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Abstract

:

Radio Frequency (RF) energy harvesting has been emerged as a potentially reliable method to replace the costly and difficult to maintain source of low-power wireless sensor networks. A plethora of dual-band rectifier designs has been proposed in the literature operating in various frequency bands. In this paper, a triple-band RF-to-DC rectifier that operates in the frequency bands of LoRaWAN, GSM-900, and WiFi 2.4 GHz is presented. The system is composed of an impedance-matching circuit, an RF-to-DC rectifier, that converts the ambient RF energy into DC voltage able to feed low-power devices, and an output load. The proposed system resonates at three different frequencies of 866 MHz, 948 MHz and 2423 MHz, which fall within the aforementioned frequency bands of interest. The feasible solution of the proposed system was based on a dual-band rectifier operating in the frequency bands of LoRaWAN and GSM-900. A series of shunt stubs was utilized in the initial design to form the feasible solution of the proposed system. The proposed triple-band rectifier was optimized using a powerful optimization algorithm, i.e., the genetic algorithm. The overall system exhibited improved characteristics compared to the initial design in terms of its resonance. Numerical results demonstrated that the overall system exhibited an efficiency of 81% with 3.23 V of the output voltage, for an input power of 0 dBm and a load of 13 kOhm.
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1. Introduction


Ambient RF sources in an urban environment are mostly incident sources such as TV/radio broadcast stations, mobile base stations, and handheld stations [1]. Ambient Electromagnetic (EM) energy harvesting has emerged as a potentially reliable method to replace the costly and quite difficult to maintain source of wireless sensor networks [2,3]. Unlike other harvesting techniques that are strongly dependent on exogenous factors, such as climate or environmental conditions, RF energy harvesting and Wireless Power Transfer (WPT) are mostly related to the radio propagation channel [1,4,5,6], so it is better suited to supporting Quality-of-Service (QoS)-based applications [7].



Recently, a plethora of dual-band rectifier designs has been proposed in the literature. In 2014 [8], an RF rectifier for energy harvesting applications that operated at 2.10 GHz and 2.45 GHz was presented. The system was comprised of a multistub impedance-matching network, a Schottky diode, and a DC pass filter. The authors reported that their proposed rectifier achieved an efficiency of 24% and 18% at 2.10 GHz and 2.45 GHz, respectively, for an input power of 10 dBm and a load impedance of 1.6 kOhm. In 2015 [9], a rectifier that resonated at 2.45 GHz and 5.8 GHz was presented. The rectifier consisted of a matching circuit, a Schottky HSMS2850 diode, a DC pass filter, and a load. The authors achieved an efficiency of 57.6% and 33.6% for an input power of 0 dBm and 30% and 28% for an input power of 10 dBm, at 2.45 GHz and 5.80 GHz, respectively. In 2017 [10], Tissier et al. introduced a dual-band rectifier in the GSM-900 and GSM-1800 bands. The rectifier topology was based on a Latour doubler. The efficiency obtained was greater than 30% at 942 MHz and greater than 20% at 1805 MHz for an input power greater than −10 dBm and an output load equal to 15 kOhm. In 2018 [11], a voltage-doubler circuit as a rectifier was introduced, which consisted of two Avago HSMS2850 Schottky diodes and two capacitors. The results demonstrated that the RF-to-DC maximum efficiency was 63% at 1.95 GHz and 69% at 2.50 GHz, for an input power of 7.0 dBm and 3.5 dBm, respectively, and a resistive load of 1.0 kOhm. In 2019, Huang et al. [12] utilized a  λ /4 T-junction power divider to connect two branches of a rectifier, to extend the range of input power of the system with high conversion efficiency. They applied their proposed technique to both single- and dual-band rectifiers. They reported a measured peak efficiency of 68% for the single-band rectifier (915 MHz) and an input power range from −5 dBm to 31 dBm by setting an efficiency threshold of more than 70% of its peak efficiency of 66% for an input power range from −6 dBm to 33 dBm (efficiency threshold greater than 70%) at 915 MHz and a peak efficiency of 58% for an input power range from 10 dBm to 32 dBm (efficiency threshold greater than 70%) at 2.45 GHz. In 2020 [13], a system was proposed that resonated in the frequency bands of 4G (2.67 GHz) and 5G (3.591 GHz) mobile communication systems. Numerical results demonstrated that the RF-to-DC maximum efficiency was 56.11% at 2.67 GHz and 57.95% at 3.591 GHz, for an input power of 6.0 dBm and a resistive load of 2.0 kOhm. The same year, Boursianis et al. [14] introduced a rectenna system for precision agriculture. The two-stage rectifier circuit was based on the Greinacher voltage-doubler and operated in the LoRaWAN (863 MHz–870 MHz) and EGSM-900 (925 MHz–960 MHz) mobile communication frequency bands. The maximum simulated and measured efficiency of 75% and 73.6% were achieved for input power    P  i n   = 2   dBm and 4.8 dBm, respectively, for an output load equal to 7 kOhm.



