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Abstract

:

Radio-frequency (RF) energy harvesting (EH) is emerging as a reliable and constantly available free energy source. The primary factor determining whether this energy can be utilized is how efficiently it can be collected. In this work, an RF EH system is presented. More particularly, we designed a dual-band RF to DC rectifier circuit at sub-6 GHz in the 5G bands, able to supply low-power sensors and microcontrollers used in agriculture, the military, or health services. The system operates at   3.5   GHz and 5 GHz in the 5G cellular network’s frequency band FR1. Numerical results reveal that the system provides maximum power conversion efficiency (PCE) equal to 53% when the output load (sensor or microcontroller) is   1.74   kΩ and the input power is 12 dBm.
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1. Introduction


The Fourth Industrial Revolution changed the industry model by applying digitalization to old-style factories. This revolution is known as “Industry   4.0  ”. The   4.0   attribute focuses on the Internet of Things (IoT) applied to industrial systems [1]. The IoT is a system in which different “things”, such as people, animals, objects, computing devices, or digital machines, connect to each other and are capable of transferring data over a network without requiring any interaction between humans or humans and computers.



A “thing” in the IoT (Internet of Things) could be an animal on a farm with a biochip transponder, a human with a heart implantable device, a car that has built-in sensors to alert the driver when something goes wrong with his vehicle, or any other natural or man-made object that can take an IP (Internet Protocol) address and can transfer data via the Internet. More and more organizations in many industrial units are using the Internet of Things to work more efficiently and more professionally, to understand their customers better, enhance customer services, improve decision making, and finally increase the value of their business. Hence, nowadays, the Internet of Things is one of the most important technologies, and it will continue to grow as more and more industries and businesses understand the potential of connected devices to keep them competitive [2,3].



According to the [4,5], there is an unprecedented increase at a rate of over 50% per year of wireless data traffic for each user. This is expected to accelerate over the next 10 years with the frequent use of video and the rise of the IoT. To address this phenomenon, the wireless industry is moving towards 5G cellular technology.



With a possible peak speed of 20 Gbps and minimal latency (compared to 4G peak speed of 1 Gbps), 5G technology can enhance the performance of commercial and industrial applications as well as other digital experiences, such as online gaming and teleconferencing. While earlier generations, such as 4G, were more concerned with providing connectivity, 5G virtualized networks take connectivity to the next level, bringing linked benefits from the cloud to clients [6].



Since the establishment of the fifth-generation (5G) cellular network, substantial new technological innovations have brought cutting-edge applications and services [7,8] to current cellular and mobile networks [9,10,11,12,13,14,15].



Scientists generally agree that the IoT era can significantly contribute to the current need to transition to green energy. With the evolution of electronic devices and the increase in energy requirements, the capacity to collect RF energy from dedicated or ambient sources could be used to charge low-power devices continuously and, over time, eliminate the need for batteries [16,17,18]. Ambient RF energy harvesting is always available as a free energy source and is omnidirectional [19]. However, its primary disadvantage is its low power. The combination of an antenna and a rectifier creates a system called a rectenna [20]. Figure 1 depicts a classic RF energy harvesting system [21] that contains a transmission antenna and a rectenna (receiving antenna, an impedance matching network (IMN), a rectifier, and a DC-DC converter). RF signals are collected from the antenna, and then the rectifier converts these signals into DC voltage. The impedance-matching network (IMN) regulates the impedance between the antenna and the rectifier. The DC–DC converter boosts and stabilizes the output of the rectifier [22].



The rectifier is the most important part of the rectenna system, which significantly affects the system’s efficiency [23]. The need for a rectifier circuit in autonomous systems is critical [24], especially in places with size and weight limits. There is a need for rectifiers that can transfer energy in many systems with minimum losses. In addition to that, the design of such a circuit must be very compact. There are a vast number of applications of such circuits in an IoT network. For example, in [25], there is a potential application of an IoT large-scale system that may benefit if it adopts the proposed circuit for RF energy harvesting. Additionally, other potential applications could include smart city [26], Internet of Vehicles [27,28], and Industrial IoT [29,30].



