can power up WSN objects, smartphones, and on-body medical implant devices without relying on the battery replacement or connecting into the main power supply. Several studies proposed different near-field WPT systems. The previous studies were reviewed for near-field WPT and are explained in detail in the following.



6.1. Inductive Coupling


In this section, some major studies related to inductive coupling WPT are highlighted and organized based on the chronology shown in Table 3. Some of these efforts are as follows:



Worgan et al. [69] presented a PowerShake to transfer power between mobile devices. PowerShake preserves high power transfer by approximately 3.1 W, which is adequate to charge power-hungry devices such as mobile phones. As stipulated by the authors, the output power of 3.1 W and generated frequency of 97 KHz of the transmitter keeps the tissue of the human body safe from electromagnetic field effects [70]. The design of their transmission and receiving circuits were subjected to Qi standards or specifications [71].



Another study [20] presented an inductive coupling WPT method to charge a mobile phone over a short distance; the researchers designed a power pad that involves an array of overlapping planar coils as a transmitter. The mobile device comprises a single planar coil as load or receiver that can receive power up to 1.2 W. This study determined that the transfer efficiency of the inductive coupling method decreases quickly when the air gap between the transmitter and receiver coils is changed, or axial misalignment occurs among the coils. The WPT system must consider these effects to preserve optimal efficiency.



Ye et al. [65] designed a new approach of inductive coupling that can transfer energy with a relatively greater distance than the traditional method. They proposed a new U-coil system method that consists of three coils, namely, a primary coil, a secondary coil, and a relay coil placed between the primary and secondary coils and that passes the energy between them. The researchers describe this method (i.e., U-coil WPT) to further improve energy efficiency than the two-coil method. This method achieves 100 cm of energy transfer between transmitter and receiver coils with working frequency of 85 kHz. Compared with the two-coil method, the power transfer efficiency of the U-coil method improved to 66%.



An efficient inductive power solution to increase the exchanging power distance between the receiver and the transmitter coils from 18 mm to 50 mm was presented in [72], where the multiple input single output (MISO) technique is adopted. Based on this technique, the magnetic flux leakage can be reduced by increasing the coil-to-coil distance. The results showed that the transmitted power improves more than 1.5 times (i.e., from 0.026 W to 0.042 W) at 5 cm distance between the receiving and transmitting coils. Consequently, the transfer efficiency also improves from 18% to 30%.



Zhong et al. [11] presented a novel WPT by adopting several coils at the primary side and one coil at the secondary side. The transmitter plate consists of several coils, with each coil wrapped around the ferrite core, whereas the receiver winding is fixed on the ferrite plate. Based on this configuration, several devices can be charged simultaneously with a transfer distance of 1.5 mm when they are placed in a free position at the charging plate. The researchers concluded that the optimal operating frequency range was 125–150 kHz, which could achieve 85% efficiency in the worst and best positions on the charging plate.



Multidimensional inductive WPT that uses a cellular approach was adopted by Agbinya and Mohamed [73]. The authors proposed one transmitting coil and six receiving coils. The coil structure is arranged in a hexagonal cell to transfer the energy over an air gap of 6 m and at least 1 V and 2% transfer efficiency can be obtained in the receiving coils. A couple of Helmholtz coils is used to provide uniform and strong energy transfer along the link axis. The results show that a full (100%) transfer efficiency can be achieved at a transfer distance of 5 cm, and the efficiency decreases quickly as the transfer distance increases between the receiving and transmitting coils. However, the transfer efficiency becomes 33% and 2% when the separation between coils increases to 1 m and 6 m, respectively.



Park et al. [68] improved the transfer distance to 5 m between primary and secondary coils using magnetic dipole-type coils with ferrite cores based on the inductive coupling idea. Their experimental results show that the transfer efficiencies are 29%, 16%, and 8% for transfer distances 3, 4, and 5 m at 20 kHz, respectively.



Inductive coupling WPT was adopted by the Hitachi Maxell and Murata companies [74] to wirelessly charge an iPad 2. Through this technology, 10 W power can be transferred from the pad charger to the iPad device within three hours for full charge. This method offers advantages, such as wireless charging, and the alignment between the pad and iPad 2 is not necessary, in which the iPad 2 can be charged in vertical or horizontal positions, and the pad can charge more than one iPad device. Rotating axis WPT is adopted by Sofia et al. [75] to supply power to the laboratory centrifuge machine. Transmitting and receiving coils are fixed on the same geometrical axis. The transmitting coil is constant whereas the receiving coil rotates with a rotor. The transmitting coil is excited at the oscillating frequency of 125 KHz and the power is transmitted to the receiving coil. The power is transferred between the two coils with 5 mm distance between. The power supply of the primary coil is 24 DC volts and the entire system aims to provide at least 10 W at the secondary coil in the rotary part to achieve 58% transfer efficiency.