The ever-increasing demand for more energy, as well as the remarkable augmentation of ambient RF energy sources led the scientific community to consider triple-band rectifiers as an efficient technique to harvest even more power. In 2016 [15], a triple-band differential rectifier using a single-stage Villard topology was designed. They used microstrip lines to implement an impedance-matching network and achieved a maximum efficiency of 42% for an input power of 14 dBm. In 2017 [16], a triple-band rectifier operating at 925 MHz (GSM-900), 1820 MHz (GSM-1800), and 2170 MHz (UMTS), respectively, was proposed. Numerical results indicated that the peak efficiency was 41%, 32%, and 26% for an input power of −10 dBm and for the three aforementioned bands, respectively. In 2018, Chandravanshi et al. [17] designed a triple-band rectifier with an impedance-matching network comprised of meander lines and open- and radial-stubs. A peak efficiency of 68% was achieved for a three-tone signal and input power of −7 dBm, whereas the output load was equal to 1.1 kOhm. The same year, Liu et al. [18] introduced a rectifier design with a triple-band impedance-matching network. The system resonated at 0.85 GHz, 1.77 GHz, and 2.07 GHz, whereas the well-known Schottky diode HSMS2850 from Avago Technologies was selected due to its low biasing voltage. They achieved maximum efficiencies of 61.9%, 71.5%, and 60.5% at the three frequencies of interest. In 2020 [19], the authors presented a triple-band system that simultaneously harvested ambient RF energy at relatively low and medium input power densities. For an input power level of −10 dBm, they achieved a power conversion efficiency of 33.7%, 21.8%, and 20% at 0.9 GHz, 1.8 GHz, and 2.45 GHz, respectively. For an input power of 4 dBm, a maximum efficiency of 54%, 51%, and 48% was achieved for the above frequencies. Finally, the same year, Shen et al. [20], to overcome the challenge of battery recharging and/or replacement in industry, proposed a triple-band high-gain multibeam ambient RF-to-DC rectifier for the GSM-1800, UMTS-2100, and WiFi 2.4 GHz frequency bands. They managed a maximum power conversion efficiency of 42%, 45%, and 38% for an input power of −10 dBm and an output load of 5.0 kOhm at 1.85 GHz, 2.15 GHz, and 2.48 GHz, respectively.



In this work, a novel triple-band rectifier that operates in the frequency bands of the LoRaWAN network, the GSM-900 mobile communication network, and the WiFi 2.4 GHz wireless network is presented. It is an extended version of the work presented in [21]. The RF-to-DC rectifier resonates at three different frequencies, i.e., 866 MHz, 948 MHz, and 2.423 GHz, which fall into the previously mentioned frequency bands. For the rectification unit, a single-layer voltage-doubler circuit was utilized that operates in the previously mentioned frequencies. A series of shunt stubs was applied to the initial design of the RF-to-DC rectifier to form the proposed triple-band system. A feasible solution of the proposed system was obtained by the utilization of a powerful genetic algorithm optimizer.



The remainder of the paper is as follows. In Section 2, a detailed description of the proposed radio frequency energy-harvesting system is presented, indicating the Schottky diode-based dual- and triple-band rectifying circuits. Section 3 summarizes the main results of the proposed rectifier and evaluates its performance. Finally, Section 4 concludes with the findings of the paper.




2. Radio Frequency Energy-Harvesting Design


2.1. Rectenna System Design


The rectifying antenna (rectenna) is a joint system of an antenna and an RF-to-DC rectifier. The antenna is responsible for capturing the ambient RF electromagnetic energy, whereas the rectifier converts the input AC voltage into DC voltage, able to feed low-power electronic devices. In many cases, an impedance-matching network intervenes between the RF-to-DC rectifier and the antenna, to adjust the impedance between these two elements. Brown [22] invented the first rectenna in the early 1960s. Since then, the technological revolution has encouraged researchers to design and fabricate more efficient and sophisticated circuits. Figure 1 illustrates the basic block diagram of a rectenna system.




