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Abstract

:

The RFEH design challenges can be broadly classified into overall radio frequency direct current (RF-to-DC) power conversion efficiency (PCE), form factor, operational bandwidth (BW), and compactness. A detailed overview of the essential components of an RFEH system is presented in this paper. Various design approaches have been proposed for the realization of compact RFEH circuits that contribute immensely to mm-wave rectenna design. Effective mechanisms for configuring the rectenna modules based on the recommended spectrums for the RFEH system were also outlined. This study featured a conceptual viewpoint on design tradeoffs, which were accompanied by profound EH solutions perspectives for wireless power communications. The work covers some challenges attributed to 5G EH in mm-wave rectenna: from a controlled source of communication signals to distributed ambient EH and system level design. Conversely, the primary targets of this work are to: (I) examine a wide range of ambient RF sources and their performance with various antennae and RF-rectifier layouts; (II) propose unique rectenna design techniques suitable for current trends in wireless technology; (III) explore numerous approaches for enhancing the rectenna or RF-rectifier efficiency in a low-power ambient environment; and (IV) present the findings of a comprehensive review of the exemplary research that has been investigated. These are aimed toward addressing the autonomous system’s energy challenges. Therefore, with the careful management of the reported designs, the rectenna systems described in this study would influence the upcoming advancement of the low-power RFEH module.
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1. Introduction


The exponential advancement of wireless communication technology (WCT) and ultra-low-power devices draws the attention of researchers daily. Technological inventions and innovations in the fields of the IoT [1,2,3,4], autonomous driving [5], biomedical implantable devices [6], industrial IoT [7], wireless sensor network (WSN) [4,8], and many more are the sources of various applications drivers. There is a need for miniaturized and high-precision power sources as the dimensions of modern semiconductors are scaled down to millimeters (mm) and sub-mm [9,10]. Recently, the RFEH module for extracting RF energy in the mm-wave spectrum have not been established because of the lack of widespread deployment of mm-wave networks [11]. The concept of RFEH and wireless power transfer (WPT) in mm-wave are emerging techniques in wireless power communications [11,12]. This is attributed to the 1990s breakthrough in the mm-wave power transmission and rapid development in mm-wave 5G architecture [10,11].



Meanwhile, we are becoming heavily reliant on electricity to accomplish most of the daily routine activities. The trend in technological advancement considers energy to be one of the leading challenges related to most of the device’s operations because of the energy recursion [13]. On 30 April 2015, Anders S. G. Andrae and Tomas Edler from Huawei Technologies Sweden AB published an article “On Global Electricity Usage of Communication Technology: Trends to 2030” [14]. He explained and projected the global electricity consumption attributed to communication technology (CT) by 2030 among data centers, consumer-end devices, and communication networks. One of the key issues raised is that by 2030, the CTs can exploit over 51% of the global electricity consumption. An important finding posed by this work was the need to look into other sources of sustainable energy. Hence, contributions from modern (EH) technology can significantly ease the demand for energy-dependent equipment (such as power cords, power accessories, and battery cells) in the future. Applying the concept of green energy to supplement the conventional power generation system will substantially reduce the environmental pollution.



Many researchers have studied EH systems, which involve the process of energy transformation from various forms to electric energy, during the last few decades [15,16,17,18]. A variety of technologies have been developed to harness sustainable energy from different sources [19,20,21,22,23]. Among a few forms of the EH, sources comprise hydro, wind, solar, biomass, acoustic, RF, etc. [19,24]. Hydro, solar, and wind energies are among the commercialized EH sources because of their capability to handle large volumes of energy from the surroundings through hydro and wind turbines, solar panels, etc. [18,25,26]. Hence, the performance of hydro, solar, and wind EH sources depends heavily on the specific natural operational conditions and requirements such as location, time, and weather [17,27,28,29].



Recently, the exponential growth of wireless technology attracts the researchers’ attention toward RFEH from the ambient EM wave radiating in space [30,31,32,33,34,35]. Over the years, the power density of ambient EM signals is expanding because of development in mobile cellular networks, TV-based entertainment, and Wi-Fi-enabled applications, which pave the way for RF-powered applications [36,37,38,39].



The power requirements of small electronic devices and their future application drivers are highlighted in Figure 1 [40]. The intercepted energy signal from the RF sources was revealed to have a minimal power density that spans from 0.001 to 0.1  μ W/cm   2  . For the time being, proper management of the harvested energy can be deployed for low-power devices and sensors nodes with minimal energy consumption [41,42,43,44].



An antenna combined with an RF-rectifier is responsible for harvesting the available ambient EM signals [47,48,49]. Integrating the antenna with the RF-rectifier is termed a rectifying antenna, which is also known as a rectenna [50,51]. The antenna picks up the radiated EM waves from the surroundings, which are then transformed into usable DC signals through the RF-rectifier [15,52]. An antenna-less rectenna is classified as an RF-rectifier [13]. The RF-rectifier comprises a rectifying diode, a DC-pass filter (storage element), and   R L   match by an IMN [30,36,52,53,54,55]. The main components of the RFEH system are given in Figure 2. A good IMN ensures maximum transfer of the received RF signals from the antenna, which are then transformed into DC source by the rectifying diode. The DC-pass filter is introduced to eliminate higher-order harmonics from entering the   R L   [56,57,58,59]. The performance of the output impedance and the output DC supply is handled by the DC-pass capacitor filter [36,60].



Various sources of EM waves exist at different operating frequencies scattered in multiple directions. The EM environment is regarded for extracting RF energy because of the influences from digital broadcast and cellular mobile communication. Ambient RF energy sources are accessible at various operating frequencies and power densities. Thus, the proper selection of RF signal sources is critical when targeting an RF harvester that can be deployed for powering a module of an autonomous system [61,62]. To ensure and identify a proper RF signals for harvesting, it is important to evaluate essential factors of the radiating signal. These parameters comprise frequency,   P  i n   , location, coverage area, and the transceiver base station (BS) [63,64,65,66]. Many RF EM sources, such as GSM BS transceivers, Wi-Fi networks, WiMax networks, 5G networks, Medium Wave (MW) broadcast stations, and so on, are nowadays available in semi-urban and urban environments [67,68]. The new and evolving technological innovations have resulted in recent WCT advancements. The growing demand for such inventions resulted in one or more application drivers on the IoT, industrial IoT, autonomous driving, smart farming, smart cities, wearable devices, and many other areas. Hence, in densely populated areas, we can monitor and identify thousands, if not millions, of devices in one location.




2. Significance of the Research


A number of researchers have been making efforts toward the enhancement of battery efficiency [69,70,71,72]. Thus, the key requirements of autonomous systems are at odds with the constraints imposed by the battery drawbacks, such as short lifetime, the need for frequent recharging or replacement, and the release of various toxic chemicals [73,74,75]. Hence, the ambient RFEH system is an emerging technology that allows low-power devices to operate for extended periods, making it a viable alternative to the traditional battery source [76,77,78].



EH via microwave beams has been previously deployed to handle a variety of autonomous systems. Techniques such as unmanned aerial vehicle (UAV) [79] and solar power satellite (SPS) [80] are presented for high-power wireless applications. This technology has recently become commercially available with the rapid development of devices with low power requirements. Radio frequency identification (RFID) is an example of how this method is successfully employed [45,81,82,83]. The applications require an EM energy source that can be appropriately managed for the successful operations of the RF harvester. The number of wireless communication devices such as wearable devices, WSN, and implantable devices, which have been deployed for the past few decades, has proliferated [84,85,86,87,88,89,90,91]. Such growth in wireless applications necessitates the development of additional sources of energy. Consequently, the low power requirements in today’s autonomous systems have opened the door for the use of ambient RF energy modules as an alternative source of energy [44,92,93,94]. The power density of the available EM waves is statistically steady regardless of climate conditions. This is one distinct feature of the RFEH system because of the transmission of EM waves over multi-path fades propagation channels. The significance of the RFEH harvesters can be outlined as follows:




	
Wireless Power Transfer (WPT)




	
The recent development in low-powered RF devices makes the RFEH system a suitable source of energy compared to their wired counterpart, which serves as an additional source of energy;








	
Economical value




	
A simple RFEH module integrable with other boards can be deployed in remote areas to replace batteries, which in turn reduces the maintenance costs;








	
Longer operational life of device and health monitoring




	
Provides long-lasting operation to a device(s) (that can be deployed in body area network (BAN) applications). For example, it is necessary to have a high uptime power supply for medical conditions such as prostheses, cardiac pacemakers, and it is not highly recommended to use batteries or any form of a traditional source of power;








	
Security surveillance




	
For example, it is challenging to access the power source for maintenance, and there is no connected power supply accessible as found in wild forest fire detection, earthquake-prone locations, etc.













RF-to-DC Power Conversion Efficiency (PCE)


A typical method of RF-to-DC PCE enhancement in the RFEH system is the connection of the diode to the load   R L   via the source antenna. To harvest a significant portion of the incoming RF signals from the antenna source, a rectifier circuitry with high PCE is required. Variables such as   P  i n   , diode selection, junction capacitance, operating frequency(ies), higher-order harmonics, and   R L   are known to be the major efficiency influencers. A diode that performs well at relatively high   P  i n    levels does not have the same attributes when operating at a low power level, such as −20 dBm. The rectification unit deployed in the RF-rectifier circuitry is mostly a combination of resistive and capacitive elements.



The ratio of the output DC power (  P  d c   ) to the   P  i n    in an EH system is referred to as RF-to-DC PCE [30,52,95]. The ability of the RF-rectifier to transform the received RF signals into viable output DC signals is given by Equation (1). This is achieved when the output impedance of the antenna and that of the load impedance (  Z L  ) become conjugate to each other through proper impedance matching. This ensures a maximum transfer of power from the antenna source to the rectification section [52,96]. The authors in [97] demonstrated the process of RF-to-DC PCE operation in RFEH circuits. Two major findings were illustrated from the authors. Firstly, the RF-to-DC PCE is a factor of employed circuit elements, and the lesser the components, the better the performance of the harvester and vice versa [4,15]. This is due to the minimum   P  i n    requirement of the rectification section. Therefore, a rectifying diode with a low turn-on voltage is needed based on a single or voltage multiplier topology to facilitate the efficient operation of the RFEH system. The higher the number of diode or the multiplier stages, the higher the voltage at the expense of minimal load current. Whereas the reduced number of diode or multiplier stages offers quick and efficient charging, with a considerable decrease in the   V  d c    across the load. As such, a tradeoff has to be made between the number of stages and that of the circuit performance in the design of the RFEH system [92,98,99,100]. Secondly, the RF-to-DC is determined by the amount of power available at the input of the RF-rectifier. The RF-to-DC PCE increases in lockstep with the   P  i n   , reaching a peak value shortly as the amplitude of the rectifying diode approaches the diode breakdown voltage (  V  b r   ) [28,36,101]. Hence, the diode reverse current becomes large, which in turn decreases the overall RF-to-DC PCE. In addition, the impedance of a diode is affected by its aspect ratio and the number of stages. Thus, the higher   R L   can result in a larger   V  d c   . This does not rule out the possibility of achieving peak power with a smaller   R L  . As a result of this power dependency, the RFEH design must be tuned and optimized to achieve the desired goal at a given power level.


      η  P C E   % =   P  d c    P  i n    ×  100 %  =  (    V   d c  2   R L     ) ×   (  1  P  i n    )  ×  100 %      



(1)




where   η  P C E    is the RF-to-DC PCE,   P  d c    is DC output power across the load   R L  , and   V  d c    gives the output DC voltage.