Recently, Mai et al. [76] proposed a maximum power-point tracking control system to enhance system efficiency against the changes of the mutual inductances between the receivers and transmitter coils as well as the inductive load of the locomotives. A 2000 W proposed prototype is implemented to confirm the system performance. The total system DC to DC efficiency of 90.6% is obtained at rated power and is developed by 5.8% based on the suggested scheme under light load relative to the conventional fixed output voltage control scheme.



All modern consumer devices, from laptops to smartphones, still depend on plugs and cords for charging. These devices become unusable when their batteries die. Despite the various applications of electronic devices, the elimination or minimization of the use of power cable is the main focus of previous studies. Although power cables were the best solution for power transfer through cables, their ingrained drawbacks and the benefit of WPT techniques make the use of these technologies in electrical appliances and devices different. For this reason, electrical devices can be powered incessantly using the WPT system. Theoretically, wireless charging pad can be integrated into bedside and coffee tables, office environments, kitchens, and bathroom desktops to supply a wide range of consumer devices for low-power devices, such as shavers, tablets, and mobile phones, to high-powered devices, like inductive cooking utensils and kettles. Consequently, more WPT and related products are projected to come into the end user markets in the future. Inductive coupling WPT has several advantages and disadvantages:



Advantages: (i) short transfer distance; (ii) non-radiative, and therefore safe for human body; (iii) simple topology; (iv) high transfer efficiency of up to 95% at short distances; and (v) simple implementation.



Disadvantages: (i) short transfer distance (i.e., transfers energy with several centimeters); (ii) requires precise alignment in the charging orientation; (iii) produces eddy current over metal, (iv) heating effect; (v) inappropriate for mobile use; and (vi) needs fitted alignment between charging devices and WPT system.




6.2. Magnetic Resonant Coupling


Mittleider et al. [22] presented a novel method for charging wireless sensor networks based on UAVs. The UAV can be accurately localized to 15 cm based on magnetic resonant sensors, where the global positioning system (GPS) is inaccurate and needs line-of-sight between receiver and satellite [31]. However, the charging efficiency can be increased when the transmitting coil (mounted by UAV) and receiving coil (fixed in sensor node) are close to each other. Consequently, the charging power of 5.49 W at 6 cm distance between the receiving and transmitting coils are adequate to charge the battery of wireless sensor nodes at a remote location.



In reference [15], a variable coupling method to accomplish high efficiency in a resonance coupled WPT system was proposed. The WPT system comprises four identical coils. Two coils are found on each side of the transmitter (source) and receiver (load). In addition, both resonators were sensibly adjusted to reach the identical resonant frequencies. Therefore, a 6.7 MHz self-resonant frequency is generated in all coils. By applying the matching condition, the efficiency of WPT is improved. The matching condition is achieved by changing the coupling factors among the internal resonator and load. By applying the matching techniques experimentally, the energy transfer efficiencies are developed to 46.2% and 29.3% at a distances of 60 and 100 cm, respectively. However, the maximum efficiency was computed at 15 cm and was found to be 92.5%. Experimental outcomes revealed that the energy transfer efficiency increases dramatically by modifying its coupling factors across distance variations.



Cannon et al. [77] presented a lumped capacitor circuit for the WPT technique. The source or transmitter operates at a resonant frequency of 8.3 MHz. The conveyed power at the receiver coil is 28.2 mW; this value corresponds to 1.68 Volts at the transmitter coil. The results disclosed that when the receiver coil is placed 17 cm apart from the transmitter coil, the voltage drops from 3 V to 0.57 V, thereby corresponding to 3.3 mW energy conveyed at the receiver coil. Based on a large transmitter and either one or two small receiver coils, WPT via magnetic resonant coupling is implemented. A circuit design is established to identify the scheme with one receiver coil and expanded to identify the method with two receiver coils.



Chen et al. [78] designed three cost-effective couplers (i.e., circular, rectangular, and hexagonal) for WPT dedicated to electric vehicle dynamic charging. The output power, tolerance of horizontal offset, transfer efficiency, and flux density are discussed. In their work, the proposed charging method is analyzed and compared by both experimental and simulation methods. The operating frequency of the proposed system was 35 kHz, and the length of the air gap is 200 mm between the primary and secondary coils for all three types. The authors concluded that the transfer efficiency decreases with the load resistance, and the mutual inductance among coils controls the quantity of transfer energy from the primary coil to the secondary coil. Chen et al. [79] presented an improved theory of the WPT system. A magnetic resonant coupling tuning scheme is suggested to transfer a scheduled amount of energy via lossy coils at high efficiency. The tuning approach can increase the transfer distance, but the research is limited to simulation results.



