

  energies-13-02374




energies-13-02374







Energies 2020, 13(9), 2374; doi:10.3390/en13092374




Article



A Multi-Tone Rectenna System for Wireless Power Transfer



Simone Ciccia 1,*[image: Orcid], Alberto Scionti 1, Giuseppe Franco 1, Giorgio Giordanengo 1[image: Orcid], Olivier Terzo 1 and Giuseppe Vecchi 2





1



Advanced Computing and Application, LINKS Foundation, 10138 Torino, Italy






2



Department of Electronics and Telecommunications, Politecnico di Torino, 10129 Torino, Italy









*



Correspondence: simone.ciccia@linksfoundation.com







Received: 3 April 2020 / Accepted: 4 May 2020 / Published: 9 May 2020



Abstract

:

Battery-less sensors need a fast and stable wireless charging mechanism to ensure that they are being correctly activated and properly working. The major drawback of state-of-the-art wireless power transfer solutions stands in the maximum Equivalent Isotropic Radiated Power (EIRP) established from local regulations, even using directional antennas. Indeed, the maximum transferred power to the load is limited, making the charging process slow. To overcome such limitation, a novel method for implementing an effective wireless charging system is described. The proposed solution is designed to guarantee many independent charging contributions, i.e., multiple tones are used to distribute power along transmitted carriers. The proposed rectenna system is composed by a set of narrow-band rectifiers resonating at specific target frequencies, while combining at DC. Such orthogonal frequency schema, providing independent charging contributions, is not affected by the phase shift of incident signals (i.e., each carrier is independently rectified). The design of the proposed wireless-powered system is presented. The main advantage of the solution is the voltage delivered to the load, which is directly proportional to the number of used carriers. This is fundamental to ensure fast sensor wakes-up and functioning. To demonstrate the feasibility of the proposed system, the work has been complemented with the manufacturing of two rectennas, and the analysis of experimental results, which also validated the linear relationship between the number of used carriers.
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1. Introduction


With the advent of Internet of Things (IoT) era, the capacity of charging devices using Radio Frequency (RF) waves gained momentum. As such, wireless device charging calls for Wireless Power Transfer (WPT) techniques. Nowadays, Wireless Sensor Networks (WSN)s are placed everywhere and use smart devices to acquire environmental data and process them locally, thus possibly demanding for a wireless power source to enhance their functioning and lifetime [1,2]. Indeed, addressing this challenge comes with the promise of reducing operator intervention on the networks for substituting and disposing old batteries; moreover, batteries have a negative environmental impact [3,4]. To this purpose, many ways exist to provide energy to autonomous sensors; by means of more conventional solar, thermal, and vibration energy harvesting techniques to name a few. Unlike the aforementioned techniques, in this work we target and analyze the opportunity to remotely powering end-devices via radio waves [5,6].



1.1. Challenges, Opportunities, and Applications


The perspective of remotely powering WSNs by means of RF waves, gained notable interest over the past years [7]. The techniques for wirelessly transferring power can be categorized into two classes, depending on the nature of the RF source. On one side, in Wireless Power Harvesting (WPH) the end-nodes extract power from existing services using RF signals. For instance, Vyas and et al. [8] describe the architecture of a battery-less sensor powered by the Digital Video Broadcast (DVB) terrestrial signals, whereas in [9], the authors exploited cellular radio technologies. On the other hand, in WPT, the power is extracted from RF waves intentionally transmitted by a dedicated emitter. Techniques belonging to this class find large application in WSNs, Near Field Communication (NFC), and Radio Frequency Identification (RFID)-based systems [10,11].In this work we address the challenge of wirelessly powering a remote device through a novel WPT technique where the power source is a multi-carrier transmitter. As such, the rectenna system is a multi-frequency-based circuit able to rectify each carrier independently. Each frequency slot contributes exclusively at Direct Current (DC) for the charging of a supercapacitor, which actually backs the remote sensor.