2.2. Dual-Band Rectifier Design


The rectifier circuit is at the heart of an energy-harvesting module. It is responsible for converting the received RF power into DC voltage, sufficiently enough to charge a battery or feed battery-free low-power electronics. It is decisive in providing high values of RF-to-DC power conversion efficiency and operating in multifrequency bands to convert as much ambient RF energy as possible. One of the most established approaches to design an RF-to-DC rectifier is the Schottky diode-based rectifying circuit [23]. Figure 2 illustrates the design process of the proposed Schottky diode-based rectifier, as well as the main considerations that are taken into account. Based on Figure 2, the first steps of a rectifier’s design were to select the appropriate circuit type and elements (Schottky diodes, resistors, capacitors). The Schottky diode, to which is attributed a low forward voltage drop and low substrate leakage, can improve the RF-to-DC conversion efficiency, as well as the DC output voltage [24,25]. Thereinafter, we calculated the S-parameters, the power conversion efficiency (PCE), and the DC output voltage of the system using the Advanced Design System (ADS-© Keysight Technologies 2000–2021). The variations of the rectifier’s input impedance with the RF input power resulted in the use of the Large-Signal S-Parameter simulation tool of ADS. Depending on the outcomes, the next steps involved the tuning of the physical parameters of the impedance-matching network to adjust to a standard antenna port of 50 Ohm and the recalculation of the previously mentioned parameters. We repeated the same procedure for every frequency of interest until we met the desired criteria. Finally, we computed the efficiency and DC output voltage of the overall circuit as a function of the incident RF input signal.



In this work, the HSMS285C (SOT-323) Schottky barrier diode, which has a low forward voltage value of    V F  =   150 mV, was utilized [26]. The generalized configuration approach of the utilized rectifier is illustrated in Figure 3. Two different impedance-matching circuits were designed to interconnect the antenna module with the branches of the rectifier [21]. The system was designed using the Harmonic Balance (HB) method in the Advanced Design System software (ADS-© Keysight Technologies 2000–2021). An FR-4 substrate (dielectric constant   (  ϵ r  ) =   4.4, substrate thickness = 1.6 mm, dielectric loss tangent   ( t a n δ ) =   0.02, and copper thickness = 0.07 mm) was applied for the design of the utilized system. Furthermore, the Greinacher voltage-doubler topology was selected due to its higher output DC voltage against other alternative topologies for a given input power level [27]. Moreover, Park et al. [28] reported that the Greinacher voltage multiplier can be employed in high-power WPT systems, while Boursianis et al. [29] presented an output DC voltage over 420 mV for an input power equal to −10 dBm. In some cases, if we consider low-power values at the input of the rectifier, single-diode topologies may outperform voltage-doubler topologies. However, the single-diode topology was not considered in this work, due to the comparative DC output voltage characteristic of the Greinacher topology.



Figure 4 portrays the configuration of the Greinacher voltage-doubler that was utilized in the presented rectifier [21]. The voltage-doubler uses 2 zero-bias Schottky surface-mounted Avago HSMS285C series diodes and 2 capacitors    C 1  =  C 2  =   100 pF (AVX 08053K) with 1% tolerance. The rest of the voltage-doubler components are several conductor lines of the appropriate width (W) and length (L) to ensure a compact layout design. The input RF AC signal was rectified by the voltage-doubler circuit. The latter was comprised of a voltage clamp (diode   D 1   and capacitor   C 1  ) and a peak rectifier (diode   D 2   and capacitor   C 2  ).



To ensure that maximum power conversion efficiency and maximum sensitivity will be achieved, an impedance-matching network should be utilized. We considered a standard antenna port of    Z A  =   50 Ohm. The overall system performance can be evaluated by the RF-to-DC power conversion efficiency versus the incident RF signal (  P  i n   ) at the input port A. Figure 5a illustrates the geometry of the proposed impedance-matching circuit for the corresponding operating frequencies of the dual-band rectifying circuit, whereas Table 1 presents the optimal physical parameters of the transmission lines obtained by the S-parameter simulation controller toolbox (ADS-© Keysight Technologies 2000–2021), which is based on the Gradient optimizer.