Jadidian and Katabi [80] showed a mobile phone being charged remotely and working independently even though the phone is in the user’s pocket, thereby benefiting from the idea of multiple-input multiple-output (MIMO) beamforming. Unlike beamforming in the wireless communication system, a non-radiated magnetic field is developed and directed toward the mobile phone and portable devices. The proposed MIMO system runs at a single frequency of 1 MHz and can charge a mobile phone at distances of roughly 0.5–40 cm with power transfer efficiency equal to 89%.



Sun et al. [81] suggested a new WPT scheme that is directly strong coupling, which considers only two resonator circuits and accomplishes strong-coupling renderings. Two heterogeneous helical antennas were used: one for the transmitter and the other for the receiver to minimize the size for indoor usage. Unlike the strong coupling technique with four helical antennas (i.e., two low-Q helical antennas and two high-Q helical antennas), their proposed approach considers only two helical antennas (two high-Q helical antennas) to perform strong-coupling renderings. The two antennas were designed to operate at the same resonant frequency of 8.4 MHz. Experimental results demonstrate that the power that can be transferred between receiver and transmitter coils is 50 cm and 100 cm, with a transfer efficiency of 40.3% and 35.6%, respectively.



Wang et al. [82] proposed q-Z source and H-bridge to adjust the charging current of an electrical vehicle. Therefore, the power transfer will be improved. A prototype is developed, which can convey 3000 W from transmitter coil to receiver coil over a transfer air gap of 20 cm with maximum efficiency of 95%.



Recently, Yong et al. [83] proposed a dual receiver and dual transmitter-based WPT configuration by employing power rating semiconductors and lower cost. The availability and reliability of the proposed system are improved based on the suggested structure of four transfer paths. The output power of 2100 W with a system efficiency of 93.62% was obtained at 70 mm separation distance between the primary and secondary coils. Magnetic resonator coupling WPT has several advantages and disadvantages, summarized in the following:



Advantages: (i) transfer energy within several meters; (ii) line-of-sight (LOS) is not required when devices are charged; (iii) unaffected by weather environments; (iv) high transfer efficiency under omnidirectional antenna; (v) alignment between the transmitted and receiving coils is not necessary; (vi) charging several devices concurrently on dissimilar power; and (vii) appropriate for mobile applications.



Disadvantages: (i) low-transfer power for consumer devices; (ii) decreased efficiency because of axial mismatch between receiver and transmitter coils; (iii) decreased efficiency with increased distance; and (iv) complex implementation.




6.3. Capacitive Coupling


In this section, several major efforts associated with capacitive coupling WPT are discussed, and these works are organized based on the chronology shown in Table 3. Compared to inductive coupling, capacitive coupling is still an emerging technique that has been discussed by fewer scholars [24]. However, capacitive coupling can be utilized in similar low-power applications to the inductive coupling, like charging of mobile and biomedical devices. Some of these applications can be deliberated in some efforts as detailed in the following. Capacitive coupling is commonly used in low-power applications because it has a small coupling capacitance.



In [84], the authors suggested high power-transfer levels while maintaining cost effectiveness by using capacitive coupling WPT. The authors proposed and studied four active capacitive coupling topologies, which rely on canonical Ćuk, Zeta, “single-ended primary-inductor converter (SEPIC)”, and buck-boost converters. The experimental results disclosed that the transfer power at 200 kHz is developed to 1 kW with a transfer efficiency of 90%.



Compensated capacitive coupling based on a double-sided LC-LC network is proposed by Lu and Zhang [85] to charge electrical vehicles. Two couples of metal plates are developed to become a part of a two-coupling capacitor system to transfer energy wirelessly. Four 610 × 610 mm2 copper plates with separation of 15 and 30 cm between two plates are designed. A 2.4 and 1.6 kW with a transfer efficiency of 90.8% and 89.1% are obtained for air gap distances of 15 and 30 cm, respectively. The authors concluded that their system is robust in case of distance variations and misalignment.



A novel technique, known as capacitive coupling coefficient is presented by Huang and Hu [86] to evaluate the coupling condition between the plates of the coupling capacitor. Based on electric charge evenness, the capacitive coupling coefficient is modeled by deriving a mathematical model for capacitive coupling plates. The physical meaning with regard to mutual capacitance and equivalent primary/secondary plates is clarified by comparing two capacitive coupling systems with diverse cross-coupling arrangements.