1.2. State-of-the-Art


Prior works focused on maximizing the efficiency of the single rectifier [12]. In [13,14], the impact of the antenna input impedance on charging performance has been addressed. It is shown that such impedance affects the charging time, although there is no variation in the overall voltage delivered to the load. To overcome this limitation, output voltage boosters are usually considered. They consist of multi-stage diode-based rectifiers, as for example the Dickson charge pump [15,16,17,18]. However, because of the increase in the losses, it has been shown that a maximum of three stages is possible; this finding is reported by the work in [17]. A way to enhance the rectifier efficiency is to perfectly match the input impedance of the antenna with the one of the diode [16]. However, diodes are nonlinear circuits and the internal impedance changes according to the input power level. As realized in [19], each input power level needs a different matching circuit to maximize the efficiency of the power conversion. Although the rectenna may potentially achieve the maximum efficiency, its capability to deliver power may not be enough to supply a real load [14]. Indeed, regulations on frequency spectrum strongly limit the Equivalent Isotropic Radiated Power (EIRP) [7], even in the case of using reconfigurable directive antennas to focus the overall radiation towards the target sensor [20]. For this reason, several solutions employ high-gain antennas as, for instance, pre-aligned phased arrays, albeit limited to a static scenario [21,22]. Dynamic scenarios imply the nodes may change their spatial position over the time, thus demanding for the reconfiguration of the main antenna beam, which comes with a high energy cost that is unjustified for such kind of energy storage systems [2]. Tests with rectenna arrays (using single carrier) are reported in [16]. The authors compare two configurations: (i) a rectenna array with RF combining (i.e., single diode-rectifier), and (  i i  ) rectenna array with DC combining (i.e., each radiating element has a diode-rectifier). The latter has proven to perform better as it is less sensitive to phases of the incident RF signal. Finally, an alternative solution is based on a multi-band antenna coupled with a single rectifier, as in [3,5,23,24,25,26,27]. In these works, signals operating at different frequencies are added together at RF and the resulting envelop signal does not guarantee a reliable rectification in environment rich of reflections. In this paper, we address this main drawback.




1.3. Related Work


In this work, a WPT system formed by multiple narrow-band rectifiers is presented. The proposed architecture is implemented as a stack of frequency spaced rectennas. In turn, each rectenna can also be composed of an array antenna to increase the receive gain of each frequency. Basically, each rectenna is designed to rectify a signal oscillating at a specific frequency, and each rectifier provides independent DC contribution. These contributions are combined at DC, while the phase and the frequency of incident RF signals can be neglected. The advantage of the proposed WPT system is twofold. First, it overcomes the EIRP limitation [14,20,21,22], as if on a RF channel the transmitted power shall be under a specified power level (defined by regulations), it is still possible to transmit the same power level on another RF channel, while the contribution at DC is doubled at the receiver side. This scheme can be extended over an arbitrary number of frequency channels. Second, multi-band and/or wide-band antennas with a single feed receive an envelope signal whose shape strictly depends on the way incident RF signals combine with each other in terms of phase and frequency [3,5,23,24,25,26,27]. However, the best configuration of phases and frequencies that maximize the power transferred to the load is unpredictable in real scenarios. Moreover, propagation channels change very fast over the time. Therefore, such solutions are not able to ensure sensors wake-up and operation in all possible scenarios. Instead, the proposed work demonstrates the ability to deliver the required voltage to the load, where the output voltage is controlled by the number of carriers employed, irrespective of their phase and frequency. The main drawback of the proposed WPT system is related to the number of rectennas used, i.e., one for each carrier employed.Therefore, the system dimensions can grow fast, especially at low frequencies. Of course, by increasing the operation frequency, the size of the rectifiers reduce accordingly, but also the operative distance, as the attenuation of RF signals is proportional to the distance to cover and to their frequency.





2. Architecture Overview and Design


A rectenna consists of an antenna connected to a rectifier circuit aiming to provide DC power from the received RF signal. The proposed scheme consists of a multitude of rectennas, each operating at a different frequency. The antenna is the fundamental element to select the desired RF signal from the environment. As the carrier spacing among transmitted tones is established, then the bandwidth of each antenna needs to be accurately designed to minimize inter-elements coupling. In that way, the Continuous Wave (CW) impinging on one antenna is minimally perceived by the others. The design of the proposed system and its equivalent model is deeply discussed in the following.