Rectennas are made to work at frequencies that are important for wireless communications and broadcast services. The fifth generation (5G) of cellular communications operates in Frequency Zone 1 (FR1), among others, at the n48, n77, and n78 bands (with a central frequency of   3.5   GHz, [31] ) and the n79 band (with a central frequency of 5 GHz, [32]).



The FR1 band is defined as one of the frequency bands in which 5G technology functions [33]. The FR1 band was intended to define bands below 6 GHz, but with some additional spectrum allocations, it was extended to   7.125   GHz; hence, the FR1 zone frequencies begin from 410 MHz to   7.125   GHz. The FR2 range refers to frequencies up to 20 GHz [34,35].



In the literature, several papers present dual-band rectifiers. The main differences are in the design of the impedance-matching network and in the power conversion efficiency. In this work, we present a novel dual-band rectifier circuit for the 5G FR1 zone, and we provide a complete design framework for a low-cost RF-to-DC rectifier.



The main contribution of this paper lies in the following.



	
We present a novel dual-band rectifier circuit for the 5G FR1 zone.



	
We discuss and provide a complete design framework for a low-cost RF-to-DC rectifier.



	
We propose a novel impedance-matching network that consists of two distinct branches, one for 3.5 GHz and the other for 5 GHz. Each branch consists of a T-shaped network with rectangular and radial stubs.



	
We design a circuit design that works at 2 sub-6 GHz 5G bands, (  3.5   and 5 GHz) simultaneously.






The proposed circuit achieves better power conversion efficiency than the others in the literature, as will be shown in the numerical results section. In addition to that, we have not been able to find a paper in the literature with a rectifier circuit that works at sub-6 GHz 5G bands, and only at 3.5 and 5 GHz simultaneously. This circuit can be part of an IoT node to harvest ambient RF energy, thus proving a green energy source. The IoT node may operate at a different frequency.



The remainder of this work is structured as follows: Firstly, we present the materials and methods in Section 2. In Section 3 we present the design specifications. In Section 4, we present the complete design of the proposed circuit and the numerical results. Section 5 discusses the contributions of this work and its main results. Finally, Section 6 outlines the concluding remarks of our work.




2. Materials and Methods


2.1. Related Work


RF-to-DC rectifier research can be widely categorized into integrated designs [CMOS and monolithic microwave integrated circuits (MMICs)] and discrete designs utilizing diodes or transistors. The use of CMOS technology can be found in several interesting works in the literature [36,37,38,39,40,41].



In [42], the authors fabricated a receiving antenna system that can harvest energy from Wi-Fi and WiMAX bands. This half-wave rectifier (HW) is on a Rogers RT/Duroid 5880 substrate and works at   3.5   GHz with a 0 dBm input with an efficiency of 44%. Another half-wave rectifier can be found at [43]. This rectifier achieves an efficiency of   42.5  %, by using the SMS-7630 diode and having an input of   − 10   dBm.



Full-wave (FW) rectifiers are the best choice for achieving the best results since we can take advantage of both halves of the RF signal. In [44], the authors designed a full-wave rectifier that achieved   39.6  % power conversion efficiency (PCE) at   3.8   GHz using an HSMS-2820 Schottky diode. Another full-wave rectifier was designed in [45] with a power conversion efficiency of   29.7  % for an input power of 6 dBm at   3.5   GHz. At a frequency of   3.5   GHz, the authors in [46] designed a Villard voltage doubler that reaches 42% power conversion efficiency with 14 dBm input power. The authors in [47] manufactured a full-wave rectifier on Rogers RO3003 substrate with 0 dBm as input power and two Schottky diodes, SMS  7630 − 079  LF. They achieved a power conversion efficiency of 42% at 3.5 GHz. In [48], the authors designed a full-wave rectifier that operates at sub-6 GHz in 5G bands with a central frequency of   3.5   GHz. This rectifier achieves a maximum PCE equal to   42.5  % when the output load is   1.1   kΩ and the input power reaches 9 dBm. The authors in [49] using SMS7630 diodes designed a rectifier that works at GSM900, GSM1800, UMTS2100, WiMax 3500, and Wi-Fi (  2.4   and 5 GHz). They achieve   33.5  % maximum PCE at   − 15   dBm when the frequency is   1.8   GHz. In [50], the designers fabricated a bridge rectifier that operates at 5 GHz. The circuit’s conversion efficiency is up to   36.4  %. A dual-band rectifier was designed in [51], which achieves   49.9  % power conversion efficiency with   1.1   kΩ load resistance and 0 dBm input power at 5 GHz. The authors of [52] created a rectifier with a PCE of   51.3  %, a frequency of   5.1   GHz, and an output load of 350 Ω.