A capacitive coupling system that uses a class-E amplifier is proposed by Yusop et al. [87]. A class-E amplifier is selected due to its ability to achieve DC-to-AC conversion efficiently while considerably minimizing switching losses, consuming low power, providing a stable output voltage, and having the characteristic of simplicity [88]. The proposed capacitive coupling is formed by two conductive rectangular plates; one acts as a transmitter and the other as a receiver. The effect of several coupling distances on output power is investigated. Laboratory experiments are conducted to verify the proposed system, which works at a coupling gap of 0.25 mm and operating frequency of 1 MHz. Based on various coupling distances in the range of 0.25–2 mm, the power transfer efficiency within the range of 96.3–91% can be accomplished.



In [89], a conjugate image scheme is applied for capacitive coupling WPT to determine the ideal compensation of input and output ports of the network to transfer power at maximum efficiency. In addition, parallel and serial topologies are implemented to improve the energy transfer efficiency. The results of the capacitive coupling are compared relative to the inductive coupling in terms of coupling function and conjugate image scheme. Therefore, a well comprehension of the basics of the WPT link can be obtained to develop a more efficient system.



The comparison of the performance metrics for the previous studies can be summarized in Table 3, arranged based on the categories listed in Figure 2, and sorted based on the percentage of efficiency (from high to low). The review of the aforementioned studies shows that the designed charger platforms are limited to a short distance of a few centimeters and high transfer efficiency for the near-field WPT, and these platforms need a device that is intended to charge when completely aligned with the charging pad.



Ultracapacitors have been innovated by the Maxwell company [90] to supply energy to the bus (hybrid-electric buses), rail (trams and trains), trucks, forklifts, and cranes. Approximately 2000 medium- and heavy-duty trucks on the street in North America use the Maxwell ultracapacitor-based engine start module. The ultracapacitors of Maxwell achieved extremely fast and efficient storage and discharged power.



“Maxwell’s ultracapacitor” solutions that are used to power medium and heavy mining equipment and earth-moving are best for flexible power storage solutions because an ultracapacitor is cost-effective and it outperforms other options in reliability, durability, and productivity factors. The life and autonomy of equipment can be increased to more than 25% relative to traditional equipment, especially for hoisting and lifting applications. Thus, the cost of maintenance and downtime will be increased. For example, the braking energy of a rail can be stored in ultracapacitor modules to provide bridged power, assisted propulsion, and grid voltage in several rail applications today. In addition, ultracapacitors are used to deliver power to a starting locomotive engine. Ultracapacitors are also used to exclude large batteries or to prolong the lifetime of a battery. Ultracapacitors are currently widely applied because of their advantages, including: (i) fast recharge rate; (ii) high amount of burst energy delivery; (iii) long service life; (iv) broad working temperature range; (vi) safe technology; and (vii) acid- and lead-free features. Ultracapacitors can be used in a wide domain of future applications because of these benefits.



Recently, a new single-person electrical vehicle was invented by the Toyohashi University of Technology [132]. The Toyohashi prototype EV acquires energy wirelessly from a pair of metal electrodes placed under the car track through steel straps that are installed inside the front tires. The energy is transferred between metal electrodes and steel straps using the displacement current, which is converted into direct current through bridge rectifiers. In this invention, a 5000 W power at operating frequency of 13.56 MHz can be supplied to the electrical vehicle. The single-person electrical vehicle can be supplied with power instead of 120 kg lead–acid battery to become a battery-free electrical vehicle. The Toyohashi team expects to develop the performance of the vehicle in terms of transfer efficiency, driving performance, and safety in the future.



Capacitive coupling WPT has several advantages and disadvantages:



Advantages: (i) power is transferred via metal; (ii) high transfer efficiency; (iii) high output power for EV applications; and (iv) simple design.



Disadvantages: (i) large coupling area is needed when high power is required and (ii) small transfer distance.





7. Challenges and Limitations of Near-Field Wireless Power Transfer


The following subsections discuss the challenges in near-field WPT studies in terms of: (i) health and security; (ii) metallic components; and (iii) transfer distance and efficiency.



7.1. Health and Security Challenges for Wireless Power Transfer


Security and safety concerns exist in WPT and their possible countermeasures, such as beamforming, jamming, monitoring, safety, charging, spoofing, and software [133]. In this subsection, the security and health issues are discussed. Many solutions in terms of safety and security were presented by Liu et al. [133]. WPT-based RF had already become a promising solution to power a wide range of low-power embedded devices wirelessly. However, safety and security aspects are overlooked by the community. The motivation to address the safety and security problems related to WPT emphasizes their importance in terms of efficient and dependable operation of RF-based WPT. Liu et al. [133] provided an overview of new research opportunities in this emerging domain and shown that WPT is weak to attacks. Barman et al. [14] explained the human exposure to electromagnetic fields following safety considerations. They reviewed some of the previous studies related to human exposure, safe human exposure limits for resonant-coupled WPT, and EM exposure analysis by using the human body paradigm.