2.1. Antenna Design


This section describes the design procedure of the probe-feed squared-patch antenna that will be used in this work (see Figure 1a). The transmission line model is depicted in Figure 1b from which the equivalent circuit parameters are then retrieved [28,29,30]. Microstrip patch antennas have been chosen for two reasons: first, they are simple to build, and second, the squared shape provides a high frequency selectivity. The design formulae can be found in [31]. Algorithm 1 shows the procedure exploited to design the squared patch antenna. Given the target resonance frequency   f 0   and the antenna substrate (dielectric   ε r  , thickness h expressed in millimeters), a squared patch is obtained by iterating on the patch dimensions (i.e., W and L). In Algorithm 1, the guided wavelength   λ g   is described as



	Algorithm 1: Design procedure of a squared patch antenna
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      λ g  =   λ 0    ε  r _ e f f     =  c   f 0  ·   ε  r _ e f f        [ m ]      



(1)




where c is the speed of light and   ε  r _ e f f    is the effective dielectric constant described in Equation (2).


      ε  r _ e f f   =    ε r  + 1  2  +    ε r  − 1  2  ·  1   1 + ( 12 ·  h W  ) )        



(2)







The extension length due to fringing effects is estimated by Equation (3).


     Δ L = h · 0.412 ·    ε  r _ e f f   + 0.3    ε  r _ e f f   − 0.258   ·    W h  + 0.262    W h  + 0.812     [ m ]      



(3)







The transmission line model for the patch antenna (shown in Figure 1b) consists of two radiating slots separated by a distance L. These loads are described by Equation (4):


      Y A  =  G  e d g e   + j ·  B F    [ S ]         Y B  =  G  e d g e   − j ·  B F    [ S ]      



(4)







As such, the two loads represent a parallel admittance composed by a conductance   G  e d g e    and susceptance   B F  , which in turn are estimated via Equations (5) and (6).


      G  e d g e   =  W  120 ·  λ 0    ·  ( 1 −  1 24  ·   (   2 π · h   λ 0   )  2  )    [ S ]      



(5)






      B F  =  W  120 ·  λ 0    ·  ( 1 − 0.636 · l n  (   2 π · h   λ 0   )  )    [ S ]      



(6)







The resistive part of the antenna input impedance is a function of the probe position p along the patch length L and can be estimated by plotting Equation (7):


      R  i n    ( p )  =  1  2 ·  G  e d g e     · s i n   (   π · p   L  e f f    )  2    [ Ω ]      



(7)







The input impedance    Z  i n    ( p )    is obtained by moving the edge loads to the selected probe position p, as described in Equations (8) and (9). For the sake of simplicity, admittance is used instead of impedance.


      Z  i n    ( p )  =  1   Y  i n    ( p )    =  1   Y A   ( p )  +  Y B   ( p )      [ Ω ]      



(8)






      Y A   ( p )  =  Y 0  ·    Y A  + j ·  Y 0  · t a n  (   2 π · p   λ g   )     Y 0  + j ·  Y A  · t a n  (   2 π · p   λ g   )      [ S ]         Y B   ( p )  =  Y 0  ·    Y B  + j ·  Y 0  · t a n  (   2 π · (  L  e f f   − p )   λ g   )     Y 0  + j ·  Y B  · t a n  (   2 π · (  L  e f f   − p )   λ g   )      [ S ]      



(9)




where   Y 0   is the reference admittance. Finally, to build the equivalent resonator circuit, the antenna quality factor is used. This parameter is described by Equation (10):


   Q t  =   f 0   B W   =   c ·   ε  r _ e f f      4 ·  f 0  · h    



(10)




where   B W   is the antenna bandwidth.   Q t   judges on the frequency selectivity and has to be accurately chosen based on the carrier spacing (i.e., to minimize coupling effects among the antennas).