2.3. Triple-Band Rectifier Design


Liu et al. [30] realized dual- and triple-band circuits by using one or more parallel shunt stubs. They proved that when impedance matching is required on more than one frequency bands, more circuit freedoms are necessary for the design. They obtained the extra triple- and quad-frequency bands from a dual-band design by applying a parallel combination of two stubs to provide the needed susceptances. Figure 6 illustrates the three basic topologies of two shunt combinations, open-open (Figure 6a), open-shorted (Figure 6b), and shorted-shorted (Figure 6c). Furthermore, Song et al. [31] designed a six-band rectifier with only three voltage-doubler circuits connected in series. The presented system had an excellent performance in various conditions, such as multiple frequency bands and a wide range of input power levels.



The main idea of the proposed design is to add a tuning frequency to the dual-band impedance-matching network illustrated in Figure 5a without increasing the complexity of the derived triple-band system by adding an extra branch. Therefore, we proposed the triple-band impedance-matching network topology of Figure 5b, where a combination of shunt stubs is introduced to achieve the third resonating frequency. To design the triple-band rectifier, we utilized the genetic optimizer in the Advanced Design System software (ADS-© Keysight Technologies 2000–2021) by obtaining a feasible solution of the corresponding parameters, including the sizes (length, width) of the shunt stubs. It is worth mentioning that there is no unique winning strategy for the optimization due to the complexity of the system design. The application of these optimization techniques requires many tuning parameters. Genetic optimization techniques have proven to be effective for many complex optimization problems. The Genetic Algorithm (GA) optimization method is a procedure where a set of parameters, the chromosomes, can evolve to a new set of parameters [32]. The basic idea is that with each change in the parameter population, the performance improves, so the survival of the fittest is achieved. It is a five-step process: (1) representation, (2) evaluation, (3) reproduction, (4) breeding and crossover, and (5) mutation. Figure 7 demonstrates the genetic optimization algorithm. Having the previous dual-band design as a starting point, we applied the shunt stubs technique along with the genetic algorithm optimizer to obtain a feasible geometry for the impedance-matching network of the triple-band rectifier (Figure 5b). The stopping criterion was set to 1000 iterations, whereas the average computational time for each iteration was about 3 min. Table 2 lists the optimized physical parameters of the transmission lines for the triple-band rectifier design of Figure 5b.





3. Results and Discussion


The voltage-doubler input impedance for the dual-band design was computed using the S-parameters simulator of the Advanced Design System (ADS) software. The derived values before the impedance matching were   11.42 − j 66.36   and   27.1 − j 65.4   at 866 MHz and 937 MHz, respectively. We considered a standard antenna port of 50 Ohm. The size of the impedance-matching circuits was optimized and adjusted to the input impedance of the overall system. The derived values after the impedance matching were   44.3 + j 6.1   and   55.0 + j 8.5   at the two frequencies of interest. To obtain the impedance matching of the overall system, a simple short-circuited stub was included, as depicted in Figure 5b. Additionally, the input impedance for the triple-band design was computed, and the derived values were   53.48 + j 0.44  ,   48.81 + j 9.66  , and   48.19 − j 1.6   at 866 MHz, 948 MHz, and 2.423 GHz, respectively. Table 3 lists the previously mentioned input impedance values of the dual- and triple-band rectifier, with and without the impedance-matching network, at the frequencies of interest. We can derive that the percent deviation of the input impedance of the dual-band rectifying circuit, calculated using the gradient optimizer, was greater than 10%. Simultaneously, the percent deviation of the computed input impedance using genetic algorithm optimizer for the triple-band rectifying circuit was less than 7%.



Figure 8 illustrates the S11 magnitude (reflection coefficient) of the proposed dual- and triple-band RF-to-DC rectifier versus frequency. From the presented graph, we can derive that the dual-band rectifying circuit operates satisfactorily in the European LoRaWAN frequency band (863–870 MHz), as well as in the GSM-900 mobile communication frequency band (880–960 MHz). The utilized rectifier has a dual-frequency operation (−21.89 dB at 869 MHz and −20.87 dB at 940 MHz) that falls into the previously mentioned frequency bands. It is also noteworthy that the −10 dB bandwidth of the proposed rectifier extends to 121 MHz (846–967 MHz).



Furthermore, we can observe that the triple-band rectifying circuit operates satisfactorily in the European LoRaWAN frequency band (863–870 MHz), the GSM-900 (880–960 MHz) mobile communication frequency band, and the WiFi 2.4 GHz wireless network frequency band. The proposed rectifier has a triple-frequency operation (−29.4 dB at 866 MHz, −22.13 dB at 948 MHz, and −32.75 dB at 2.423 GHz) within the previously mentioned frequency bands. The −10 dB bandwidth of the proposed rectifier in the three distinguished regions is 27 MHz (853–880 MHz), 29 MHz (933–962 MHz), and 33 MHz (2.406–2.439 GHz), respectively. We should also point out that, besides the third tuning operation achieved by the shunt stubs method along with the GA optimizer, the tuning operation in the first two frequency bands was improved by 7.51 dB and 1.96 dB, respectively.