3. RF Spectral Survey


To determine the potential of implementing an RF harvester in an area, the levels of the radiated RF power signals must be determined, because these will identify and deduce the type of RF harvester’s features and specifications to be deployed in a location. This work determines the levels of the received RF ambient power available in the Multimedia University (MMU), Cyberjaya campus as a basis for designing efficient RFEH components in a given location.



3.1. Site Surveys for Ambient RFEH


Next, we need to discover the available received ambient power levels in the MMU. The campus is designated for surveying RF energy because it is considered to be in a semi-urban environment. The RF spectral survey is carried out between the frequency span of 0.500 to 3.00 GHz on the RF spectrum analyzer. This spectrum is placed under the ultra-high-frequency or microwave spectrum. A TTi PSA6005 spectrum analyzer measures the available received ambient RF power. Table 1 provides the specifications of the equipment for the RF spectral survey. A commercial whip antenna from ABRACON is used for the setup connection. The antenna operates from 0.700 to 2.700 GHz, with a peak gain of 5 dBi [102]. The proposed antenna-measured realized gain across the respective operating band is presented in Table 2. All the measurements of the available received RF ambient power are conducted in the daytime between the range of 8:00 a.m. and 6:00 p.m. The 6 GHz spectrum analyzer was calibrated to measured the received signal strength in the frequency range of 0.50 to 3.00 GHz of the microwave spectrum. For every sample point recorded, about 90 s were assigned to ensure better measurement of the received RF power. The RF spectrum analyzer setting guarantees that intercepted power levels from non-dedicated RF sources in the semi-urban surrounding are measured and reported accordingly.




3.2. Selection of Available Frequency Bands


A 6 GHz spectrum analyzer is deployed to determine the level of the available RF ambient power in the terrain. During the measurement process, each of the strategic locations is demarcated within 90 to 190 m across a straight-line path. Three sample points were recorded for each straight-line path at an interval of 30 m. Following the 190 m straight-line measurement, a 90   ∘   interval was set for each of the study locations to undertake comparable data collection (i.e., four different sectors per study location). Therefore, the measurement is repeated across each strategic location, as shown in Figure 3 [76,103]. During the RF survey process, over 20 study locations were established. The survey process was conducted during the project’s early stage for seven months, from June 2019 to December 2019.



The precise frequencies for each band are determined by the Malaysian communications and multimedia commission (MCMC) licensed frequency band allotment. The frequency spectral bands for operations by various telecommunications operators, such as TV stations, GSM-900, GSM-1800, 3G/UMTS-2100, Wi-Fi, LTE-2600, WiMax, and many more, were categorized and allocated. The received ambient RF power from the telecommunication operators in the country was recorded by the spectrum analyzer. A significant level of the received RF power level was observed across the five major operating bands comprising GSM/900, GSM/1800, UMTS/2100, Wi-Fi/2.4/2.45, and LTE/2600. Hence, Figure 4 shows the reported ambient RF power levels for the accessible frequency bands.



Each sample point interval is recorded, and the average result is calculated for each span along a straight-line path. The four sectors were all subjected to a similar computation. This task was repeated for all the measured data. Table 2 summarizes the received ambient RF power and its corresponding averages for the five major operating bands in the institution. It can be observed from Table 2 that the intercepted power levels at the BS are one or two orders of magnitude higher than the mobile power levels across the GSM/900, GSM/1800, and UMTS/2100, and Wi-Fi/2.45 spectrum. These four frequency bands recorded the highest average power of –21.2, –15.3, –22.5, and –17.7 dBm, respectively. In addition, the capability of the LTE/2600 frequency at –23.8 dBm makes it another suitable candidate for the RF harvesting. As a result, the deployment of the RF harvester in a strategic area around BSs is preferable for better performance. Therefore, the potential of these five operating bands becomes the prime focus of the RF harvester design in this work.





4. RFEH Rectenna


The received RF signal is managed and processed under the specified RFEH approach to activate low-power devices. The accessible RF power density from various sources varies from 0.18 to 84 nW/cm   2   in the ambiance environment, which can reach up to 1000  μ W/cm   2   from the RF dedicated source [61,63,65,104]. The rectenna has attracted a lot of interest from scholars in recent years, as depicted in Figure 2. Hence, the working principle of the rectenna system stays the same regardless of the application. Figure 5 demonstrates a flow diagram of the basic rectenna system’s components, blocks, and applications. Various research studies have been conducted over the years to show the potential of RFEH modules as an additional source of sustainable energy.



4.1. Antenna for RFEH


An antenna is a type of transducer that transforms EM waves into AC or the other way around [105,106]. It can also be regarded as a transitional structure connecting free space and a guiding device or a TL. Antennas are basically categorized into two:




	
A transmitting antenna: that conveys the outgoing AC signals into communicable EM waves, and



	
A receiving antenna: that collects the radiated EM waves and converts them to equivalent AC power for circuit applications [107,108].








Antennas are configured and tuned to function at a specific operating frequency(ies) range while rejecting signals from non-specified bands. Hence, an antenna is regarded as a transceiver device that can be deployed at the transmitting or receiving ends [107,108]. An antenna can be portrayed based on the Thevenin TL model. Equation (2) describes the whole antenna segment using the same TL model.   R  L 1    denotes dielectric and conduction losses that are established alongside the structure of the antenna.   R r   gives the radiation resistance that also determines the antenna radiation efficiency.   X A   provides the imaginary components of the antenna impedance [107]. V   s   is the antenna equivalent voltage.   R  a n t    represents the antenna radiation resistance, and input impedance (  Z  i n   ) is from the rectifier or other equivalent circuits [109].



The receiving source antenna is among the most vital segments of the RFEH system’s front end. First, the source antenna receives the incoming RF signals, which are then processed and transformed by the RF-rectifier into a DC source in the concurrent stages. The performance of the RFEH source antenna influences the dimension and the complexity of the rectenna circuitry. A wider operation BW, omnidirectional pattern, high gain, compact size, and low profile are among the significant features to be considered in the RFEH antenna’s design. Hence, the antenna reactive power source   V s   is modeled using the equivalent wave in Equation (3) [110,111,112,113]. For clarity, this section is further divided into three subsections depending on the antenna operating frequency as: (I) Single-band, (II) Dual-band/Multiband, and (III) Broadband/Wideband. Hence, the performances of various RFEH antenna designs that have been reported in the literature are explored in this section.


   Z A  =  (  R  L 1   +  R r  )  + j  X A   



(2)






   V s  =  V  s m a x   sin ω t  



(3)




where   V  s m a x    represents the amplitude of the RF power source passing through the MN at an angular operating frequency of  ω .



4.1.1. Single-Band Antennae


Single-band antennae that are deployed in RFEH rectennas are normally achieved with a narrow operating BW. Various antenna parameters are taken into account during a single-band antenna design process from a performance perspective [114,115]. An antenna’s gain is an essential parameter. An RFEH source antenna with a high gain can capture more signals from the environment, because the antenna’s gain is proportional to its electrical aperture. Antennae with a high gain are needed when the direction of incidence of the incoming RF signal is predictable [116,117,118,119,120,121,122]. In addition to high antenna gain, the antenna’s omnidirectional pattern ensures better reception of incoming RF signals, especially in an ambient environment. Thus, an RFEH antenna with high gain characteristics is important in order to have a maximum reception of the incoming energy and improve the RF harvester PCE with a better   V  d c   .



The authors in [123] presented a single-band antenna operating at 2.450 GHz. This design achieved a gain of 1.250 dBi through an aperture coupling slot with an isosceles triangular shape. A 2.450 GHz antenna is described by the authors in [124]. The antenna is realized by adding a U-slot and trimmed corners to the radiator, which offers a 1.480 dB AR. The authors in [125] incorporate a dual-fed antenna using two slot lines with transversal ends. This array of CPW source antennas operates at 5.800 GHz. A back-feeding concept is employed in this work to augment the BW of the antenna. The design realized an AR of 0.680 and a gain of 6.300 dBi. The authors in [126] reported an antenna design approach by inserting an air gap into a layered dielectric resonator antenna (DRA). This design recorded gain and BW enhancement across the 5.800 GHz   f o  . In addition, the authors in [127] reported that adding an aluminum core with metallic Vias into a layered DRA architecture improves the gain and the operation BW of the RFEH antenna.



The authors in [128] make use of the differential feeding mechanisms to improve the gain of the antenna, operating at 2.450 GHz. The need for a BALUN is avoided through the differential feeding approach. The antenna occupies a size of 100 mm × 70 mm on the PCB and achieved a peak gain of 5.470 dBi from the design approach. Additionally, the differential feeding reduced higher-order harmonic modes. To obtain an appropriate gain in a differential feeding scenario, the ports that fed the source antenna must be configured correctly. An array of antennas in a single-band rectenna is also studied for improving antenna gain. The authors in [129] reported an array of antennas that is realized with the help of a dual-rhombic loop antenna, operating at 5.800 GHz. The authors in [130] investigate a unique antenna design using an aperture coupling to achieve a patch array structure. The gain improvement of the aperture-linked antenna array facilitates the enhancement of the incoming RF signals above 1 mW. The frequency of operation for this antenna is 5.800 GHz. The design of an antenna array for GSM-900 is reported by the authors in [131]. Two T-shape monopole antennae make up this antenna array. The array designed improves antenna gain. The compactness of this array structure is maintained by integrating stubs into the bottom ground. The authors in [132] demonstrated a directional multi-port-pixel antenna technique for RFEH systems. This design is realized using a grid of antenna arrays connected at four different port terminals. The overall antenna structure has a dimension of 100 mm × 100 mm. This antenna operates at a frequency of 1.800 GHz and achieves a gain of 5.500 dBi. The approaches recently demonstrated in the literature toward the enhancement of the RFEH antenna gain have also introduced circuit complexity, besides increasing the overall antenna electrical length. Furthermore, it is observed that the antenna array is characterized by a narrow operational BW, which in turn limits the harvesting capability of the RFEH antenna. As a result, many approaches are further explored to accomplish antenna miniaturization.



The authors in [133] presented a way of compacting the antenna by folding the radiating elements. The antenna operates at 0.900 GHz with a dimension of 62 mm × 62 mm. A circinal-shaped is deployed to achieve antenna compactness by the authors in [134]. The geometry of this design is realized by widening the circinal fold curves. This antenna operates at a frequency of 2.450 GHz. The work also realized an operational BW of 150 MHz from 2.350 to 2.500 GHz. The concept of the spiral planar inverted-F antenna (SPIFA) is reported by the authors in [85]. To demonstrate compactness, a shorting pin is situated on top of the radiator plate’s corner. This ensures the source antenna resonates at a frequency below quarter-wavelength. This antenna operates at 673.000 MHz and achieved an AR of less than 3 dB. However, several of these presented approaches are subject to either a feeding port modification at a suitable location or to a large antenna size due to array elements. Therefore, a significant quantity of power is provided for the single-band antenna layout using either a large dimension of a radiating element or a high antenna gain. However, an antenna array normally comes with a wide aperture dimension. This extends the size of the antenna and therefore the rectenna’s size. Therefore, the use of a source antenna with a reasonable gain is very important in the design of the RFEH system.