2.2. Equivalent RLC Resonator Circuit


The patch antenna is a resonant structure whose circuital model can be implemented by a RLC resonator, as illustrated in [29]. The circuit is described by Equation (11):


  Y =  1  R  r e s    +  1  j · ω ·  L  r e s     + j · ω ·  C  r e s     [ S ]   



(11)




where   R  r e s   ,   L  r e s   , and   C  r e s    are the resistance, inductance, and capacitance of the circuit, respectively, and the quality factor is shown in Equation (12).


   Q c  =  ω 0  ·  R  r e s   ·  C  r e s    



(12)







The transition from the physical model to the circuit model is obtained by matching the quality factor of the antenna with the one of a resonator circuit, as in Equation (13), which leads to the same frequency behavior.


   Q t  =  Q c   



(13)







From Equation (13), the equivalent capacitance and inductance are obtained (Equations (14) and (15), respectively):


   C  r e s   =   Q t    ω 0   R  r e s       [ F ]   



(14)






   L  r e s   =   Q t    ω 0 2   R  r e s       [ H ]   



(15)




where   R  r e s    is the resistance at resonance and needs to match the radiation resistance of the antenna, as in Equation (16).


   R  r e s   = R e a l  (  Z  i n    ( p )  )    [ Ω ]   



(16)







The additional series inductance generated by the probe feed has not been considered in this model since the diode is directly soldered at the feeding point p. For an estimation of such a parasitic component the reader can refer to the work reported in [32,33].




2.3. Rectifier Efficiency Calculation


In this work, a single stage half-wave rectifier has been exploited. The circuit consists of a diode directly connected to the antenna feeding point. In addition, a small capacitor is used to stabilize the rectified waveform. Generally, to give a performance parameter of a rectifier, the power efficiency  η  is used. This parameter describes the quantity of power that is actually delivered to a specific load, according to Equation (17):


  η =   P  o u t    P  i n    · 100   [ % ]   



(17)




where   P  i n    is the overall time-averaged power entering into the circuit, as described in Equation (18):


   P  i n   =  ∑  i = 1   N c    P  i  n i     [ W ]   



(18)




where   P  i  n i     is the power level emitted by the i-th equivalent carrier generator. The output power (  P  o u t   ) is described as


   P  o u t   =    (  V  D C   )  2   R L     [ W ]   



(19)




where   V  D C    represents the voltage applied to the target load   R L  .




2.4. Analytical Model of the Proposed WPT System


As the proposed system relies on multiple rectennas providing independent voltage contributions, then the voltage delivered to the load (  V  D C   ) is described by the Equation (20):


   V  D C   =  ∑  i = 1   N c    V  C i    [ V ]   



(20)




where   V  C i    represents the rectified voltage by the   i − t h   rectenna and   N c   is the number of used channels. Therefore, we expect that the overall voltage delivered to the load is a linear combination of   N c   voltage generators connected in series to the target load   R L  . When the received signal is composed by   N c   tones of equal magnitude, then each rectenna provides the same voltage contribution and the voltage across the load becomes as in Equation (21):


   V  D C   =  N c  ·  V C   [ V ]   



(21)







Finally, we expect the output power delivered to the load provides (Equation (22)):


   P  o u t   =    (  N c  ·  V C  )  2   R L     [ W ]   



(22)