The overall system RF-to-DC efficiency n is computed as follows:


  n =   P  D C    P  i n     



(1)






   P  D C   =   V  o u t  2   R L    



(2)




where   P  D C    is the total output DC power, calculated by the sum of each RF power   P  D C , f 1   ,   P  D C , f 2   , and   P  D C , f 3    corresponding to an RF input power at a frequency of   f 1   = 866 MHz,   f 2   = 948 MHz, and   f 3   = 2423 MHz, respectively,   P  i n    is the RF input power,   V  o u t    is the output DC voltage, and   R L   is the load resistance. We should point out that for an input signal of two (dual-band rectifier) or three tones (triple-band rectifier), the total power of the two or three tones is counted as the input power   P  i n   , respectively [33].



Figure Figure 9 displays the RF-to-DC efficiency versus the   R L   output load of the dual-band (Figure 9a: two-tone signal) and triple-band (Figure 9b: three-tone signal) rectifying circuit.



From the presented curves of the graph, we can easily derive that the maximum efficiency of the proposed dual-band rectifier for an input power of 2 dBm is 85.9%, whereas the optimum output load is equal to 13 kOhm. At −20 dBm, −15 dBm, −10 dBm, and −5 dBm, the obtained conversion efficiencies are 38%, 55%, 69%, and 78%, respectively. For the triple-band rectifier, the maximum power conversion efficiency is 81.9%. Additionally, at −20 dBm, −15 dBm, −10 dBm, and −5 dBm, the obtained conversion efficiencies for an output load of 13 kOhm are 36%, 53%, 67%, and 76%. Therefore, we can conclude that the given topology of the rectifier design has the features of stability and durability if we consider the efficiency values at different input power values.



Finally, Figure 10a,b portrays the RF-to-DC efficiency and the DC output voltage   V  o u t    versus the RF input power   P  i n   , respectively. From Figure 10a, we can observe that the efficiency of the dual-band rectifier is 85% for an input power level of 0 dBm (two-tone signal), whereas in the triple-band system, it is 81% (three-tone signal). For an input power equal to 2 dBm, the maximum power conversion efficiency of the dual- and triple-band circuits is 85.9% and 81.9%, respectively. One may notice that there is a reduction in the PCE of the triple-band system compared to the PCE of the dual-band system; however, this variation is indiscernible. From the results of Figure 10b, we can conclude that the DC output voltage for an RF input power level greater than −15 dBm is above 0.5 V, whereas for an input power of 0 dBm, it is 3.32 V and 3.24 V for the dual- and triple-band rectifier, respectively. Additionally, Figure 11 illustrates the RF-to-DC efficiency versus frequency for various input power levels   P  i n   . From the presented curves, we can verify the system’s performance in the frequency bands of interest.



Table 4 lists the comparative results of this work against previous studies that were based on dual-band rectifiers. It is noteworthy that, among the designs, the proposed system exhibits quite satisfactory performance, and it is one of the three circuits that displays the maximum conversion efficiency for an input power signal below 6 dBm (about 4.0 mW). Furthermore, the maximum power conversion efficiency of the dual-band proposed rectifier in a two-tone signal (concurrent) is 85.9% for an input power of 2 dBm and a load of 13 kOhm.



Table 5 lists the comparative results of this work against previous studies that were based on triple-band rectifiers. It is noteworthy that, among the designs with the low-cost substrate of FR-4, the proposed system exhibits quite satisfactory performance. Furthermore, it is one of the designs that achieves the maximum conversion efficiency for an input power signal below 4 dBm (about 2.5 mW). Furthermore, the maximum power conversion efficiency of the triple-band proposed rectifier in a three-tone signal (concurrent) is 81.9% for an input power of 2 dBm and an output load of 13 kOhm. This result surpasses the rest of the circuits described in the studies that are included in Table 4.