4.1.2. Dual Band and Multi-Band Antennae


The multi-band antenna extends a wide range of required   f o   for harvesting the incoming RF signals. Therefore, the antenna captures more available energy from the surroundings. Some of the available literature reported for the design of the RFEH multi-band antennas is discussed in this section. The authors in [135] demonstrated the design of a triple-band RFEH planar inverted-F antenna (PIFA). The triple-band functionality is realized by adding an meandered line (MDL) structure into the design. This antenna operates at a frequency of 402, 433 MHz, and 2.450 GHz. This design realized a quite low-peak antenna gain of −7, −11, and −15 dBi across the three operating frequencies, respectively. A dual-band RFEH antenna is implemented by the authors in [94]. The antenna is realized by integrating the rectangular radiator with a folded dipole. This antenna resonates at 0.915 and 2.450 GHz. The authors in [136] reported that the deployment of multi-band characteristics in the rectifier design offers a better performance as compared to a single-band or dual-band counterpart. For attaining a broader operational BW with an improved gain, a pentagon-shaped DRA is reported by the authors in [137]. This design is achieved by integrating a PDRA with a narrow-notch rectangular slot. This antenna resonates at 0.900 and 1.900 GHz. With the introduction of an expensive DRA into the design, the source antenna recorded a peak gain of 6.800 dBi. The authors in [138] discussed the design of a dual-band antenna. The antenna is realized through a two-arm structure. A long fractal structure arm produces a lower   f o   at 0.870 GHz, whereas a shorter one generates a higher operating band at 1.830 GHz. The antenna realized a peak gain of 0.950 and 3.150 dBi across the two operating frequencies. A two-port triple-band RFEH antenna configured with an L-probe was developed by the authors in [139]. The L-probes of the antenna are connected back-to-back. This design operates at 0.9250, 1.850, and 2.150 GHz, with an overall dimension of 17.5 cm × 20 cm. The concept of loaded slots to generate an antenna with multi-band capabilities is further investigated. Antenna design techniques, such as an array [41,140,141,142], air gap [143], differential feeding [144,145], and aperture-coupled feeding technique [146,147], are some approaches used. Either large antenna electrical size or circuit complexity hampered these design approaches. One of the important factors in the design of multi-band antennae is good impedance matching in order to maximize the reception of the RF signal through high gain. Multi-band antennae with reasonable footprints are desirable for a variety of rectenna applications.




4.1.3. Wideband and Broadband Antennae


Broadband antennas are typically implemented across a wide frequency range. Hence, the RFEH antenna can pick up the available RF signal from various sources because of the wide frequency coverage. Wideband and broadband antennae have been the subject of several pieces of literature, which are also discussed in this section. The authors in [148] presented a unique broadband slot antenna. The RFEH antenna is realized through the use of a grounded CPW to enhance impedance matching. The antenna occupies a total dimension of 135 mm × 93 mm and operates between 2.000 and 2.700 GHz with an FBW of 28.6%. The use of a slotted or a defected ground structure (DGS) is exploited to achieve broader operational BW [149,150,151,152,153,154,155,156]. A broadband RFEH antenna is reported by the authors in [149]. The operational BW and gain of the RFEH antenna are improved by coupling the ground plane with a DRA, and a rectangular-slit is also added to the underneath slot. The source antenna operates between 1.670 and 6.700 GHz with a gain that ranges from 2.200 to 8.700 dBi. In addition to the deployment of the DRA, a metallic reflector plays a role in the significant improvement of the antenna gain, with a total dimension of 100 mm × 110 mm × 31.7 mm. The authors in [150] developed a wideband antenna operating between 0.890 and 5.500 GHz. The antenna is realized by coupling a circular radiator with a DGS that also incorporates another rectangular slot on the upper layer. The antenna attains a peak gain of 4.3 dBi and occupies a size of 100 mm × 120 mm. The authors in [157] investigate the use of a fractal approach on the CPW RFEH antennas. The antenna is realized through two rotating equilateral triangular slots to achieve the fractal structure. This design covers an operational BW of 0.880 to 8.450 GHz. The authors in [158] described a CPW broadband antenna for RFEH application. The antenna is designed by adding a pair of cross rectangular intersection slots into the radiating element. The antenna covers a range of 5.500 to 6.700 GHz with a peak gain of 8.56 dBi, with an FBW of 20.68%. The authors in [159] demonstrated the concept of a log periodic dipole (LPDA) RFEH antenna. The antenna is constructed with 20 LPDA elements and covers the range of 0.570 to 2.750 GHz. The authors in [160] described a unique slotted wideband antenna design for the RFEH system. The source antenna is designed by embedding the bottom ground with a pair of symmetrical slots on each side of the feed line. Two different slot configurations are integrated into the radiating element of this design to achieve the desired target. The antenna realized an operational BW of 1.100 GHz from 2.000 to 3.100 GHz.



Getting a source antenna and RF-rectifier circuits to properly match in the wideband RFEH system is quite challenging because of the diode nonlinearity. According to the available literature, the deployment of DGS and loaded-slot structures into the ground plane are the most commonly used approaches to achieve wideband operation. Section 4.1.2 presents several antenna design techniques for the RFEH applications that exploit multiple frequency bands. Hence, it is discovered that frequency bands comprising GSM-900, GSM-1800, UMTS-2100, ISM-2400, Wi-Fi/2450, and LTE-2600 are the most exploited spectrum for the RFEH system. Additionally, other operating frequencies such as 3.500 GHz for WiMax and 5.800 GHz for Wi-Fi/5.8 are also being investigated, but they contribute less energy for RFEH [15,75,96,161,162,163,164,165,166,167,168].





4.2. Impedance Matching Network (IMN) for RFEH


One of the most critical segments of microwave components or systems is impedance matching. This is a technique of getting one impedance terminal to appear approximately similar to the impedance of the other corresponding terminal [107,108]. Matching the   Z L   to the source or internal impedance is the most important aspect to consider during the MN design process. Impedance matching is achieved when the characteristic impedance (  Z O  ) of a source terminal is approximately equal to that of the   Z L  . This ensures maximum supply of power from the source to the load. However, to accomplish the optimum transfer of power between the two ends, the MN needs to be lossless, which is impractical. Hence, the RFEH techniques need to ensure an optimum transfer of power between the receiving antenna and the   R L  . The components of the RF-rectifier are modeled and considered looking from the load. The incident wave is reflected at the   R L   because of impedance mismatch, resulting in a decrease in overall circuit performance or RF-to-DC PCE [100,158,169,170,171]. MN also aids the DC-pass filter to block the higher-order harmonics induced by the rectifying diode that can be re-radiated to the antenna source and cause further loss [172,173]. Therefore, an MN is desirable between the source antenna and the rectification section. Various types of components and circuit elements can be employed in the MN’s realization [172,173,174,175,176]. This section will highlight the basic design and importance of the IMN approaches.



4.2.1. Single-Band MN


Impedance matching circuits are implemented using lumped elements, distributed microstrip transmission lines, or a combination of the two techniques. As compared to a distributed network line, an MN circuit based on lumped elements exhibits lower QF, providing an improved BW. However, lumped elements are attributed to additional parasitic capacitance properties, making them undesirable for operating at high frequencies. Hence, the design of an MN for harvesting RF signals over a single frequency band can be easily realized using various MN techniques based on lumped elements or distributed networks, as highlighted by the authors in [15,100,177,178]. Some of the most widely deployed lumped and distributed circuit configurations for IMN comprise a shunt-MN, series-MN, L-section MN (configured as series-shunt or shunt-series),  Π -section MN, T-section MN,  γ -section MN, and filters (such as LPF, BPF, and BSF) [15,179,180,181]. The authors in [182] reported a single band RF harvester. This design is realized using a six-stage diode configuration at 0.900 GHz. The design achieved a   V  d c    between 0.150 and 0.500 mV. The authors in [183] designed a multi-port RF harvester. In the process, three separate RF-rectifiers were interconnected through an external DC combining technique. The RF harvester is designed to operate at 1.840 GHz. Another RFEH circuit designed based on an external DC combiner approach is reported by the authors in [184]. The RF harvester is realized by integrating multiple RF-rectifiers into a sixteen-port antenna. In the design, four RF-rectifiers operating at 0.940 GHz were assigned to four of the antenna ports, and the remaining twelve ports were integrated with the 1.840 GHz RF-rectifiers. As a result of the autonomous characteristics of IoT devices and sensor nodes, the operation of a single-band RF harvester is inefficient [183,185]. In addition, most of the ongoing RFEH research for long range focuses on designing the RF-rectifier using a multi-stage voltage multiplier or an MN with a multiple lumped elements. The use of multiple components to realize EH circuits degrades the overall performance system. Additionally, a compact, planar, and lightweight EH circuit is desirable to provide ease of integration with the current trends of compact devices. Hence, the recent design approach reported by the authors in [41,132,183,184,186,187,188,189,190] did not address the issue of large electrical lengths in the RFEH systems.



Second-order MN circuits give more BW enhancement than the first-order MN circuits for lumped and distributed networks [191]. However, once the order is extended above two, the BW reduces significantly [15,191,192]. An RFEH circuit is presented by the authors in [186]. However, the type of the MN applied is not specified. The design harvests RF signals from GSM-1800 and Wi-Fi/2.45 spectra. The authors in [138] described the design of a two-band RFEH circuit for harvesting GSM-900 and GSM-1800 RF signals. The input impedance of the two-segment voltage multiplier is matched by a multi-section IMN. Aside from their considerable electrical length, the additional parasitic capacitance reported by the authors in [138,182,186,193,194,195,196], reduces the overall circuit’s performance. The authors in [41,183,197] achieved an RF-to-DC PCE enhancement but at the cost of increased electrical size. In addition, introducing an external DC combining technique into the multiple RF-rectifier circuits by the authors in [183,184] adds to the complexity of the overall RF harvester. Hence, the deployment of a multi-band RF harvester is needed. This can also be explained by the random and variable nature of the incoming RF signals. Hence, a severe form of multi-path propagation can cause signal disruption and losses, which can result in nodes or equipment failure [22,183,184].



This paper proposed the design of an L-section MN as one of the frequently employed matching networks for low-power environments using two elements. Additionally, the L-section MN is regarded as a fundamental design stage from which most of the other designs’ configurations can be implemented. The authors in [180,198,199,200] outline some various IMN configurations. However, it is quite challenging to realize an MN with these flexible attributes for multi-band or wideband operations in the RFEH’s circuit design. The L-section MN can be configured into eight different topologies. During the design process, two different scenarios were investigated to determine the element position of the MN based on a series-shunt or shunt-series topology. A series-shunt topology is normally applied when the source impedance (  R s  ) is less than the   Z L  , whereas a shunt-series topology is typically used when the   R s   is greater than the   Z L  , as depicted in Equation (4).


   L  s e c t i o n   =       R s  <  Z L      or   R s  <  1  G L   = S e r i e s − s h u n t ,        R s  >  Z L      or   R s  >  1  G L   = S h u n t − s e r i e s .       



(4)







The circuit’s input impedance of the RF-rectifier is matched to an   R s   Ω  TL using an L-section MN comprising two possible combinations of inductors and capacitors [52,75]. The model comprises an   j X   and   j B   matching reactance and susceptance across a terminal load with an impedance of   Z L  . The imaginary reactance of the source and the load are canceled and then compared with their respective real part to determine the MN parameters at a given   f o  . Thus, the model equations of the MN are presented through Equations (5)–(10).