2.2. Design Methodology


In our work, we demonstrate a dual-band rectifier circuit that operates in the frequency bands of the 5G cellular network, specifically at   3.5   GHz and 5 GHz. The design methodology for the rectifier circuit consists of four major steps: determining the appropriate substrate, selecting the circuit topology, selecting the appropriate diode, and designing an efficient impedance-matching network. [53]. This methodology is detailed in Figure 2 ([54]).





3. Design Framework


3.1. Substrate Selection


The selection of the proper substrate is a crucial part of the design process for rectifiers. A substrate with a low dielectric constant and low dielectric loss is required. We choose the “RT/Duroid 5880” substrate, which has a copper thickness of   0.035   mm, a dielectric loss tangent of   0.0009  , a thickness of   0.508   mm, and a dielectric constant of   2.2  . All of these features indicate that this substrate is suitable for high-frequency applications, such as the proposed dual-band rectifier that operates at   3.5   GHz and 5 GHz [55].




3.2. Topology Selection


The voltage multiplier, the bridge of diodes, and the single diode are three basic topologies for the design of a rectifier. We designed a Greinacher voltage multiplier because this circuit not only converts the AC input to DC output but also amplifies it [56]. This topology consists of two capacitors and two Schottky diodes. Figure 3 illustrates the Greinacher topology. We see two diodes (D1, D2), two capacitors (C1, C2), an AC source, and the ground GND. In this topology, a half-wave of input sinusoidal voltage passes through one diode. Then, the opposite half-wave surges through the other. Repeating the process doubles the voltage and charges the final capacitor. As a result, the output load has a double voltage [57].




3.3. Diode Selection


Diodes are a vital component in a rectifier circuit. For this circuit, we used the HSMS-286C diodes [45]. This group of diodes has been designed and optimized to work at frequencies between 915 MHz and   5.8   GHz. According to the manufacturer, these diodes are ideal for RF-to-DC conversion or voltage doubling. We achieved a high conversion efficiency thanks to their characteristics, which are the following: barrier capacitance    C  J 0   = 0.18  pF  , series resistance    R S  = 6  Ω  , breakdown voltage    B V  = 7  V  , typical capacitance    C T  = 0.25  pF  , and    V F  = 250  mV – 350  mV   [58].




3.4. Impedance-Matching Network Design


To guarantee that we have power transfer with minimum losses from the receiving antenna to the rectifier, we need to design an impedance-matching network. Thus, this circuit ensures minimum signal power reflection back to the source [59].



There are several different types of impedance-matching networks (IMNs) in the literature. These networks are made up of either distributed elements (such as microstrip lines and stubs) or lumped elements (such as inductors and capacitors). The proposed circuit works at   3.5   GHz and 5 GHz; hence, we used distributed elements because these are the best option at frequencies between 3 and 300 GHz. The lumped elements are generally used at frequencies below 3 GHz [53].



The proposed IMN consists of two distinct branches, one for   3.5   GHz and the other for 5 GHz. Each branch consists of a T-shaped network with rectangular and radial stubs. We chose radial stubs because they require less space on the chip and produce superior results. Figure 4 illustrates the appropriate impedance-matching network.



Table 1 includes the physical parameters of the transmission lines and stubs in the proposed impedance-matching network.