4. Conclusions


In this work, a Schottky diode-based triple-band rectifier was proposed. The feasible solution of the proposed system was based on an initial design of a dual-band rectifier. It consisted of an impedance-matching circuit, an RF-to-DC rectifier that converts ambient RF energy into DC voltage, and an output load. A series of shunt stubs was applied to the initial design of the dual-band rectifier to form the proposed system. The transmission lines of the triple-band rectifier were optimized by utilizing a genetic algorithm optimizer. The obtained feasible solution of the proposed system operated satisfactorily in the frequency bands of LoRaWAN networks, GSM-900 mobile communication networks, and WiFi 2.4 GHz wireless networks. The numerical results of the proposed system exhibited a triple-frequency operation (−29.4 dB at 866 MHz, −22.13 dB at 948 MHz, and −32.75 dB at 2.423 GHz), whereas the power conversion efficiency reached up to 81% for an input power level of 0 dBm. It is worth mentioning that the DC output voltage for an RF input power level greater than −15 dBm was above 0.5 V, whereas for an input power of 0 dBm, was equal to 3.24 V. The presented results of the proposed triple-band rectifier demonstrate the system’s stability and durability in the frequency bands of interest. Future work includes the fabrication of the proposed system, as well as its experimental validation by combining various antenna prototypes in a rectenna system. Furthermore, knowing that, depending on the total input power of the rectifier, topologies with a reduced number of rectifying elements may lead to better RF-to-DC PCE [34], we will incorporate the above study to assess the performance of the new circuit design in our future work.
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Figure 1. Basic block diagram of a rectenna system. 
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Figure 2. The design process of the proposed Schottky diode-based rectifier. 
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Figure 3. The generalized approach of a multiband rectenna system block diagram. 
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Figure 4. The Greinacher voltage-doubler configuration. 
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Figure 5. Proposed impedance-matching circuits of the dual- and triple-band rectifying circuits at: (a) 869 MHz and 940 MHz (dual-band); (b) 866 MHz, 948 MHz, and 2.423 GHz (triple-band). 
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Figure 6. Basic topologies of two shunt combinations: (a) open-open; (b) open-shorted; (c) shorted-shorted. 
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Figure 7. Flowchart for a typical genetic algorithm optimization. 
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Figure 8. Obtained S11 parameter (reflection coefficient) of the proposed Schottky diode-based dual- and triple-band rectifier for   R L   = 13 kOhm (blue solid line: dual-band S11 parameter, green solid line: triple-band S11 parameter, red dash line: −10 dB limit). 
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Figure 9. RF-to-DC efficiency vs.   R L   output load of the demonstrated (a) dual-band (for a two-tone signal: 869 MHz and 940 MHz) and (b) triple-band (for a three-tone signal: 866 MHz, 948 MHz, and 2.423 GHz) rectifying circuit for various RF input power values (  P  i n   ). 
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Figure 10. (a) RF-to-DC efficiency vs. input power   P  i n   ; (b) DC output voltage vs. the input power of the dual-band (two-tone signal: 869 MHz and 940 MHz) and the proposed triple-band (three-tone signal: 866 MHz, 948 MHz, and 2.423 GHz) rectifier for    R L  =   13 kOhm (blue solid line: dual-band, green solid line: triple-band). 
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Figure 11. RF-to-DC efficiency versus frequency for various input power levels (  P  i n   ). 
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Table 1. Physical dimensions of the microstrip lines for the impedance-matching network of Figure 5a: dual-band circuit (width/length values are expressed in mm).
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	Parameter
	Width/Length
	Parameter
	Width/Length





	TL1
	3/35
	TL6
	3/35



	TL2
	3/4
	TL7
	3/6



	TL3
	3/29
	TL8
	3/17



	TL4
	1/3
	TL9
	1/13



	TL5
	48/21
	TL10
	39/24
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Table 2. Physical dimensions of the microstrip lines for the impedance-matching network of Figure 5b: triple-band circuit (width/length values are expressed in mm).
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	Parameter
	Width/Length





	TL11
	3/39



	TL12
	3/24.3



	TL13
	3/25



	TL14
	1/7.5



	TL15
	48/18.3
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Table 3. Input impedance values of the dual- and triple-band rectifier, with and without the impedance-matching network.
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Rectifier’s Input Impedance (Ohm)

	
Frequency

(MHz)

	
% Deviation

from 50 Ohm




	

	
Real Part

	
Imaginary Part






	

	
without impedance matching




	

	
11.42

	
−66.36

	
866

	
77.16




	

	
27.1

	
−65.4

	
937

	
45.8




	

	
with impedance matching




	
dual-band

(gradient optimizer)