The corresponding TL from the   R s   is expressed as:


   R s  =  R  i n   .    1 +  Q 2     − 1    



(5)




where   R  i n    is the input impedance of the rectification unit in the proposed EH circuit, and Q provides the quality factor, which is expressed as:


  Q = ±       R s   R  i n     − 1     1 2     



(6)







The network’s inductance can be computed using the quality factor approach as:


      Z  i n   =  1  j B +  1  (  R L  + j  X L  ) + j X     =  R s      



(7)






  Q =    I m   ( Z )     R e   ( Z )    =    I m    1  j B +  1  (  R L  + j  X L  ) + j X         R e    1  j B +  1  (  R L  + j  X L  ) + j X         










  Q = B ∗  R s   



(8)







From Equation (8), the susceptance B of the MN is given as:


  B =  1  R s         R s   R  i n     − 1    ,    for   ( B   >   0 ,   capacitance )   



(9)







The reactance value X can be computed using a parallel to series transformation by equating the equivalent imaginary component to zero as:


  X =  R  i n   Q −  X  i n   =  R  i n         R s   R  i n     − 1    −  X  i n   ,    for   ( X   >   0 ,   inductance )   and   ( X   <   0 ,   capacitance )   



(10)







The results of the RF harvesters demonstrated with an MN outperform the results of the rectennas designed without one [201]. However, two elements’ tuning is limited in the L-section MN design. This can be addressed by introducing a second L-section into the circuit. Hence, the MN of the circuits can be transformed into a  Π -section, T-section, and  γ -section. The authors in [201] exploit the performance of the RF harvester based on L-section and  Π -section MN. The EH circuits developed with a  Π -section MN outperform its L-section counterparts, which is attributed to the increase in degree-of-freedom and quality factor (QF) in the MN. This design operates at a frequency of 0.900 GHz. The authors in [202] further demonstrated better performance of the  Π -section MN in the RFEH’s design system. This design operates at a frequency of 2.450 GHz. The MN is realized using a cascaded  Π -section to form a balanced BPF at the input of a bridge rectifier. Introducing the bridge rectifier degrades the performance of the overall circuit, which realizes 72.3% at a   P  i n    of 18.5 dBm. Another MN technique based on the L-section and  Π -section MN is reported by the authors in [203]. The RFEH circuit achieved a peak RF-to-DC PCE of 5% for a   P  i n    of −30 dBm at 300-MHz. The authors in [204] used the concept of the L-section MN to realized an EH circuit at 24-MHz. A single band distributed L-section MN is reported by the authors in [205]. The RF harvester is matched to a six-stage Villard voltage multiplier at 0.900 GHz. The authors in [193] presented a rectenna that was implemented using a seven-stage voltage multiplier. A  Π -MN is deployed to match the input impedance of the RF-rectifier at 0.900 GHz. A section of the  Π -section MN using components, such as an amplifier and a diode, is modeled with the circuit’s equivalent input impedance [206].



Similarly, a  Π -section MN comprising L1, L2, and C1 matching elements is used to match the circuit’s input impedance to a   R  a v    Ω  TL by dividing the reactance   X 2   of the inductor L2 into two parts,   X  2 m    and   X  2 n   , such that L2 =   L  2 m    +   L  2 n   , and   X 2   =   X  2 m    +   X  2 n   . Thus, Section 1 ([206]) comprises a series inductor   L  2 n    and a shunt capacitor C1 with a susceptance   B a  , and Section 2 ([206]) consists of a shunt inductor L1 with a susceptance   B b   and a series inductor   L  2 m   . An arbitrary impedance   R v   is introduced into the circuit to simplify the network.   R v   is randomly selected to be less than the average received RF power   R  a v    or circuit input impedance   R  i n   .



Looking into Section 1 ([206]), the quality factor   Q a   can be expressed as:


   Q a  = ±      1   R v   G  i n      − 1     1 2     



(11)




where   G  i n    =     R  i n     − 1   .



The imaginary reactance of the source and the load are canceled and then compared with their respective real part to determine the MN parameters   X  2 n    and   B a   at a given   f o   (   ω o  / 2 π  ).


   X  2 n   =  R v       1   R v   G  i n      − 1     1 2     



(12)






   B a  =  G  i n        1   R v   G  i n      − 1     1 2    −  B  i n    



(13)







  L  2 n    and C1 are computed as:


   L  2 n   =   R v   ω o         R  i n    R v    − 1     1 2     



(14)






  C 1 =  1   ω o   R  i n           R  i n    R v    − 1     1 2    −  C  i n    



(15)




where   B  i n    =    ω o   C  i n     provides the input susceptance of the proposed circuit and   ω o   represents the angular operating frequency.



By looking into Section 2 ([206]) of the network, the quality factor   Q b   is defined by:


   Q b  = ±       R  a v    R v    − 1     1 2     



(16)







The elements   B b   and   X  2 m    of the network are obtained by:


   B b  =   1  R  a v           R  a v    R v    − 1     1 2     



(17)






   X  2 m   =  R v        R  a v    R v    − 1     1 2    −  R  i n    



(18)







Thus, L1, and   L  2 m    are given by:


  L 1 =    R  a v    ω o          R  a v    R v    − 1    −   1 2      



(19)






   L  2 m   =    R v   ω o          R  a v    R v    − 1     1 2    −    R  i n    ω o     



(20)







L2 is determined by combining Equations (14) and (20) as:


  L 2 =    R v   ω o           R  a v    R v    − 1     1 2    +       R  i n    R v    − 1     1 2     −    R  i n    ω o     



(21)




where the total Q is expressed as =   Q a   +   Q b  .



The authors in [110] demonstrated the use of a distributed L-section MN for harvesting RF signals at 2.450 GHz. Thus, this paper proposed the design of the distributed dual-band MN. An equivalent L-section MN coupled across an   R  a v    Ω  TL comprising an L-shunt circuited stub (TL1) and an ITx (TL   x  ) is modeled in this work [76]. Hence, the MN parameters TL1 and TL   x   will be explored in this section.



The TL   x   transformer’s characteristic impedance (  Z x  ) and the electrical length (  θ x  ) are initially computed. Hence, the TL   x   parameter steadily converts the imaginary part of the equivalent circuit input impedance   Z x   from odd to symmetrical across the   f o   while maintaining the real part nearly constant. The equivalent input impedances of the circuit   Z  i n _ e    are reported at   R  L e 1    +   j  X  L e 1     and   R  L e 2    +   j  X  L e 2     for the two operating frequencies,   f 1   and   f 2  , respectively. Thus, the electrical length and the characteristic impedance of TL   x   are   Z  x 1    and   θ  x 1    at   f 1  . From TL   x  , the input impedance can be expressed as:


   Z  i n _ e    (  f 1  )  =  Z  x 1       (  R  L e 1   + j  X  L e 1   )  + j  Z  x 1   tan  θ  x 1    (  f 1  )     Z  x 1   + j  (  R  L e 1   + j  X  L e 1   )  tan  θ  e 1    (  f 1  )      



(22)






   Z  i n _ e    (  f 2  )  =  Z  x 1       (  R  L e 2   + j  X  L e 2   )  + j  Z  x 1   tan  θ  x 1    (  f 2  )     Z  x 1   + j  (  R  L e 2   + j  X  L e 2   )  tan  θ  x 1    (  f 2  )      



(23)




where   θ  x 1     (  f 2  )   represents the electrical length at   f 2  . In addition,   f 1   and   f 2   are govern by a frequency ratio p, as p =   f 2    (  f  1   − 1   )  , where   f 2  >  f 1  . Hence,   θ  x 1     (  f 1  )   =   p  − 1     θ  x 1     (  f 2  )  .



Therefore, the equivalent input impedance of the circuit (  Z  i n _ e   ) at   f 1   and   f 2  , is steadily converted into a complex conjugate by TL   x  , as given by:


   Z  i n _ e    |   f 1  =   [  Z  i n _ e   |  f 2  ]  *   



(24)







Thus,   Z  x 1    and   θ  x 1    can be expressed as:


    Z  x 1   = { (   R  L e 1    R  L e 2   +  X  L e 1    X  L e 2    ) + [     X  L e 1   +  X  L e 2      R  L e 2   −  R  L e 1      (  R  L e 1    X  L e 2   −  R  L e 2    X  L e 1   )   ]  }  1 2     



(25)






        θ  x 1   =  1  1 + p    arctan     Z  x 1    (  R  L e 1   −  R  L e 2   )    (  R  L e 1    X  L e 2   −  X  L e 1    R  L e 2   )    + q π  ,        for  q = 0 , 1 , 3 , . . .       



(26)







q is selected to maintain the feasibility of the microstrip line in the design. Then, the values of   Z  x 1    and   θ  x 1    are computed through Equations (25) and (26), at   f 1   and   f 2  , respectively. The input impedance of the proposed design can be determined through various circuit modeling techniques. Various circuit modeling techniques can be deployed to determine the input impedance of the design.



Secondly, the corresponding characteristic impedance   Z 1   and the electrical length   θ 1   of TL1 are evaluated. TL1 cancels out the imaginary part of   Y  i n _ e    while leaving the real part virtually constant where   Y  i n _ e    = 1/  Z  i n _ e   . Therefore, the equivalent electrical length and the characteristic impedance of TL1 are expressed by   Z 1   and   θ 1   at   f 1   or   θ 2   at   f 1  , respectively. The input admittance of the short-circuited L-shunt stub TL1 is denoted as   Y  i n _ e 1   (  f 1  ) = 1/  j  Z  x 2    tan  θ  x 2   (  f 1  ). The imaginary side of the circuit can be virtually minimized to zero by properly positioning the parameters of TL1. As stated earlier, the admittances at   f 1   and   f 2   are then conjugated through a transformer TL   x  , which can be represented as G +   j B   and G −   j B  . To compensate for the imaginary part, the admittance of the short-circuited L-shunt stub TL1 is given as:


    Y  i n _ e   =       1  j  Z 1  tan  θ 1    = j  B 1      at   f 1  ,        1  j  Z 1  tan  ( p  θ 1  )    = − j  B 1      at   f 2  .        



(27)







From Equation (27),   Z 1   and   θ 1   become:


   Z 1  =   [  B 1  tan  ( p  θ 1  )  ]   − 1    



(28)






   θ 1  = π ∗   [ 1 + p ]   − 1    



(29)







Therefore, using Equations (28) and (29), the parameters of TL1 can be determined accordingly.



Table 3 summarizes some basic single-band and dual-band RFEH designs reported here in this work and their MN techniques.