4. Numerical Results


We designed a dual-band rectifier on RT/Duroid 5880. The proposed IMN is a network with two branches, one for   3.5   GHz and one for 5 GHz. As we analyzed in Section 3, each branch is a T-type network with radial and rectangular stubs. In each branch, we designed and then connected a full-wave Greinacher voltage doubler.



Each voltage doubler was built with HSMS-286C Schottky diodes and two 100pF capacitors. Furthermore, the circuit contains various conductor lines of suitable length (L) and width (W) to connect all the other components (capacitors, diodes). All of these conductor lines are the proper size to aid the impedance-matching network. The output load is connected in a differential way. As a result, we designed a differential rectifier circuit topology to produce higher output power and voltage at low input power [60].



The commercial software Advanced Design System (ADS) from Keysight Technologies, uses the gradient optimizer algorithm, which is used to design and optimize this circuit.



Figure 5 depicts the complete design of the proposed dual-band rectifier.



We used an antenna port of    Z A  = 50  Ω   as an input to design the proposed rectifier. We selected an output load with a resistance of 2 kΩ. The initial impedance of the proposed circuit is   8.068   + j9.927 at   3.5   GHz and   6.764   + j27.956 at 5 GHz. With the design of the impedance-matching network, we want to match the impedance of the rectifier with the 50 Ω impedance of the antenna. We achieved the impedance of the circuit to be 50.057 − j0.161 at 3.5 GHz and 49.921 − j0.267 at 5 GHz by implementing the IMN, which we analyzed in the previous section. Figure 6 illustrates the reflection coefficient frequency response. The   S 11   value at   3.5   GHz and   5.0   GHz design frequencies is   − 55.335   dB and   − 51.114   dB, respectively. Furthermore, as shown in Figure 6, the   S 11   <   − 10   dB impedance matching this dual-band rectifier is equal to 80 MHz at   3.5   GHz and 90 MHz at 5 GHz. We note that the proposed circuit performs well in all the above cases.



One of the most noteworthy parts of the design is the output load. The choice of the output load determines the total RF-to-DC efficiency n% of the circuit. Equation (1), shows that when the output load increases, the efficiency of the circuit decreases. The total RF-to-DC efficiency n% is computed as follows:


  n =   P  i n    P  o u t    ,  P  o u t   =     V  o u t    2   R L   ,  



(1)




we classify the RF input power   P  i n   , the output power   P  o u t   , the output voltage   V  o u t   , and the output load   R L  .



Since we want to maximize the efficiency n%, we set a harmonic balance (HB) simulation to see the values of   R L   and   P  i n   , thus having better power conversion efficiency n%. Figure 7 displays the power conversion efficiency versus the output load   R L   of the proposed rectifier circuit. In this graph, we observe that the initial design has an output load of 2 kΩ and an input power of 12 dBm and achieves PCE   52.4  %. Moreover, we can easily derive that the maximum power conversion efficiency of the proposed circuit is 53% for an input power of 12 dBm and output load value of   1.74   kΩ. In addition, the proposed dual-band rectifier works well enough for low input power. The circuit achieves PCE,   22.5  % for input power   − 6   dBm and output load of   3.4   kΩ,   32.1  % for input power   − 3   dBm and output load of   3.4   kΩ, 40% for input power 0 dBm and output load of   3.16   kΩ and   49.5  % for input power 3 dBm and output load of   2.32   kΩ.



Figure 8 displays the power conversion efficiency versus the input power   P  i n    for the   3.5   GHz and 5 GHz bands separately. In this graph, we observe that the proposed rectifier has an output load of   1.74   kΩ achieves in 12 dBm PCE   22.7  % at   3.5   GHz and   30.7  % at 5 GHz.



In addition to output power, the output voltage is an important value. Figure 9 displays the output voltage of the rectifier versus the input power for an output load of 2 kΩ. We observe that we have a greater output voltage for 18 dBm input power, but for low input voltage (such as 0 dBm), we have remarkable output voltages. When we have maximum power conversion efficiency, the output voltage is equal to   3.8   V, while it is equal to   7.5   V when the output load is 2 kΩ and the input power is 18 dBm (Figure 9). As can be expected, as the input power increases, so does the output voltage.