The WPT could pose challenges in clinical uses when working at high frequencies. To obtain high power transfer and a smaller reception coil size, the working frequency of the RF WPT must be increased to the GHz band [134,135,136]. Within this band, a precise impedance matching is required in both the receiving and transmitting circuits to perform the preferred transfer power delivery efficiency [137]. In addition, the impedance matching condition of both the receiving and transmitting coils are invisible in several medical applications because they are critical to the air gap and alignment between the receiving and transmitting coils [53], as well as the electrical characteristics of the bio-tissues among the coils [138]. Careful configuration between the coils and precise understanding of the electrical properties of the propagation channel might be a challenge in medical applications. Moreover, conductive bio-tissues could considerably decrease the delivered transfer power in the RF band because of absorption [53]. Following the IEEE Standard C95.1-2005 [70], for safety levels with regard to human body exposure to RF electromagnetic waves, the allowable exposure level in the range of 2 to 100 GHz in public surroundings is 10W/m2 [70].




7.2. Metallic Components Challenge for Wireless Power Transfer


Version 1.1 of the “Qi” standard, which is an open interface standard developed by the WPC, enabled the mobile electronic devices to be charged wirelessly with limited transfer power up to 5 W [56]. Thus, Qi is an appropriate technique to cover planar wireless charging for an extensive range of low power devices such as iPods, Bluetooth earpieces, mobile phones, and so on. Future criteria are expected to prolong transfer power capability to 120 W; thus, more mobile devices, such as notebook computers and iPads, can be covered. Given the growing quantity of wireless power transfer, many practical challenges will appear, specifically in the electromagnetic field, electromagnetic compatibility, and thermal aspects. Given that the batteries of the devices are frequently inserted into these electronic devices with no or limited air circulation, extremely energy-efficient power transformation mechanisms are necessary to reduce the power consumption or losses in the receiver components. Consequently, the temperature increases in the battery sets. The interactions between the transmission and reception information and AC charging flux of the electronic circuit loads require special consideration. The high charging flux density means that the AC flux can induce eddy currents in any unintended metallic components inside the electronic circuit loads. Induced current leads to internal temperature increases and circuit damage.



The requirements for slim designs in several modern electronic devices might conflict with the dimensions of the electromagnetic shields. In addition to the power losses in the secondary and primary circuits, coils, and magnetics, strange entities such as ferromagnetic or metallic ones in the vicinity of the flux routes can also absorb the radiated power. If these materials are placed in the middle of the AC magnetic flux, induced eddy currents will be produced and circulated within the materials, thereby resulting in temperature rise and conduction losses. If the conduction loss is considerable, the subsequent temperature growth in the materials could be a safety concern and a probable factor that leads to system damage or failure [139]. For example, the power wastage of 0.5–1 W in metallic materials such as gold rings, paper clips, coins, and metalized pharmaceutical wrapping can increase the entity temperature above 80 °C [56].




7.3. Transfer Distance and Efficiency Challenges for Wireless Power Transfer


The creation of WPT dates back to the 19th century, when Tesla invented the Tesla coil. Several studies have been directed in this area in recent years, but transfer distance and transfer efficiency of WPT methods continue to pose a challenge. Although experiments were conducted by many researchers and extensive efforts for near-field WPT (i.e., inductive coupling and magnetic resonant coupling techniques) were presented, a number of practical challenges can be identified, such as orientation and interference. The first challenge is the alignment or orientation between the source and destination coils. The maximum transfer distance can be achieved if and only if the coaxial alignment is ensured between the coils. Other orientation settings, such as 45° rotation or coplanar relative to the coaxial alignment, minimize the coupling factor between the receiving and transmitting coils; therefore, the transfer distance and efficiency are reduced. Second, when these technologies are expanded to charge several devices, mutual coupling between different receiving coils and other entities may cause interference; then, watchful tuning is required [12].





8. Conclusions and Potential Opportunities in Near-Field Wireless Power Transfer


This study provided a review of near-field WPT techniques that are available academically. An evaluation of the previous studies for near-field WPT was introduced. The paper presented a concise review of recent WPT advancements that are specific to near-field techniques. Classification of near-field WPT techniques was presented and the performance metrics for these techniques were compared. Applications of these techniques were also emphasized. Previous studies on magnetic resonant coupling are promising. Magnetic resonant coupling WPT requires further studies to enhance the design of the resonators to perform high-transfer distance and maximum power transfer during angular or axial misalignment, to reduce system losses when high-oscillation frequency is used, and to increase the dynamic frequency and power control schemes to reduce the effect of EM waves on the human body to meet international standards.



Inductive coupling can be used for planar applications with high efficiency and short air gaps, such as mobile phone pads. Inductive coupling can be used for mid-range applications, e.g., charging the WSN or UAV, with suitable transfer distance and transfer efficiencies.