4.2.2. Multi-Band and Wideband MN


This section highlights some of the important multi-band and wideband IMN approaches. The deployment of a multi-band RF harvester is described as a suitable approach toward having a durable RFEH system with a stable source of energy [222]. This is because of the RF signal tone contributed by each of the operating frequencies [222]. The authors in [221] reported the design of a dual-band RF-rectifier. The RF harvester is implemented using a cascaded segment of the L-section MN at 0.490 and 0.860 GHz. This design achieved a PCE of 54.3% for an   P  i n    of −10 dBm. The authors in [136] developed a multi-band MN for an RFEH system. The multi-band characteristic is achieved by interconnecting several RF-rectifiers operating at a single band. A dual-band MN is demonstrated by the authors in [216] to harvest RF signals. The MN in the RF harvester is achieved with the help of a fourth-order topology, which is configured as a series-parallel inductor capacitor circuit (LC). A T-section distributed MN is developed by the authors in [223]. A manually tuned MN is introduced in the design of an RF harvester by the authors in [2]. This RF harvester is realized by integrating the MN with trimmers to match the input impedance of the four-stage voltage multiplier. This work operates within the range of 0.700, 0.850, and 0.900 GHz spectra. A peak PCE of 41%, 40%, and 42% is observed across the three adjustable RF-rectifier operating frequencies for a   P  i n    of 0 dBm, respectively. In the current trends that involve the management of a large volume of sensor networks and IoT devices, the design technique is impractical because of the maintenance expenses of manually matching the impedance of the source antenna with the RF-rectifier. A triple-band RF-rectifier is demonstrated by the authors in [224]. This design is realized by stacking open and short-circuited IMN stubs. This design matches the input impedance of the RF-rectifier using a cascaded ITx network at 0.850, 1.770, and 2.070 GHz. This work realized a peak PCE of 61.9%, 71.5%, and 60.5% for a   P  i n    of 0 dBm, respectively. The authors in [144] reported the design of a differential RF harvester. The work operates at 2.000, 2.500, and 3.500 GHz. This work attained a maximum PCE of 53%, 31%, and 15.56% for a   P  i n    of −7 dBm, respectively. A triple-band RF harvester at 1.840, 2.140, and 2.450 GHz is introduced by the authors in [222]. A pair of the triple-band RF-rectifier is equally shared among the sixteen-port source antenna. A four-band RF-rectifier is presented by the authors in [225] operating at 0.890, 1.270, 2.020, and 2.380 GHz. The MN in this work is realized by adding a cross-shaped stub between a step-impedance TL. Then, two-radial stubs are integrated to establish the DC-pass filter network. Two diodes, HSMS-2850 D1 and HSMS-2860 D2, are assembled with a field effect transistor (FET) for DC conversion. The design reported a maximum PCE of 47.8%, 33.5%, 49.7%, and 36.2% for a   P  i n    of −10 dBm, respectively. Two separate RF-rectifiers were investigated by the authors in [226]. A quad-band RF-rectifier operating at 0.950, 1.830, 2.450, and 2.620 GHz is analyzed by the authors in [195]. This work deployed multiple combinations of TL and radial stubs to match the input impedance of the four-stage voltage multiplier. This design achieved a peak PCE of 44.8%, 27.5%, 28%, and 24.2% for a   P  i n    of 10 dBm, respectively. Similarly, the cascaded MN reported by the authors in [195] for the multiple rectifying diodes significantly reduces the performance of the overall circuit. The RF-rectifiers are configured with common matching networks (CMN) and a two-branch MN (TBMN), each operating at 0.870 and 0.910 GHz, respectively. The CMN approach linked the MN with the source port and rectification section. The TBMN deployed the concept of a power divider at 50  Ω  TL with an impedance of 100  Ω  from each line. As a result, the two segments of the RF-rectifier are matched through a 100  Ω  impedance. The designs achieved a PCE of 67.3% and 70.6% for a   P  i n    of 16 mW, respectively. The authors in [227] presented a four-band RF harvester. Two separate RF harvesters were added using a DC-combining technique. The first segment of the design harvests frequency modulated (FM) signals at 98.00 MHz. The second segment of the design is achieved by designing a three-band RF-rectifier matched at 0.880, 1.700, and 2.370 GHz. The lower-FM RF harvester can only harvest RF signals in a direct line of sight (LOS), and the RF-rectifier is realized using a LC-section MN with a narrow BW of 10 MHz. This RF-rectifier attained a maximum PCE of 80% for a   P  i n    of −6 dBm. Conversely, the three-band RF-rectifier realized a maximum PCE of 77%, 74%, and 54% for a   P  i n    of −6 dBm, respectively. Hence, because of the RF-rectifier’s limited BW, the design does not fully utilize a significant portion of the frequency BW in the spectrum. The large electrical length attributed to the overall circuit design and the introduction of a two-level DC-combiner further increased the TL losses. A six-order lumped element was configured into a three-segment to match the input impedance of the single-dual diode voltage multiplier by the authors in [228]. The design operates at 0.550, 0.750, 0.900, 1.850, 2.150, and 2.450 GHz. This work realized a maximum PCE of 67% for a   P  i n    of −5 dBm. Hence, the −10 dB operational BW stated in the design is quite narrow over the target operating frequencies. The deployment of a single-dual-diode added parasitic capacitance to the overall circuit. Additionally, introducing a six-order filter in the MN across the three RF-rectifier segments decreases the performance of the RF harvester. The authors in [229,230,231,232] used a similar design approach to design a multi-band MN. The work in [229] operates at 4.750, 5.420, 5.760, 6.400, 6.900, and 7.610 GHz, which are not suitable for the harvesting of RF signals in the ambient surrounding. Similarly, the work reported in [232] operates at 0.900, 1.800, 2.500, 3.500, 5.500, and 7.350 GHz, with an insignificant amount of RF signals for harvesting at 3.500, 5.500, and 7.350 GHz. In addition, the performance of these two RF harvesters is realized at high   P  i n   . The designs reported by the authors in [195,223] are appropriate for a high-power RFEH system. Hence, the circuit’s complexity contributed to the reduction in the overall circuit performance. The authors in [222,227] leverage the potential of a spatial domain through the concepts of either combining a multi-port or multiple antennas to enhance the RF-to-DC PCE of the RFEH system. The resulting rectifier output is merged using a DC-combining technique using a series of connecting terminals. As with the multiple antennae, the incoming RF signals are combined using a special RF-signal combiner. Then, the resulting signal is fed to the input terminal of the RF-rectifier through the MN. Hence, most of the MN designs that have been reported from the available literature for dual-band or multi-band operations are configured with a narrow operational BW that spans between 20 and 40 MHz [15,100,218,233,234].



Table 4 summarizes some basic multi-band RFEH designs reported here in this work and their MN techniques.



The authors in [241] used an octave-BW RF-rectifier design approach. The MN in this work is realized by interconnecting a non-uniform TL with an inductor in series. This design operates between 0.470 and 0.990 GHz. The design also attained an overall PCE of 5% for a   P  i n    of −20 dBm. The authors in [242,243] transformed a wideband class-F1 power amplifier into a wideband RF-rectifier. This technique was achieved by incorporating feedback that generates a gate driving signal from the incoming RF-rectifier source terminal. This design produced a BW between 0.600 and 1.150 GHz with a maximum PCE of 60%. Despite the performance improvement of this designed architecture across the target operating frequencies, the PCE is obtained at a high   P  i n    of 40 dBm. The authors in [56] developed a broadband RF harvester to improve the overall circuit performance. With a maximum PCE of 55%, this device obtained a BW of 700 MHz between 1.800 and 2.500 GHz for a   P  i n    of 10 dBm. Recently, a wideband CPW-based MN has been studied by the authors in [185]. This approach is achieved by adding a series of lumped elements to match an SSMx. This reported work operates between 1.000–1.850 GHz and 2.700–2.900 GHz with a peak efficiency of 45%. The drop in the overall PCE is associated with the high loss attributed to the CPW board. A broadband rectenna was reported by the authors in [244]. The two segments of the broadband MN are connected to the source terminal using a hybrid coupler. The RF harvester covers a frequency range of 1.500 to 2.600 GHz. This work was able to evaluate the rectenna performance across three operating frequencies comprising 1.810, 2.080, and 2.450 GHz.



Therefore, designing a single-band, dual-band, and multi-band or wideband RF-rectifier capable of operating over a wide range of frequency bands comprising GSM900/1800, UMTS/2100, LTE/2600, and ISM/Wi-Fi/2.4 is quite challenging due to the nonlinear characteristics of rectifying circuits controlled by: (I) Operating frequency(ies) (  f o  ), (II) Input power (  P  i n   ), (III) Diode nonlinear resistance (  R d  ), and (IV) The terminal load (  R L  ) [76,152,223,227]. Hence, broadband or wideband RF-rectifiers can be deployed to improve the   P  d c   . However, a tradeoff between PCE and electrical size or footprint must be taken into account [56,224,245,246,247,248].



Table 5 summarizes some basic wideband RFEH designs reported here in this work and their MN techniques.





4.3. RF-Rectifier Circuit


After the transformation of the incoming RF signals through the IMN, an RF-rectifier (rectifier/multiplier) is deployed to convert the input signal to a DC source. In addition, it also enhances the voltage from the receiving antenna to a usable level through a proper rectenna management operation [180]. The primary objective for the low-power RF-rectifier and sensing unit is to retrieve the highest number of the available RF signals and limit the loss of power generated through the components following the rectification process.



Rectifiers are divided into half-wave and full-wave rectifiers depending on their design architecture, which can be further classified according to their applications and purpose. As a result, it is important to enhance the RF-rectifier performance in order to realize the conversion of the low RF ambient signals at high efficiency. Various studies have demonstrated that when the intercepted RF power is low, so is the rectifier’s overall PCE [251]. Hence, analysis of various rectifier design techniques is going to be discussed in this section for a better understanding of efficient RF-rectifiers design.



4.3.1. Half-Wave Rectifiers


Half-wave rectifiers are also called half-wave rectifier circuits (HW-R). During the conduction process, only a half-wave of the incoming AC signal is taken into consideration for the DC signal conversion. HW-R can be further categorized into a shunt-HW-R and series-HW-R under the load and rectifying diode configuration. An RF harvester design based on HW-R configuration uses a lower amount of   P  i n   . This is because of the single diode with reduced parasitic junction capacitance, making it appropriate for low-power RFEH applications. The authors in [224] have successfully demonstrated the use of HW-R for improved RF-to-DC PCE. To improve rectifier performance, a Wilkinson power divider using a pair of HW-R circuits is employed by the authors in [255,256]. The RF signal angle of incidence does not affect this designed technique. The authors in [217] investigate the same technique for power splitting and power combining. This approach claims to have improved the rectifier’s performance by minimizing power management issues with improved sensitivity. The authors in [224,257,258] demonstrated that the SSr-diode configuration has shown an improved performance for low RF power operation less than 0 dBm. Generally, as the   f o   of the rectifier increases, the PCE of the RF-rectifier decreases and vice versa [15,219,220]. The operation of the HW-R in the RF-rectifier circuit is described from the point of signal interception by the receiving antenna. This signal is transmitted and transformed into DC by the rectification section. During the positive half-cycle, the series-HW-R conducts and allows the flow of signal to the   R L   through the DC-pass capacitor filter. The signal gets blocked by the SSr configuration in the negative half-cycle. Hence, the shunt-HW-R undergoes the same operation procedure in reverse order. Therefore, the deployment of the HW-R topology draws less power during the conversion process because of the single diode operations with less junction capacitance and forward bias voltage. This makes the configuration suitable for low-power applications. Hence, the issues of the low output power can be addressed through the concept of full-wave rectifiers at the cost of the reduced circuit’s PCE.




4.3.2. Full-Wave Rectifiers


Full-wave rectifiers are also called full-wave rectifier circuits (FW-R). This technique simultaneously considers the positive half-cycle and the negative half-cycle during the DC conversion process. This configuration approach is classified into full-wave bridge rectifiers and voltage multipliers. The voltage multipliers are further configured according to the cascade levels and the arrangement of the capacitors at the common ground level. The authors in [180] presented various cascade topologies of the FW-R according to the Dickson or Greinacher and Villard or Cockroft–Walton cascaded configurations. The authors in [221] developed a dual-band RF-rectifier at 0.490 and 0.860 GHz. The RF harvester is realized using a voltage multiplier. The authors in [259] investigate the development of an RF-rectifier using a SSMx. The RF-rectifier operates at 0.980 and 1.800 GHz and achieved a maximum PCE of 60% and 17%, respectively.