3. Simulation


3.1. Simulation Model


Figure 2 depicts the equivalent circuit describing the behavior of the proposed WPT system. It is made up by four-channel rectennas with a 50 MHz frequency spacing (i.e., they are designed to operate at 950 MHz, 1000 MHz, 1050 MHz, and 1100 MHz, respectively). We address an arbitrary load (for instance, for the sake of simulations we considered    R L  = 872    Ω ). To match this circuit, i.e., to enable delivering the maximum power to the load, we designed such antennas (i.e., actually the generators) with an input impedance of 218  Ω . The physical dimensions associated to the squared patch antenna are obtained by the iteration of Algorithm 1, and by using Equation (16), we can calculate the feed position (  ∼ p = 2   mm to obtain the requested impedance). The equivalent RLC resonator circuit is obtained calculating the antenna quality factor   Q t  , by exploiting Equation (10), and substituting the latter in Equations (14) and (15), which gives the value of the equivalent capacitor and the inductance. An ideal transformer is employed to decouple the RF ground from the DC ground. Such isolation ensures that the power incoming from the primary inductance is perfectly transferred to the secondary inductance, without affecting the impedance of the squared patch antenna [34]. The probe-feed of each antenna is directly connected to its own half-wave diode-based rectifier. The latter is composed by a HSMS-286C Schottky diode connected to a small capacitor (   C  o u t   = 2.2   nF), which stores the DC contribution. All channels’ contributions are combined at DC to deliver an overall power to the load   R L  . With the purpose of comparing performance, Figure 3 illustrates the simulated wideband WPT system, which is the counter part of this work. In such case, the circuit does not filter any carriers, while it rectifies the resulting signal envelop (i.e., carriers are combined at RF). This circuit is obtained by means of tuning the RLC components, while the impedance matching condition is obtained by forcing the antenna input impedance to equal the load. The frequency response of both circuits are depicted in Figure 4;   R e c t _ A   curve illustrates the overall response of the proposed WPT system (dotted-line), while   R e c t _ B   curve shows the behavior of the wideband rectenna. The latter has a frequency response almost constant in the frequency band of interest. Both circuits have the same attenuation in the overall bandwidth. Indeed, diode losses are related to the voltage drop. Moreover, the losses increase with the number of diodes exploited (e.g., Dickson charge pump). Despite   R e c t _ A   has   N c   diodes with respect to   R e c t _ B  ,   R e c t _ A   has been configured to perform with the same losses as the diodes work in parallel. This is reasonable, since   R e c t _ B   uses a single diode to rectify the overall envelop (i.e., composed by   N c   carriers), which means each frequency slot is subjected to this diode attenuation. Conversely,   R e c t _ A   exploits   N c   diodes in such a way each carrier is subjected to the attenuation of only one diode. Then, the signal entering in both circuits translate into the same losses for both configurations. For the WPT system   R e c t _ A  , the greater the space among resonance points is, the lesser the contribution of adjacent carriers is. With resonance points spaced apart of 50 MHz, the attenuation between adjacent antennas is more than   − 30   dB. This value is enough to demonstrate the feasibility and effectiveness of the proposed approach. The RF signal impinging on the rectifier circuits is composed by   N c  -CW generators (  R F i n  ) spaced by 50 MHz, while they are impinging on the antennas with arbitrary phases to simulate a real environmental scenario.