UAVs can be employed to charge the batteries of WSNs deployed in a vast area. However, the flight time of the UAV is restricted because of the limited battery capacity. In this case, the use of inductive coupling WPT technique is suggested to charge the UAV battery, which in turn charges the sensor nodes using the same technique or magnetic resonant coupling WPT. The UAV thus extends the communication range of WSNs without human intervention. In addition, the flight distance of the UAV between source and destination is approximately doubled relative to traditional flight (i.e., without the WPT technique). Charging the UAV through another UAV or mobile node is another research trend. Also, recent development in magnetic resonant coupling WPT reveals that several nodes can be charged simultaneously. This integration between UAV and WSN in outdoor surroundings will introduce different trends for research and enable a new design to solve charging problems.



Conventional transport vehicles are expected to be replaced by electrical vehicles in the near future in spite of commercial and technical obstacles. The extended mileage is the main challenge for future electrical vehicles. At long distances, electrical vehicles require high-battery power that may be charged within a few minutes.
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Figure 1. Wireless power transfer (WPT) applications for (a) medical; (b) agriculture; and (c) transport. 
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Figure 2. Classification of near field WPT techniques. 
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Figure 3. Comparison of efficiency for different WPT techniques. 
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Figure 4. Different WPT mechanisms: (a) relay coil; (b) four coils; (c) U-coil; (d) domino coils; (e) dipole coils; and (f) array coils. 
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Table 1. Comparison the current review paper with previous reviews. IC: inductive coupling; MRC: magnetic resonance coupling; CC: capacitive coupling.
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Reference/Year of Publication

	
Type of Near-Field WPT

	
Comparison the Performance Metrics




	
IC

	
MRC

	
CC

	
Operating Frequency

	
Transfer Distance or Air Gap

	
Transfer Efficiency

	
Output Power (Received)






	
[14]/2015

	
√

	
√

	
√

	
√

	
√

	
√

	
√




	
[31]/2015

	
√

	

	

	
√

	

	
√

	
√




	
[24]/2015

	
√

	

	
√

	
√

	
√

	
√

	
√




	
[30]/2015

	
√

	
√

	
√

	

	

	
√

	




	
[26]/2015

	
√

	

	

	

	
√

	

	
√




	
[32]/2015

	
√

	
√

	

	
√

	

	
√

	
√




	
[33]/2015

	
√

	

	

	

	

	
√

	




	
[29]/2016

	

	
√

	

	
√

	
√

	
√

	
√




	
[4]/2016

	
√

	
√

	
√

	
√

	
√

	
√

	




	
[34]/2016

	
√

	

	

	

	

	

	




	
This review

	
√

	
√

	
√

	
√

	
√

	
√

	
√
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Table 2. Comparison of different performance metrics for near-field wireless power transfer (WPT) techniques.
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WPT Metrics

	
Near-Field




	
Inductive Coupling

	
Magnetic Resonant Coupling

	
Capacitive Coupling






	
Frequency

	
125–150 kHz

	
5.92–12.5 MHz

	
Up to MHz




	
Output Power (W)

	
Up to 5

	
4.2

	
Up to 1




	
Distance

	
0.5–40 cm

	
0.5–5 m

	
Up to several mm




	
Efficiency (%)

	
70–90

	
40–60

	
83




	
Application/example

	
Wireless charging/Free-positioning and localized charging

	
WSN/UAV

	
Smart card or small robots/Electrostatic induction
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Table 3. Performance metrics comparison between previous research works for near-field WPT.
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Type of WPT

	
Category

	
References

	
Frequency

	
Distance (cm)

	
Output Power (W)

	
Efficiency %

	
Location

	
Application






	
IC

	
Two-coils/Single Tx-single Rx

	
[91]/2015

	
10–300 KHz

	
4 and 8

	
4000

	
98 @ 4 cm

96.6 @ 8 cm

	
USA

	
Electric vehicle




	
[92]/2015

	
90–200 KHz

	
N/A

	
2500

	
93.2

	
USA

	
Electric vehicle




	
[93]/2015

	
20 KHz

	
10

	
1480

	
67

	
USA

	
Electric vehicle




	
[94]/2015

	
33 KHz

	
10

	
2000

	
89.15

	
France

	
Electric vehicle




	
[95]/2015

	
85 KHz

	
10

	
560

	
77

	
Italy

	
Electric city car




	
[33]/2015

	
30 kHz

	
0.18–0.26

	
3000

	
96 (Parallel LCL)

86 (Series LC)

	
Canada

	
Electric vehicle




	
[96]/2016

	
60 kHz

	
7

	
180,000

	
95

	
Korea

	
Electric vehicle (train)