A CPW-based RF-rectifier is presented by the authors in [185]. The design is implemented using an SSMx. The authors in [260] illustrate the concept of voltage multiplication using a cascaded topology at 0.953 GHz. This RF harvester shows an improvement in the overall output voltage at the cost of low PCE. The authors in [41] show a similar kind of outcome. The authors in [252] described the design of an RF harvester circuit that can work across a wide frequency range using a voltage multiplier topology. The SSMx is matched through a non-uniform TL connection to achieve the wideband operation. The authors in [251] deployed the concept of SSMx based on a differential circuit model to enhance the PCE of the RF harvester while maintaining a steady balance of the   V  d c    supply. The authors in [56,229,240,261,262,263,264] further explore the concept of RF-rectifier design based on Greinacher architecture. The rectifier implemented by the authors in [56] operates between 1.800 and 2.500 GHz. In addition, the authors in [263] employ a hybrid rat race coupler for harvesting energy. The design was able to provide a 180   ∘   phase difference to match the input impedance of the Greinacher rectifying section. The authors in [265] developed an RFEH circuit architecture based on a rectifier regulator-booster (RBR). A Greinacher and a Cockcroft–Walton charge-pump rectifier topology were used to achieve the desired RBR architecture at 2.450 GHz. The RF-rectifier achieves a maximum PCE of 85% for a   P  i n    of 20 dBm, making it suitable for high-power applications. A FW-R-bridged architecture is an appropriate circuit configuration for high RF power operations above 15 dBm. The shunt-diode architecture, on the other hand, is appropriate for deployment in the medium RF power levels between 0 and 15 dBm.




4.3.3. Other Topologies for Rectifiers and Overview


The PCE of the RF-rectifier is a generic representation of the RFEH circuit’s performance in any form of topology. To minimize the circuit sensitivity with respect to the   R L   and mitigate the effects of impedance mismatch, several methods, such as the resistance compression network (RCN) and adaptive RF-rectifier circuits, are implemented. The authors in [266] demonstrated the concept of the RCN. The compression network makes the RF-rectifier circuit look like a constant resistance load, regardless of   P  i n    or   V  d c   . RCN makes the   R L   impedance of the RFEH circuit behave closely to that of the fixed terminal load, regardless of the incoming RF signals or the conditions of the   V  d c   . The authors in [212] reported an RF harvester using a RCN design approach at two operating frequencies. The RCN is realized at 0.915 and 2.450 GHz with limited sensitivity. However, it is more sensitive to impedance variations at the input of the rectification unit than at the RF source. The RCN-based RF-rectifiers reported by the authors in [212,266] are achieved using lumped elements. Hence, a distributed TL-based RCN can be deployed to overcome the overall circuit performance of the conventional RCN, because the TL-based RCN distributes the incoming RF signals evenly across the design’s multiple components. This is useful when managing an RF-rectifier with a low power capability, as reported by the authors in [267].



The authors in [268] reported an RF harvester configured by integrating a diode with a metal oxide semiconductor field effect transistor (MOSFET). It is discovered that the designed approach reduces the RF-rectifier’s turn-on voltage at 2.450 GHz. During the design process, a FW-R configuration with five stages is introduced into the network to enhance the overall circuit performance. The operation of the adaptive MOSFET RF-rectifier is investigated by the authors in [269] over a wide range of the incoming RF signal levels. The adaptive RF-rectifier shows an improvement in the overall PCE across the wide range of the   P  i n   . The design realized a peak PCE of 75% for a   P  i n    of 15 dBm at 100.00 MHz. The authors in [270] presented a 2.450 GHz adaptive RF-rectifier with a wider range of   P  i n   . The broadband MN is achieved by deploying an additional circuit control unit. This device is constructed based on the complementary metal oxide semiconductor (CMOS) technology and has attained a maximum PCE of 47%. The authors in [253] examined an RF harvester using a graphene-based field effect transistor (GFET) architecture. The design is realized for millimeter-wave (mm-wave) applications between 29.00 and 46.00 GHz. The design shows an overall PCE improvement of 80.32% for a   P  i n    of 1.6 mW. To obtain a lower threshold voltage (  V  T H   ) and a large   V  b r   , the authors in [271] use another approach to design an RF-rectifier architecture. The design achieved a dual-band   f o   at 0.915 and 1.800 GHz with a peak PCE of 60% for a   P  i n    of 15 dBm. This method claims to have minimized the chances of a rapid   V  b r   .



One of the Schottky diode’s constraints is the switching speed, which can be addressed by the MOSFET’s technology. However, the MOSFET devices require a higher turn-on voltage than their Schottky diode counterparts, and the MOSFET chips are susceptible to thermal overheating. Hence, a tradeoff made between the two components considers the deployment of the Schottky diode for a low-power RFEH system [2,13,15,30,36,100,148,186,223,228,272,273,274,275,276].



The RF   P  i n    has a significant impact on the rectenna RF-to-DC PCE. This effect is observed to decrease the rectenna PCE drastically when the incoming voltage remains lower than the diode threshold (  V  t h   ) or turn-on voltage over time. This is associated with the diode’s IV-curve exponential characteristics. Thus, a rectifying diode with a high   V  b r    and a minimum   V  t h    is a suitable component for an efficient RF-rectifier design. This facilitates fast switching operation at the diode junction. A diode with a higher saturation current (I   s  ) also enhances the forward bias current (I   f  ), which is convenient for driving the terminal load. The diode’s I   s   influences the parallel resistance of the RFEH diode. The diode’s parallel resistance decreases as I   s   increases, making it suitable for applications with low operating frequencies [277]. Additionally, the diode resistance (  R d  ) decreases, allowing the rectifying diode to conduct at low RF power levels. However, the I   s   depends on the barrier width of the RFEH diode. However, a higher I   s   is often seen in diodes with large dimensions, which increase the junction and substrate capacitance [36,84]. A diode with a low barrier height produces a low voltage drop, and a significant amount of reverse leakage current (I    r  v  ) flows through the junction of the barrier diode, which lowers the diode’s   V  t h    voltage. These two variables can lead to additional power loss, which negates the advantage of higher I   s   [96,260]. Hence, low power level transmission involves the use of a rectifying diode with a high I   s   for easy RF harvester operation. It is also critical to extract the values of   R L   of a given RFEH complex circuit, as this has a significant influence on the overall circuit’s performance. However, realizing these properties in the same rectifying diode model is challenging. Relatively, the rectifying diode with increased I   s   exhibits improved PCE [92,218,278]. As traditional diodes are incompatible with radio frequencies, diode families, such as Schottky diodes, are deployed to address the design of RF-rectifiers. Different classes of Schottky diodes for RFEH applications were investigated in this work. The MA-4E1317, SMS-7630, and HSMS-28xx are the most commonly used diodes for RFEH applications. The authors in [110] described the deployment of an SSMx for low RF power operation. The RF harvester is configured using an HSMS-2850 diode. The circuit realizes a peak PCE of 68% for a   P  i n    of 5 dBm at 2.450 GHz. The authors in [279,280,281] investigate the performance of the SMS-7630 and HSMS-2860 diodes for an efficient RFEH system. The two diodes are analyzed within the power range of −40 to 5 dBm. The RF harvester design using the SMS-7630 diode by the authors in [279] demonstrates a better efficiency compared to that of the HSMS-2860 counterpart. The design realizes a peak PCE of 42.10% and 42.50% for a   P  i n    of −10 dBm at 2.400 and 3.500 GHz, respectively. However, the performance of the SMS-7630 diode is significantly reduced when exploited over high operating frequencies [2,15,94,141,228]. The authors in [254] described that the configuration setup of the SSMx RF harvester using an HSMS-2850 diode needs lower RF input signals to operate than that of the SMS-7630. The   V  b r    of the HSMS-28xx diode series varies from 3.80 to 15.00 V [84,180,282,283,284,285]. With a minimum RF power level greater than −40 dBm, these diode series can handle both high and low RF power levels. Similarly, the   V  b r    of the MA-4E1317 rectifying diode is 7.00 V, making it ideal for applications where the RF power level exceeds 0 dBm [209,211,230,264,286,287]. Some of the commonly used electrical specifications of the Schottky RF diode models for enhanced PCE in RFEH applications are summarized in Table 6.



The authors in [288] have studied a hybrid power harvesting technique to improve the PCE of the RFEH system. Here, mechanical vibration and EM wave radiation are exploited as potential candidates for EH systems. Conversely, an integrated EH approach studied by the authors in [289] is used to increase the PCE of the RF-rectifier at low   P  i n    levels by combining two uncorrelated sources of energy. However, combining the uncorrelated energy sources adds to the overall circuit complexity. The authors in [290] demonstrated the performance evaluation of the multi-stage RF harvester implemented using HSMS-2822 and HSMS-2552 Schottky diodes. The configuration of the SSMx shows a better PCE for a   P  i n    of −20 dBm. It was reported by the authors in [290] that the increment in the number of the RF-rectifier stages improves the overall performance of the circuit at the cost of high   P  i n   . The design attained a peak PCE and output   V  d c    through the nine-stage FW-R for a   P  i n    of 10 dBm. However, the operation of the RF harvester at low RF   P  i n    levels is zero, as the elements of the circuit drain the received incident power. As a result, when the number of RF-rectifier stages increases, the performance of the overall circuit is significantly degraded at low   P  i n    levels because of the component losses [290]. Furthermore, a significant decrease in the RF-rectifier PCE is observed when the   R L   is too high or small. It has also been discovered that an RF harvester configured for low-power applications works effectively with the fewest possible number of the source antenna elements. High-power design performance, on the other hand, is desirable with an increase in the number of antenna elements. Rectifying diode(s) deployed for RFEH applications should be considered properly for efficient EH, because certain diodes consume or drain a lot of energy and can affect the performance of low-power devices in the future.





4.4. DC-Pass Filter


A DC-pass filter, also referred to as a pre-rectifier, is deployed to reduce the higher-order harmonics and smooth the peaks generated by the nonlinear portion of the rectifying diode(s) [56,213,215,291,292]. The transmission RF signals need simple circuitry for converting and storing the available ambient energy [293]. This can be accomplished through the optimization interface between the rectifying diode and the   R L  . This introduction of a DC-pass filter between the two segments based on either distributed elements [41,226] or conventional storage units, such as capacitors [185,252,294,295,296], is the most commonly used approach for the RFEH circuit. The primary target is to maximize the overall PCE by reducing distortions and signal reflections [297]. For this reason, a reactive MN couples the antenna source with the RF-rectifier for optimal transfer of the received energy into the system [298]. The role of the DC-pass filter is to prevent the higher-order harmonics generated by the rectifying diode(s) and also contribute to the matching between the antenna source and the RF-rectifier. The DC-pass filter is deployed into the design of a multi-band or wideband RF harvester to facilitate the realization of the multiple signal tones by stacking two or more sub-rectifiers. The authors in [209] added an LPF and a pair of BSFs to reject the higher-order harmonics from a dual-frequency EH circuit. The authors in [202] use a bandpass filter (BPF) to block the higher-order harmonics of the differential RF-rectifier because this signal is sometimes re-radiated back to the source, which affects the performance of the overall circuit. Various DC-pass filter design techniques have been covered in the available literature of this work to improve the overall performance of the RFEH system.





5. Emerging RFEH Studies


Based on the findings and the proposed design challenges, future studies can further investigate and improve on the following aspects:




	
Biomedical implants:




	
The employment of flexible substrates, such as paper, polyethylene terephthalate (PET), and textile, can be one of the potential research areas for prospective RFEH harvesters in biomedical implantable devices for BAN applications. The attributes of the material pave the way for the design of a low-profile and conformal rectifier. The level of the DC power realized by a single band or multi-band rectenna can be addressed by cascading multiple RF-rectifier elements through the concept of DC combining;








	
5G technology:




	
As 5G and 6G communications evolve, a significant part of potential research in wireless communication systems will either operate or harmonize the spectrum of the mm-wave and sub-millimeter waves. Hence, it is equally important to extend the scope of this research study to accommodate higher frequency bands such as 28, 38, and 60 GHz. Therefore, the proposed RF harvesters demonstrated in this work can be further investigated to address the effects of component loss at the extremely high operating frequency(ies).