	
44.3

	
6.1

	
866

	
11.4




	
55

	
8.5

	
937

	
10




	
triple-band

(genetic optimizer)

	
53.48

	
0.44

	
866

	
6.96




	
48.81

	
9.66

	
948

	
2.38




	
48.19

	
−1.6

	
2423

	
3.62
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Table 4. Comparative results of the proposed dual-band rectifier against related work.
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	Ref.
	Impedance

Matching
	Schottky

Diode
	Efficiency

@ Frequency
	Input

Power

(dBm)
	Load

(kOhm)





	[8] *
	multistub
	HSMS285C
	24% @ 2.1 GHz

18% @ 2.45 GHz
	10.0
	1.60



	[9] *
	cross- and

T-shaped

stubs
	HSMS2850
	57.60% @ 2.45 GHz

33.62% @ 5.8 GHz

30% @ 2.45 GHz

28% @ 5.8 GHz
	0.0



10.0
	2.00



	[10]    †  
	broadband

matching

network
	HSMS285X
	∼68% @ 975 MHz

∼55% @ 1.9 GHz
	−10.0
	15.00



	[11]    †  
	open and

shorted

stubs
	HSMS2850
	63% @ 1.95 GHz

69% @ 2.5 GHz
	7.0

3.5
	1.00



	[12] *
	 λ /4 T-junction

and shorted

stubs
	HSMS2822,

HSMS2852
	66% @ 915 MHz

58% @ 2.45 GHz
	∼30.0

∼31.0
	0.62

4.70



	[13]    †  
	microstrip

line-based
	HSMS2852,

HSMS285C
	56.11% @ 2.67 GHz

57.95% @ 3.591 GHz
	6.0
	2.00



	this work    †  
	shunted

stubs
	HSMS285C
	48% @ 866 MHz

65% @ 940 MHz
	2.0
	13.00







† simulated results, * measured results.
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Table 5. Comparative results of the proposed triple-band rectifier against related work.
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	Ref.
	Sub.
	Impedance

Matching
	Efficiency

@ Frequency
	Input

Power

(dBm)
	Load

(kOhm)





	[15]    †  
	FR-4
	microstrip

lines
	42% @ 3-tone

signal 1.95 GHz
	10.0
	3.00



	[16] *
	Duroid

5880
	triple-stub,

tuning and

inductor
	∼41% @ 925 MHz

∼32% @ 1.82 GHz

∼26% @ 2.17 GHz
	−10.0
	5.00



	[17]    †  
	FR-4
	meander line,

open and

radial stubs
	68% @ 3-tone signal

2.0 GHz

2.47 GHz

3.6 GHz
	−7.0
	1.10



	[18]    †  
	Duroid

5880
	open and

shorted stubs
	61.9% @ 0.85 GHz

71.5% @ 1.77 GHz

60.5% @ 2.07 GHz
	0.0
	2.20



	[19] *
	FR-4
	radial and

shorted stubs
	54% @ 0.9 GHz

51% @ 1.8 GHz

48% @ 2.45 GHz
	4.0
	3.80



	[20] *
	Duroid

5880
	open and

shorted stubs
	∼42% @ 1.85 GHz

∼45% @ 2.15 GHz

∼38% @ 2.48 GHz

∼48% @ 3-tone signal
	−10.0
	5.00



	this work    †  
	FR-4
	shunted stubs
	58% @ 866 MHz

68% @ 948 MHz

47% @ 2.423 GHz

81% @ 3-tone signal
	0.0
	13.00







† simulated results, * measured results.



















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
individuals
‘Bwed g and Crossov erl

I

‘ Mutation |
—_ |
ottspring Popuition

Replace old population
with the new one

Satisty stop crterion?

‘ ‘Generate 1 population of
parameters

‘ ‘Evaluate fitness of I
individuals






media/file4.png
Select proper rectifier
design for the application

v

Select Schokky diodes for
the rectifier

v

Select rectifier's elements
for the application

In 5-Parameters and HB
simulation calculate the 511
and output DC voltage for
the given frequency

4 ¢ ™
Optimize rectifier's elements
and matching circuit (if
needed) with antenna’s
impedance

v

In 5-Parameters and HB

A

| simulation calculate the 511

-

and output DC voltage for
the given frequencies

-
Optimize rectifier's elements
and matching circuit with
antenna’s impedance using
Genetic Algorithm

k.

N N
In 5-Parameters and HBE
simuilation calculate the 511

and output DC voltage for

the extra frequency

AN "y

Frequency
and
Power achisved?