3.2. Comparison with Respect to the State-of-the-Art: Simulation Results


Simulations were performed using LTSpice, a free circuit simulator tool, configured to operate in transient domain mode. To compare our proposed rectifier system (  R e c t _ A  ) with respect to the state-of-the art (  R e c t _ B  ), we simulated these circuits at parity of target load   R L  , input power   P  i n   , and active carriers. In this simulation,    N c  = 2   means that two rectennas with radiation resistance of 218  Ω  were used thus addressing a load of    R L  = 435.8    Ω ,    N c  = 4   uses four rectennas and a load    R L  = 870.8    Ω  (this case corresponds to circuits in Figure 2 and Figure 3), and    N c  = 8   corresponds to a eight-rectenna circuit with    R L  = 1.7   k Ω . Figure 5 illustrates the output voltage delivered to the load as a function of the power level emitted by the equivalent generator (  P  i n _ i   ), equally assigned to each carrier. In other words,   P  i n _ i    corresponds to the power of a single carrier; when   N c   carriers are used, each one brings the same power level. We verified that both circuits have the same input power level during simulations. Looking at Figure 5, the wideband rectifier (  R e c t _ B  ) curves suggest that no relevant dependence on the number of employed carriers exists. Such a system saturates at ~  1.5   V even increasing the carriers’ power level. On the other hand,   R e c t _ A   curves show a direct relationship with the number of received carriers. By using two rectennas (   N c  = 2  ), both systems provide almost the same performance for input power levels within 10 dBm. As this power further increases, the output voltage of   R e c t _ A   saturates to 3 V, which is double the voltage applied to the load by   R e c t _ B  . The same consideration stays valid for the other cases (i.e.,    N c  = 4   and 8):   R e c t _ A   compared to   R e c t _ B   is able to boost the output voltage by 4 times (i.e., the voltage applied to the load is around 6 V) and 8 times (i.e., the voltage applied to the load is around 12 V), respectively. Such a result is very interesting from the rectifier design perspective. Indeed, given a target load   R L  , the WPT system can be designed by finding the required power level   P  i n _ i    and the number of carriers   N c   (as parameters) that allow to achieve a certain output voltage, which is crucial for sensor-based applications and specifically to wake-up the sensors. Figure 6 depicts the efficiency ratio    η A  /  η B   , computed by using Equation (17). The proposed system shows a significant improvement in efficiency when the power level reaches    P  i n _ i   = 10   dBm. In that case, we found an efficiency ratio around 2 and 5 for    N c  = 4   and    N c  = 8  , respectively, whereas for    N c  = 2   the advantage is less prominent. The simulation demonstrates that there exists an input power level threshold beyond which the   R e c t _ A   is more efficient than   R e c t _ B  . The main reason for this threshold can be searched in the diodes’ voltage drop. Therefore,   R e c t _ A   becomes convenient as soon as the diode-losses become negligible. Conversely,   R e c t _ B   works better for power levels   P  i n _ i    lower than   − 5   dBm. Such analysis shows that the activation voltage of diodes judges on the required input power level to achieve a certain efficiency, while suggesting the research of very low-voltage threshold components, as for instance zero-threshold Metal-Oxide-Semiconductor Field-Effect Transistor (MOSFET) devices.




3.3. Characterization of the Proposed Model


To demonstrate the validity of Equation (20), we characterized the proposed rectenna system (see Figure 2) by performing several simulations: first of all, the power level of equivalent generators (  P  i n _ i   ) has been set equal for each employed carriers. Then, the overall power absorbed by the circuit (  P  i n   ), the power delivered to the load (  P  o u t   ), the voltage across the load (  V  D C   ), and the circuit efficiency ( η ) have been evaluated by activating the different carriers, from one at a time to four simultaneously. The simulation results are depicted in Figure 7, which shows that the output voltage increases by a factor equal to the number of active carriers, while the power increases with the square of the voltage, as expected by Equation (19). We also note that the maximum conversion efficiency is achieved when all carriers have a power level equal to    P  i n _ i   = 23 d B m  . Further increasing this power level raises the output voltage; unfortunately, with a lower conversion efficiency.





4. Validation and Measurements


In-field testing aims to validate the proposed system for at least the two-carrier case. To this purpose, two frequency-spaced rectennas have been implemented. They are shown in Figure 8. In order to generate the CWs, two Software Defined Radio (SDR) transceivers (i.e., the USRP B205 model) equipped with omnidirectional antennas have been used; although, the CWs can also be generated by a single transceiver. However, the use of two non-synchronous transceivers is useful to test against randomness of signals incident on the rectennas. Indeed, in such way, signals are generated from different local oscillators and emitted by two separated antennas. The tests have been performed in laboratory setting a link distance to 1 m.



4.1. Rectennas Design and Characterization


Manufactured microstrip antennas were printed on ITERA substrate (   ε r  = 3.38  ,   h = 0.508   m) targeting the frequencies 950 MHz and 1000 MHz. The overall area occupied by each rectenna is around   140 × 140   mm   2   (i.e., dielectric area), with the patch antennas of size   86 × 86   mm   2   for the lower frequency, and   82 × 82   mm   2   for the higher one. The rectifier is composed of the HSMS-286C Schottky diode and a capacitor of   2.2   nF, as used in the simulation model. Each rectenna has been tested independently from the other to evaluate its effective frequency response. In other words, we analysed which frequency provides the maximum output voltage   V O  . In that case, a SDR transceiver has been configured to perform a frequency sweep. The measurement result is reported in Figure 9. We found a no-load voltage of    V O  = 0.6   V at 950 MHz for the lower-frequency rectenna, while a    V O  = 0.4   V peak has been found at 991 MHz for the second prototype.