	
Diode Model:




	
The advancement of a low-power rectifying diode is a potential key study area in promoting RFEH technology. Fewer losses, low series resistance (R   s  ), enhanced I   s  , high forward bias voltage (V   f  ), and a junction impedance or capacitance are some characteristics that need to be further explored;








	
Rectenna reconfigurability:




	
To improve the level of the ambient RF signals, the concept of dynamic and reconfigurable rectenna arrays can be investigated. An RF and DC combining technique can be deployed, and the array pattern and beam orientation can be modeled as a self-reconfigurable and adaptable module to manage the real-time conditions of the RF signals;








	
Miniaturized Optical Rectenna:




	
EH from infrared and other forms of visible lights can be investigated in the future using miniaturized optical rectenna. However, the technique suffers from poor PCE due to simple design requirement at optical   f o   without provision for MN. The use of a high-impedance reconfigurable antenna is one of the proposed approaches to address this challenge;








	
Hybridization:




	
The present rectenna module results in a   V  d c    level that makes it difficult for Big Tech companies to commercialize RFEH technology. Hence, the use of hybrid renewable energy harvesting (HREH) technology might revolutionize the process. HREH can be accomplished from diverse renewable energy sources that work in tandem. Therefore, automobiles, military and security surveillance, WSN, biomedical implantable devices, aircraft, wearable devices, and a variety of other platforms can all benefit from HREH technology.














6. Conclusions


The technique of the RFEH system has received a lot of interest from multiple scholars. The RF harvester is realized based on some primary design phases. First, the level of ambient power with the respective operating frequencies needs to be specified through the employment of the RF-spectral site survey. To develop an efficient low-power rectenna system, it is important to study, examine, and carefully specify all the relevant elements of the system according to the design specifications. This paper discussed the fundamental building blocks of the RFEH system for the evolving technology. Detailed research findings on the rectennas for low-power RFEH applications have been outlined and analyzed. Then, this is followed by the design and development of a suitable rectenna for RF-to-DC energy transformation. Furthermore, this study shows that Schottky diodes are among the suitable candidates for harvesting low-power RF signals, besides the deployment of self-biasing MOSFETs. The findings exploited in this work will help to establish a good understanding of the state-of-the-art rectenna designs. This work also helps identify some challenges that can be addressed in various studies. Most of the current trends in low-power RF harvesters reported in the available literature were found not to concentrate on a multi-band or broadband and 5G mm-wave rectenna system. Hence, this research has emphasized the significance of developing an RFEH component with a wide range of operating frequencies and varying   P  i n    levels. Thus, a systematic design approach of an mm-wave RFEH module incorporating the co-design components of the rectenna on state-of-the-art PCB packaging technology and affordable semiconductors is desirable. Additionally, unique antenna design technologies, such as antenna-in-package, paired with integrated CMOS level design, are critical to enabling widespread mm-wave RF power systems.
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Figure 1. The power requirements of small electronic devices and their future applications [40,45,46]. 
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Figure 2. Block diagram of the basic RFEH system [52]. 
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Figure 3. Strategic demarcation of the RF spectral survey at Multimedia University, Cyberjaya campus. 
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Figure 4. Measured received ambient RF power levels at different locations at Multimedia University, Cyberjaya Campus [76]. 
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Figure 5. A flow diagram showing several components of the rectenna system [100]. 
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Table 1. RF spectral survey device specifications.






Table 1. RF spectral survey device specifications.





	Device Name
	Model
	Main Feature Characteristics





	Spectrum Analyzer
	Aim TTi PSA6005
	Portable, BW: [3 kHz to 6 GHz], Resolution BW: 1 kHz



	Whip Antenna
	ABRACON AEACAD097015-S698
	BW: [0.7 to 2.7 GHz], Peak Realized Gain: 5 dBi,

Maximum Efficiency: 67%, Mountable.







BW: operating bandwidth.
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Table 2. Received ambient power from various public telecommunication bands.






Table 2. Received ambient power from various public telecommunication bands.





	Band
	Operating

Frequency (GHz)
	Received Power

Level * (dBm)
	Average Received

Power (dBm)
	Realized Gain

[102] (dBi)





	GSM900 (  M  T X   )
	0.88–0.915
	−45–−26.5
	−27.8
	4.87



	GSM900 (  B  T X   )
	0.925–0.960
	−40–−17.5
	−21.2
	2.56



	GSM1800 (  M  T X   )
	1.710–1.785
	−47–−40
	−42.7
	2.85



	GSM1800 (  B  T X   )
	1.805–1.880
	−35–−14
	−15.3
	2.92



	3G (  M  T X   )
	1.920–1.980
	−44–−25.5
	−26.7
	1.81



	3G (  B  T X   )
	2.110–2.170
	−43–−20.1
	−22.5
	2.46



	ISM2400
	2.305–2.400
	−45–−29.7
	−30.1
	- -



	Wi-Fi2450
	2.400–2.500
	−35–−15
	−17.7
	- -



	LTE2600
	2500–2690
	−45–−19.5
	−23.8
	2.66







*, The site is located within range of 10 to 190 m. Each sample point is diagonally recorded at an interval of 30 m and 1.8 m high from the close-by cell tower BS. The measurement is repeated at four different locations of the BS (90   ∘   apart).
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Table 3. Comparison of some basic single-band and dual-band RFEH systems.
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	Ref. […]
	Electrical Size (   λ g   ) :

Antenna/Rectifier (mm)
	Frequency

(GHz)
	Peak PCE (%) :

   P in    (dBm)
	Ambient

Source
	MN Technique
	Substrate

Antenna/RF-Rectifier
	Diode





	[50]
	2.76 × 0.76/0.68 × 0.8
	5.8
	61 : 6
	NA
	Distributed open and short-circuited stubs
	RO4003(3.55)
	SMS-7630



	[85]
	NA/0.2 × 0.22
	0.673
	40 : −18.5
	NA
	Lumped L-Section
	FR-4(NA)
	HSMS-285B

HSMS-285C



	[90]
	0.52 × 0.36/0.4 × 0.3
	2.5/3.6
	59, 41 : 2
	NA
	Distributed and multiple lumped L-sections
	RO4003(3.38)
	SMS-7630



	[94]
	0.35 × 0.35 × 0.35
	0.915/2.45
	37, 30 : −10
	NA
	Distributed stubs and lumped L-section and SSr
	ARLON-25N(3.38)
	SMS-7630



	[110]
	0.52 × 0.31/0.14 × 0.24
	2.45
	68 : 5
	NA
	Lumped L-section
	FR-4(4.4)
	HSMS-2850



	[113]
	0.35 × 0.21
	2.45
	59 : 6
	NA
	Distributed and lumped L-section
	FR-4 (4.4)
	SMS-7630



	[123]
	1.5 × 1.72/0.9 × 1.0
	2.45
	75 : 20
	NA
	Lumped + Distributed multiple open stubs
	FR-4(4.4)
	HSMS-286B



	[128]
	1.72 × 1.21/0.82 × 0.51
	2.43
	13 : 10.4
	NA
	RCN with multiple lumped, and distributed open and short stubs
	FR-4(4.4)/RO4350B(3.66)
	HSMS-2860



	[131]
	0.9 × 0.63/0.75 × 0.22
	0.9
	60 : 0
	NA
	Distributed L-Section
	FR-4(4.3)
	HSMS-285C



	[132]
	1.10 × 0.62/4 * (0.43 × 0.22)
	1.8
	51 : −10
	Yes
	Single stub + Lumped SSr
	RO4003(3.38)/RO5880(2.2)
	HSMS-2850



	[137]
	0.63 × 0.75/NA
	0.9/1.8
	63, 59 : 0
	NA
	Distributed and multiple lumped
	DRA(10.2)/FR-4(4.3)
	HSMS-285C



	[142]
	1.6 × 1.3
	2.45
	50 : −17.2
	NA
	Internal MN elimination
	RO6002(2.94)
	HSMS-2852



	[146]
	1.40 × 1.4/0.60 × 0.21
	2.45/5.0
	15.5, 12.3 : 0
	NA
	Distributed stubs with IC
	FR-4(4.4)
	HSMS-286B



	[182]
	NA
	0.9
	5 : −25
	Yes
	Lumped L-section
	NA
	NA



	[183]
	1.11 × 1.11/4 * (0.34 × 0.60)
	1.8
	6.9 : −30
	Yes
	Lumped + Distributed L-section
	RO4003(3.38)/RO5870(2.33)
	SMS-7630



	[184]
	1.51 × 1.51/4 * (0.30 × 0.12), 12 * (0.40 × 0.20)
	0.9/1.8
	57.5, 49.2 : −5, −10
	Yes
	Single stub + Lumped SSr
	FR-4(4.4)/RO5880(2.2)
	HSMS-2850



	[186]
	3.45 × 1.45/(0.88 × 0.57)
	1.8/2.5
	24 : −20
	Yes
	NA
	FR-4(4.4)
	HSMS-2850



	[187]
	1.4 × 0.51/NA
	2.45
	NA
	NA
	Lumped L + Multiple distributed stubs
	FR-4 (4.4)/ RO4350(3.66)
	SMS-202UP



	[190]
	NA
	0.896
	43 : −11
	NA
	Distributed stubs with CMOS
	NA
	NA



	[196]
	0.62 × 0.52/NA
	2.4
	77.8 : 10
	NA
	Distributed  Π  and L-section
	RO5870(2.33)
	HSMS-2820



	[197]
	0.6 × 0.5/NA
	0.8/0.9
	30 : 0
	NA
	Multiple lumped L-section
	FR-4 (4.7)
	HSMS-2820

HSMS-2822



	[202]
	2.9 × 1.9
	2.45
	72.3 : 19
	NA
	Distributed multi-stage stubs
	ARLON-AD1000(2.35)
	HSMS-2818



	[203]
	NA
	0.435
	30 : −10
	NA
	Lumped L and  Π -Section
	NA
	HSMS-285C



	[207]
	0.53 × 0.50/NA
	0.8/0.9
	30 : 0
	NA
	Multiple lumped L-Section
	FR-4(4.7)
	HSMS-2820

HSMS-2822



	[208]
	0.42 × 0.42/NA
	5.5
	74 : 40
	NA
	Distributed and lumped  Π -section
	RO5880(2.2)/RO4003(3.38)
	HSMS-2862



	[209]
	1.6 × 1.43
	2.45/5.8
	84.4, 82.7 : 42, 38
	NA
	Distributed and multiple lumped band-pass
	RO5870(2.33)
	MA4E-1317



	[210]
	NA
	5.8
	60 : 12
	NA
	Multiple distributed open stubs
	RO4003(3.38)
	HSMS-2860



	[211]
	NA
	5.8
	74 : NA
	NA
	Multiple lumped band-pass
	RO5880(2.2)
	MA4E1317



	[212]
	NA/3.86 × 4.89
	1.8/2.1
	50 : NA
	NA
	RCN with distributed open and short-circuited stubs
	ARLON-25N(3.38)
	SMS-7630



	[213]
	0.75 × 0.60/0.80 × 0.80
	2.4/5.8
	63, 54.8 : 12.5
	NA
	Distributed open and short-circuited stubs
	FR-4(4.4)
	HSMS-2860



	[214]
	NA
	0.914/2.4
	43.1, 36.5 : 0
	NA
	RCN with distributed open stubs
	FR-4(4.3)
	NA



	[215]
	NA
	0.9
	70 : 5
	Yes
	L-Section + microstrip stubs
	Taconic-TLX8(2.55)
	HSMS-2852



	[216]
	NA
	0.9/1.8
	65.1, 55.2 : 0
	NA
	Distributed and multiple lumped
	FR-4(4.3)
	HSMS-2852