Yes

Harvest in
another frequency?

Yes

No
v

Calculate the efficiency of
the overall system.






media/file18.png
Efficiency [%]

100 —P_=-20dBm
—P._=-15dBm
80 —P,_=-10dBm
//\§ — P =-5dBm
60 / % N
l/ /\ \\_Pm: 0 dBm
\
20
% 20 80 100

40 60
R, [kOhms]

(a)

Efficiency [%]

100 —P._=-20 dBm
—P._=-15dBm
80f —P. =-10dBm
. /;\ —P. =-5dBm
i//-—-—N\ —P. =0dBm
40 %%
20
/
o 20 80 100





media/file21.jpg
=-5dBm
=-10 dBm

—P,
—Py
—P,

14 16 18 2
Frequency [GHz]

12

1

g g 9 S o =}
B I & °

[%)] Aousioly3 uoISIEAUOD Jamod





media/file3.jpg
Select proper rectifier
design for the application

InS-Pacameters and HB
simulation calculate the S11
‘and output DC voltage for

the given frequency

Select Schokky diodes for
‘the rectifier

timize rectifier’s elements|

and matching circuit (f
Select rectifier elements needed) with antenna’s
for the application impedance

InS-Parameters and HB
simulation calculate the S11

‘and output DC voltage for
the given frequencies

Optimize rectifiers clements | | InS-Parameters and HB

‘and matching circuit with || simulation calculate the S11

antenna’s impedance using || and output DC voltage for
Genetic Algorithm the extra frequency

Yes

Caleulate the efficiency of
the overall system.






media/file22.png
20

—
O

Power Conversion Efficiency [%]

—P =0 dBm
—P._=-5dBm
—P._=-10dBm

B | I T | o T

...............................................................................................................................

T Iy
Frequency [GHZ]





media/file19.jpg
o,

Eficency (%)
28 8

] ]
et Pt
]
S
)
R e L e e
s i

@

(®)

o





media/file7.jpg
B1
—— Sl
D1 T
* R
L
RE (=3 (. ;;
g
me® b3 ==
~ (B2 I }Cs 4]

€1

v

C2





media/file10.png
TL1

TL6

TLS TLS

B2

TL10 0

(a) (b)





media/file14.png
[ Representation1=1 ]

|
Generate 1 population of
parameters

|

{ Evaluate fithess of J

individuals

Selection of the
mndividuals

[Breeding and C:mssm'er}

'

[ Mutation ]
[

{

Replace old population
with the new one

|

Offspring Population

satisfy stop criterion?

NO






media/file11.jpg





media/file6.png
RF input power
(nTone signal of f1, {2, ..., fn)

A B1 C1
~ Impedance Voltage- _. .l,

matching Doubler
network (fl)
Cutput Load
B 2 (device or battery)
> Impedance C2 A A
matching Voltage-
network (£2) Doubler _.__
Bn
» Impedance Cn
matching Voltage-
network (fn) Doubler +—






media/file15.jpg
Reflection Coefficient (\Sﬂ\) [dB]

-30 dual-band rectifier
triple-band rectifier

08 1 12 14 16 18 2
Frequency [GHz]

22

24





nav.xhtml


  telecom-02-00018


  
    		
      telecom-02-00018
    


  




  





media/file16.png
Reflection Coefficient (|S11|) [dB]

=
o O

L
)

+dual-band réotifier |

—=triple-band rectifier

14 16 18 2

Frequency [GHZ]





media/file2.png
ANTENNA

N\

/

Impedance
matching
network

Y

RF-to-DC
Rectifier

Output Load

(device or battery)






media/file20.png
—dual-bahd rectifier

7 :
—dual-band rectifier
—triple-band rectifier |

\
)

0 —triple-band rectifier

\
\
~

[0)]
(=]

I
Q

Efficiency [%]

out [Volts]
N w LN






media/file5.jpg
RF input power

(Tone signal of f1, £, .., fr)

A

Impedance Voltage:
B gl e
netvork (f)
Voliage-
Doudler
Impedance
matching @ | voltage-

network (fn)

Doubler

Output Load
(device or battery)






media/file1.jpg
ANTENNA

Impedance
matching
network

RF-to-DC
Rectifier

Output Load
(device or battery)






media/file12.png
e S e

(a) (b) (c)





media/file9.jpg





media/file0.png





media/file8.png
RF
input
source

[ v

‘CZ

(S
B1 |
~
N
Y
BZ. | cs
|





media/file17.jpg