	
[97]/2016

	
180 kHz

	
15

	
N/A

	
95

	
Malaysia

	
Light emitting diode (LED)




	
[98]/2011

	
3.7 MHz

	
30

	
209

	
95

	
USA

	
Electric vehicle




	
[99]/2012

	
20 kHz

	
24.6

	
5000

	
90

	
USA

	
Electric vehicle




	
[100]/2010

	
38.4 kHz

	
N/A

	
500

	
89

	
New Zealand

	
Lighting




	
[101]/2013

	
3.45 MHz

	
30

	
50

	
80

	
USA

	
General purpose




	
[102]/2010

	
27 MHz

	
1.5

	
0.749

	
80

	
Australia

	
Biological implants




	
[103]/2012

	
13.56 MHz

	
N/A

	
25.6

	
73.4

	
Taiwan

	
Charge consumer products




	
[104]/2014

	
100–200 kHz

	
0.5

	
5–120

	
70

	
Austria

	
General purpose




	
[69]/2016

	
97 kHz

	
0.06

	
3.1

	
48.2–51.2

	
UK

	
Mobil phone




	
[105]/2012

	
1.3 MHz

	
4.4

	
0.475

	
45.01

	
USA

	
Power transmission through wall




	
Two-coils/Multi-Rx

	
[76]/2017

	
20 kHz

	
0

10

17.5

	
337 @ 0 cm

319 @ 10 cm

315 @ 17.5 cm

	
90.6

	
China

	
Locomotives




	
[106]/2011

	
20 kHz

	
10

20

24

	
27,000

	
74

	
Korea

	
Electric vehicle




	

	
Core array

	
[11]/2011

	
125–150 kHz

	
0.15

	
Up to 5

	
85

	
China

	
Portable devices




	
U-coil

	
[65]/2016

	
85 kHz

	
100

	
N/A

	
66

	
China

	
General purpose




	
Double-D-Quadrature

	
[107]/2011

	
20 kHz

	
15.2

	
7000

	
N/A

	
New Zealand

	
Electric vehicle




	
MISO-coil

	
[72]/2014

	
3800 kHz

	
5

	
1.26

	
30

	
Germany

	
General purpose




	
Dipole coil

	
[68]/2015

	
20 kHz

	
300

400

500

	
1403 @ 300 cm

471 @ 400 cm

209 @ 500 cm

	
29 @ 300 cm

16 @ 400 cm

8 @ 500 cm

	
Korea

	
General purpose




	
Cellular architecture

	
[73]/2014

	
771 kHz

	
35

	
N/A

	
22.2

	
Australia

	
General purpose




	
Four-coils

	
[22]/2016

	
167 kHz—Up to a 12.5 MHz

	
100

	
4.2

	
N/A

	
USA

	
UAV in agriculture




	

	
Two-coils/Multi Tx-single Rx

	
[108]/2012

	
50 KHz

	
20

	
300

	
90

	
Japan

	
Electric vehicle




	
Single and double-sided coils

	
[109]/2011

	
20 KHz

	
7

	
1500

	
95

	
Japan

	
Electric vehicle




	
MRC

	
LC-LC series topology

	
[82]/2015

	
80 kHz

	
20

	
3000

	
95

	
China

	
Electric vehicle




	
Dual Tx and dual Rx

	
[83]/2017

	
40 KHz

	
7

	
2100

	
93.62

	
China

	
Electric vehicle




	
Two and three dimensional coils

	
[110]/2017

	
535 KHz

	
30

	
1.8

	
60

	
China

	
LED




	
Four-coils

	
[15]/2011

	
5.92–7.63 MHz

	
60

100

15

	
0.0244

	
46.2 @ 60 cm

29.3 @ 100 cm

92.5 @ 15 cm

	
Korea

	
General purpose




	
[64]/2017

	
2–3 MHz

	
24

	
60–67.5

	
80 @ 60 W

90 @ 67.5 W

	
USA

	
Car seats and doors




	
[111]/2013

	
13.56 MHz

	
2

	
N/A

	
85.3

	
Korea

	
General purpose




	
[63]/2016

	
6.78 MHz

	
2.3 @ 80.1

0.5 @ 77.4

5 @ 76.1

	
N/A

	
80.1

77.4

76.1

	
Singapore

	
General purpose




	
[112]/2011

	
7650 kHz

	
70

	
12

	
50

	
USA

	
Consumer electronic




	
[113]/2013

	
500 kHz

	
13

	
1.2

	
40

	
Korea

	
General purpose




	

	