	[217]
	0.9 × 0.9/1.0 × 0.62
	1.8
	47 : 0
	NA
	Distributed open and shunt-circuited multiple stubs
	RO3206(5.8)/RO3203(3.02)
	SMS-7630



	[218]
	1.03 × 1.03/NA
	2.45
	37.8 : −1.5
	NA
	NA
	FR-4(4.4)
	HSMS-286C



	[219]
	NA
	0.915
	25 : 1
	NA
	Lumped L-section
	NA
	HSMS-2862



	[220]
	0.65 × 0.71/0.76 × 0.84
	2.45
	8 : −15
	NA
	Distributed L-section
	Paper(2.55)
	HSMS-2850



	[221]
	NA
	0.49/0.86
	54.3 : −10
	NA
	Distributed, lumped resonator
	FR-4(4.5)
	NA







*, Number of RF-rectifier or source antenna element in the rectenna system.
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Table 4. Comparison of some basic multi-band RFEH systems.
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	Ref. […]
	Electrical Size (   λ g   ) :

Antenna/Rectifier (mm)
	Frequency

(GHz)
	Peak PCE (%) :

   P  i n     (dBm)
	Ambient

Source
	MN Technique
	Substrate

Antenna/RF-Rectifier
	Diode





	[2]
	NA/ 0.3 × 0.2
	0.7/0.85/0.9
	41,40,42 : 0
	Yes
	Lumped and distributed tunable
	FR-4(4.6)
	HSMS-285C



	[136]
	NA
	0.9/1.8/2.1/2.45
	15 : −20
	Yes
	Distributed and multiple lumped band-pass
	RO4003(3.3)
	MSS20-141



	[139]
	0.81 × 1.0/0.4 × 0.20
	0.925/1.85/2.15
	27,20,14 : −20
	NA
	Distributed open and short-circuited stubs + lumped SSr
	RO3003(3.0)/RO5880(2.2)
	SMS-7630



	[144]
	1.70 × 1.70/1.43 × 0.61
	2/2.5/3.5
	53,31,15.5 : 7
	Yes
	Pair of microstrip stubs
	FR-4(4.4)
	HSMS-285C



	[195]
	NA/1.23 × 0.51
	0.9/1.8/2.1/2.45
	45,27,28,24 : 10
	NA
	Pair of microstrip stubs
	FR-4(4.1)
	HSMS-2852



	[222]
	16 * (0.3 × 0.3)/0.4 × 0.8
	1.84/2.14/2.45
	25.3,27.9,19.3 : −20
	Yes
	Distributed open and short-circuited stubs
	RO4003(3.38)/RO5880 (2.2)
	HSMS-2850



	[223]
	NA/0.82 × 0.53
	1.3/1.7/2.4/3.6
	15 : −13
	NA
	Distributed, lumped resonator
	FR-4(4.4)
	SMS-7630



	[224]
	NA/0.30 × 0.11
	0.85/1.77/2.07
	61.9,71.5,60.5 : 0
	NA
	Open and short-circuited stubs
	RO5880(2.2)
	HSMS-2850



	[225]
	NA/ 0.64 × 0.44
	0.89/1.27/2.02/2.38
	47.8, 33.5,49.7,36.2 : −10
	NA
	Cross-shape + stepped line impedance
	F4B-2(2.65)
	HSMS-2850

HSMS-2860



	[227]
	0.62 × 0.62/0.02 × 0.02,0.4 × 0.42
	0.098/0.88/1.7/2.37
	80,77,74,54 : −6
	Yes
	Lumped L-section, and distributed multi stub
	FR-4(4.3)/RO4350B(3.48)
	SMS-7630



	[228]
	0.3 × 0.3/ 0.1 × 0.12
	0.55/0.75/0.9/1.85/2.15/2.45
	67 : −5
	Yes
	Distributed and multiple lumped band-pass
	FR-4(4.3)/RO5880(2.2)
	SMS-7630



	[229]
	0.30 × 0.30/0.62 × 0.75
	4.75/5.42/5.76/6.4/6.9/7.61
	84 : 15
	NA
	Distributed and multiple lumped band-pass
	FR-4(4.4)
	HSMS-2820



	[230]
	NA/0.4 × 0.31
	0.9/1.8/2.45
	52, 50, 46.5 : 0
	NA
	Distributed stacked of open and short-circuited stubs
	FR-4(4.4)
	HSMS-2852



	[232]
	0.40 × 0.40/1.52 × 0.87
	0.9/1.8/2.5/3.5
	78 : 15
	NA
	Distributed and multiple lumped band-pass
	FR-4(4.4)
	HSMS-2820



	[235]
	0.50 × 0.3/0.11 × 0.14
	0.94/1.95/2.44
	80,46,42 : 10
	NA
	L-Section + inductor branch
	RO4003(3.55)/FR-(4.4)
	HSMS-285C



	[236]
	NA
	0.5/0.9/1.8/2.1
	40 : NA
	Yes
	Multiple lumped L-section
	FR-4, PERSPEX
	SMS-7630



	[237]
	0.260 × 0.25/0.11 × 0.14
	2.45
	NA
	Yes
	Distributed and a pair of lumped SSr
	RO4003(3.38)/RO3206(6.6)
	SMS-7630



	[238]
	0.7 × 0.7/NA
	0.9/1.75/2.15/2.45
	16 : −10
	NA
	Distributed open and short-circuited stubs
	Taconic-TLP5(2.2)/TaconicRF60A(6.2)
	SMS-7630



	[239]
	NA
	0.6/2.4
	55 : 3
	NA
	Distributed and a pair of lumped band-pass
	ARLON-25N(3.7)
	HSMX-282X



	[240]
	0.83 × 1.12/0.62 × 0.75
	2.4/3.5/5.2
	80 : 7
	NA
	Distributed open stubs
	FR-4(4.4)
	HSMS-282E







*, Number of RF-rectifier or source antenna element in the rectenna system.
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Table 5. Comparison of some basic broadband/wideband RFEH systems.
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	Ref. […]
	Electrical Size (   λ g   ) :

Antenna/Rectifier (mm)
	Frequency

(GHz)
	Peak PCE (%) :

   P in    (dBm)
	Ambient

Source
	MN Technique
	Substrate

Antenna/RF-Rectifier
	Diode





	[33]
	NA/0.2 × 0.12
	0.85–2.5
	30 : 0
	NA
	Multiple lumped L-section
	FR-4(4.4)
	SMS-7630



	[47]
	0.6 × 0.25/0.5 × 0.2
	0.9–3.0
	73.3 : 3
	NA
	Distributed, lumped resonator
	RO5880(2.2)
	HSMS-2850



	[56]
	0.9 × 0.9/0.3 × 0.3
	1.8–2.5
	55 : −10
	Yes
	Distributed and multiple lumped band-pass
	FR-4(4.4)/RO5880 (2.2)
	SMS-7630



	[84]
	0.6 × 0.63/NA
	1.975–4.744
	22.7, 28.4 : 20
	NA
	NA
	FR-4(4.4)
	HSMS-270B



	[148]
	1.8 × 1.24/0.4 × 0.5
	2.2–2.6
	50 : 13
	NA
	Lumped and distributed stubs
	F4B-2(2.65)
	HSMS-2862



	[150]
	0.63 × 0.75/NA
	0.9–5.5/0.9,1.8
	60 : 0
	NA
	Lumped L-Section
	FR-4(4.3)
	HSMS-285C



	[158]
	1.72 × 1.72
	5.3–6.1
	73.4 : −6
	NA
	Lumped and distributed stubs
	PTFE(2.1)
	HSMS-2862



	[159]
	0.57 × 0.75/0.23 × 0.16
	0.57–2.75
	NA
	Yes
	Distributed stubs and multiple lumped
	RO4003C(3.55)
	NA(FET)



	[160]
	0.50 × 0.71/NA
	2–3.1
	70 : 5
	NA
	Distributed stubs + Lumped SSr
	FR-4(4.4)
	HSMS-2852



	[164]
	0.5 × 0.55/0.25 × 0.25
	0.7–0.9
	60 : 0
	NA
	Lumped and distributed stubs
	Taconic-TLY5(2.2)
	SMS-7630



	[179]
	NA/0.5 × 0.12
	0.4–1.0
	60 : 10
	NA
	Non-uniform TL + lumped
	ARLON-A25N(3.38)
	SMS-7630



	[185]
	NA/0.23 × 0.27
	1.0–1.85, 2.7–2.9
	74 : 10
	NA
	Lumped and distributed stubs
	FR-4(4.4)
	SMS-7630



	[241]
	NA/0.65 × 0.22
	0.47–0.86
	60 : 10
	NA
	Non-uniform TL + lumped
	ARLON-A25N(3.38)
	SMS-7630



	[242]
	NA
	0.6–1.15
	79 : 20
	NA
	Distributed and lumped class F-1 PA
	NA/RO4350
	NA



	[244]
	1.0 × 1.92/1.26 × 0.72
	1.55–2.60
	50 : −5
	NA
	Pair of microstrip multiple stubs
	FR-4(4.4)/Taconic-TLY5A(2.17)
	SMS-7630



	[249]
	NA
	2.00–18.00
	20 : −7
	NA
	Hybrid multi-stage
	NA
	SMS-7630



	[250]
	NA
	0.9–1.1, 1.8–2.5
	75 : 20
	NA
	Lumped and distributed tunable
	RO6002(2.94)
	SMS-7630

HSMS-2860



	[251]
	0.42 × 0.4/0.5 × 0.2
	1–5
	61 : 9
	NA
	BALUN + Distributed differential TL stubs
	FR-4(4.4)
	SMS-7630



	[252]
	1.8 × 1.8
	1.8–2.6
	50 : 5
	NA
	Non-uniform meandered TL
	FR-4(4.3)
	SMS-7630



	[253]
	0.54 × 0.54/0.54 × 1.7
	29–46
	80 : 2
	NA
	Distributed stubs
	RO5880(2.2)
	NA(GFET)



	[254]
	0.54 × 0.54
	1.1–2.7
	80, 75, 70 : 12
	NA
	Lumped and distributed tunable
	RO5880(2.2)
	HSMS-2852
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Table 6. Electrical specifications of some basic Schottky RF diode models deployed in the RFEH system.
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	Ref. […]
	Vendor
	Model
	R    s    (  Ω  )
	I    s    (  μ  A)
	C     j 0     (pF)
	   V th    (V)
	   V br    (V)





	[84]
	Avago/BROADCOM
	HSMS-2700
	0.650
	0.14
	6.700
	0.600
	15.00



	[207,229]
	Avago/BROADCOM
	HSMS-2820
	6.00
	0.022
	0.700
	0.150
	15.00



	[47,110,186,225],
	Avago/BROADCOM
	HSMS-2850
	25.00
	3.00
	0.180
	0.150
	3.800



	[195,215,216,254]
	Avago/BROADCOM
	HSMS-2852
	25.00
	3.00
	–
	0.150
	3.800



	[128,210,213,250]
	Avago/BROADCOM
	HSMS-2860
	6.00
	0.050
	–
	0.250
	7.00



	[123,146]
	Avago/BROADCOM
	HSMS-286B
	6.00
	0.050
	0.180
	0.690
	7.00



	[50,56,183,238]
	Skyworks Solutions
	SMS-7630
	20.00
	5.00
	0.140
	0.090
	2.00



	[209,211]
	MACOM Partners
	MA-4E1317
	4.00
	0.100
	0.020
	0.700
	7.00



	[136]
	MACOM Partners
	MSS20-141
	–
	–
	0.080
	0.500
	0.800
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