4.2. Experimental Results


We set up the SDR transceivers accordingly to the antenna responses, i.e., one to transmit at 950 MHz CW and the other at 991 MHz with equal power. The rectennas were DC combined, as illustrated in Figure 10. Here, a large capacitor    C L  = 1000    μ F has been connected in series to the rectennas to store the overall energy from RF. The conducted test employed a multimeter to measure the voltage across the load capacitor   C L  . The charging time has been measured for a period of 25 min and logged each 30 s, i.e., 50 samples at all were collected. The measurement results are depicted in Figure 11. From these, it can be assessed that the contribution of the 950 MHz-CW provides a voltage of 0.31 V. By transmitting only the 991 MHz-CW, then the output voltage is    V O  = 0.17   V. The latter value is lower as expected because the higher-frequency rectenna has a lower   V O  . By transmitting both the two CWs, the output voltage raises to the final value of    V O  = 0.54   V. The purple dotted curve in Figure 11 shows the sum of the single contributions measured separately (i.e., it is the sum of the blue and orange curves). By comparing this curve with the measurement performed on two active carriers, it can be observed a slight difference with respect to the linear relationship. This effect is due to the non ideal rectennas that have been exploited. As the measured voltage is different from zero outside the working carrier frequency for each rectenna, there will be an additional contribution (i.e., an higher voltage value) given from each rectenna on the other carrier frequency.





5. Conclusions and Future Perspectives


The paper presents a novel method to design a WPT system ensuring the capability of remotely activating sensors not equipped with a constant power supply source. Our research has demonstrated that the proposed system is capable to increase the voltage applied to the load. Moreover, the increase is directly proportional to the number of employed carriers. Furthermore, it has proven that the proposed WPT system is less sensitive to the difference of incident RF signal phases, thus making such system suitable for any environmental scenario. Work is currently underway to overcome the limitations of diodes. Emerging technologies, such as zero threshold MOSFET, are very promising to increasing the efficiency for lower level of the input power. A valuable extension of this work will be the introduction of the antenna gains, as the higher is the antenna gain the lower is the required incident power, thus producing more efficiency at lower levels of incident power.
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Figure 1. Illustrative schematic of a probe-feed squared-patch antenna (a) and its corresponding transmission line model (b). 
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Figure 2. SPICE model of the proposed rectifier   R e c t _ A  ; four channels are shown, whose operative frequencies are 950 MHz, 1000 MHz, 1050 MHz, and 1100 MHz, from top to bottom, respectively (values of components are also depicted). 
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Figure 3. SPICE model of the wide-band rectifier   R e c t _ B  ; values of components are also depicted. 
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Figure 4. Frequency response of the proposed WPT rectifier (  R e c t _ A  ) and of the wide-band rectifier (  R e c t _ B  ). 






Figure 4. Frequency response of the proposed WPT rectifier (  R e c t _ A  ) and of the wide-band rectifier (  R e c t _ B  ).



[image: Energies 13 02374 g004]







[image: Energies 13 02374 g005 550] 





Figure 5. Output voltage delivered to the load as a function of the input power level   P  i n ß    of the carrier generator and the number of carriers   N c  ; simulation of both   R e c t _ A   and   R e c t _ B   systems are shown. 
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Figure 6. Efficiency ratio: comparison of   R e c t _ A   and   R e c t _ B   as a function of the input power level   P  i n ß    of the carrier generator and the number of carriers   N c  . 
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Figure 7. Characterization of the proposed WPT system. 
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Figure 8. Illustration of the testbed; two Software Defined Radio (SDR) transceivers are used as CW transmitters (left side), and two rectennas (right side) that implement the WPT rectifier. 
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Figure 9. Frequency characterization of the implemented rectennas; this figure illustrates the maximum no-load voltage   V O  . The black arrows allude to the transmitted carriers. 
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Figure 10. Back side circuitry of the WPT system: a series of two rectennas are connected to a capacitive load   C L   of 1000  μ F to store the converted energy from RF. 
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Figure 11. Measurements of the charging time for all combinations of the transmitted CWs. 
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