	
[81]/2013

	
1–100 MHz

	
100

50

	
N/A

	
35.6 @ 100 cm

40.3 @ 50 cm

	
China

	
TV and computer




	
[114]/2013

	
39.75 MHz

	
0–50

	
1

	
38.5

	
USA

	
Air-to-concrete




	
[62]/2011

	
16.1 MHz

	
3, 15, 23

	
N/A

	
0.8

	
Korea

	
Design wireless power transmission system




	
[115]/2012

	
9.33 MHz

20 MHz

	
50 @ 9.33 MHz

60 @ 20 MHz

	
10.5 @ 50 cm

12.5 @ 60 cm

	
N/A

	
China

	
Bulb




	
MIMO-coils

	
[80]/2014

	
1.0 MHz

	
0.5, 2, 5, 10

	
0–3

	
89 @ 0.5 cm

87 @ 2 cm

74 @ 5 cm

53 @ 10 cm

	
USA

	
Cell phones and portable devices




	
Array coil

	
[67]/2016

	
1.4 MHz

	
10 @ 81

35 @ 60

	
N/A

	
81

60

	
Australia

	
EV




	
Two coils

	
[116]/2016

	
20.15 KHz

	
15.6

	
1000

	
96

	
Korea

	
Electric vehicle




	
[117]/2014

	
10–100 kHz

	
26

	
100 k

	
80

	
Korea

	
Electric Vehicles




	
[118]/2013

	
29–32 MHz,

42–44 MHz

	
0.5

	
N/A

	
45 @ 0.5 cm

78 @ 0.5 cm

	
China

	
General purpose




	
[12]/2013

	
N/A

	
200

	
60

	
40

	
USA

	
Home appliances




	
Five-coils

	
[119]/2012

	
250 kHz

	
119.38 cm

(47 inch)

	
150

	
80

	
Korea

	
LED TV




	
Domino coil

	
[66]/2013

	
505–525 kHz

	
90 @ 4 resonator

120 @ 5 resonator

150 @ 6 resonator

180 @ 7 resonator

210 @ 8 resonator

	
10 30 (transferred wirelessly)

	
75

	
China

	
General purpose




	

	
SIMO-coils

	
[120]/2016

	
20–22–25 MHz

	
4.27

	
0.84

0.58

	
24 @ 0.84 W

29 @ 0.58 W

	
USA

	
General purpose




	
Two-coils/Rectangular, Circular and Hexagonal

	
[78]/2016

	
35 kHz

	
20

	
8000 @ rectangular

6000 @ circular 4000 @ hexagonal

	
N/A

	
China

	
EV




	
Two-coils/YZ & XZ plane

	
[121]/2015

	
85 KHz

	
20

	
3300

	
N/A

	
USA

	
Electric vehicle




	
CC

	
Two flat rectangular Tx-Rx

	
[87]/2016

	
1 MHz

	
0.025

	
9.63

	
96.3

	
Malaysia

	
Rotary applications such as slip ring replacement




	
Parallel discs

	
[122]/2012

	
626 kHz

	
0.08

	
6.5

	
94.3

	
USA

	
Electric machines




	
[123]/2014

	
848 kHz

	
0.0125

	
100

	
94

	
USA

	
Slip ring replacement




	
Double-Sided LCLC

	
[85]/2015

	
1 MHz

	
15

30

	
2400 @ 15 cm

1600 @ 30 cm

	
90.8 @ 15 cm

89.1 @ 30 cm

	
USA

	
Electric vehicle




	
Single-switch-Single-diode

	
[84]/2015

	
200 kHz

	
N/A

	
1034

	
90.1

	
USA

	
Consumer and industrial electronic products




	

	
Conformal bumper

	
[124]/2016

	
530 kHz

	
60

	
>1000

	
90

	
USA

	
Electric vehicle




	
Single plate

	
[125]/2012

	
1000 kHz

	
N/A

	
25

	
>80

	
UK

	
Mini laptop computer




	
[126]/2011

	
4200 kHz

	
0.013

	
3.7

	
80

	
USA

	
General purpose




	
[127]/2012

	
1000 kHz

	
0.04

	
0–1.46

	
0–72

	
New Zealand

	
General purpose




	
[128]/2011

	
840 kHz

	
0.05

	
7.6

	
41

	
New Zealand

	
General purpose




	
[129]/2013

	
20 KHz

	
N/A

	
10

	
N/A

	
Japan

	
General purpose




	
Matrix charging pad

	
[130]/2013

	
449 kHz

	
0.05

	
1.6

	
54

	
New Zealand

	
Consumer electronics




	
Hexagonal cell array

	
[131]/2015

	
1000 kHz

	
0.01

	
1

	
N/A

	
USA

	
Variety of applications








MISO: “Multiple-input-single-output”; MIMO: “Multiple-input-multiple-output”; SIMO: “Single-input-multiple-output”.
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