Figure 10 below illustrates the layout of our dual-band rectifier circuit.



Table 2 compares the proposed rectifier to previous works that are full- and half-wave rectifiers operating at frequencies of   3.5   and 5 GHz, respectively. It is remarkable that among the designs, the proposed circuit design is the only one that works at sub-6 GHz 5G bands and only at   3.5   and 5 GHz simultaneously.




5. Discussion


The Fourth Industrial Revolution improved the industry model by applying digitalization to traditional industrial units. This revolution is known as “Industry   4.0  .” The   4.0   attribute focuses on the Internet of Things (IoT) applied to industrial systems.



There is an increase of over 50% per year in wireless data traffic for each user. This is estimated to accelerate over the next few years with the frequent use of video and the growth of the IoT. The wireless industry is moving to 5G cellular technology to address this phenomenon.



The technological innovations the Internet of Things (IoT) brings have led to more green energy sources. IoT is a system that can transfer data over a network without requiring interaction between humans or humans and computers. One example of a green source is radio-frequency (RF) which is omnidirectional and always available.



The growth of 5G has led to substantial technological innovations and the development of cutting-edge applications and services. In Frequency Zone 1 (FR1), 5G operates, among others, at the n48, n77, n78, and n79 bands.



In this work, we have presented a novel dual-band rectifier circuit (discrete design) that works at frequencies of   3.5   and 5 GHz. The design methodology of this rectifier has four steps: the decision for the appropriate substrate, the selection of the circuit topology, the choice of the appropriate diode, and the design of an effective impedance-matching network. For this circuit, we need a substrate with a low dielectric constant and low dielectric loss; hence, we selected the “RT/Duroid 5880” substrate. Then, we designed a Greinacher voltage multiplier. In addition, for this circuit, we used the HSMS-286C diodes. To guarantee that we have a power transfer with minimum losses from the receiving antenna to the rectifier, we designed an impedance-matching network with distributed elements.



After finalizing the design, the   S 11   value is   − 55.335   dB and   − 51.114   dB at frequencies of   3.5   and 5 GHz, respectively. Furthermore, the   S 11   −10 dB bandwidth (BW) is 80 MHz at   3.5   GHz and 90 MHz at 5 GHz. With an input power of 12 dBm and an output load of 2 kΩ, we achieved a PCE of   52.4  % and an output voltage of   4.074   V. Lastly, this full-wave rectifier performed exceptionally well with low input power.



It is notable that among the designs, the proposed circuit design is the only one that works at sub-6 GHz 5G bands and only at   3.5   and 5 GHz simultaneously. Additionally, this design can be used in several technological fields, such as military services, therapeutic, or telecommunication services. It can also be useful for different IoT applications that require energy harvesting.



Energy harvesting is undeniably an excellent technique for numerous self-powered microsystems. Mobile phones, wireless sensors, remote weather stations, calculators, watches, and Bluetooth are additional examples of such systems. Numerous companies have introduced mobile phones that charge using radio frequency (RF) signals. With the rapid growth of the IoT in recent years, RF energy harvesting will play a crucial role due to the limitless nature of RF signals. Rectenna systems will be of great use in smart homes and smart cities, which are also significant new scientific fields. It aims to solve the power supply issue of the innumerable IoT sensors, thereby contributing to the need to reduce their power supply or battery. It is not necessary to restrict energy harvesting to RF signals because there are numerous other sources, such as kinetic, chemical, friction, heat radiation, solar, etc. Consequently, the future of energy harvesting may involve combining these forms of energy to increase energy efficiency.



Regarding our future work, we intend to improve the PCE and the output voltage of the rectifier circuit. Moreover, we plan to make the rectifier operate at more frequencies. For example, we would like to make a rectifier that works at additional frequency bands such as   2.4   GHz and 6 GHz. In addition to that, we will try to improve the voltage and power efficiency of the total circuit.




6. Conclusions


In this work, we proposed a dual-band RF to DC rectifier at sub-6 GHz 5G bands. The circuit was designed on an RT/Duroid 5880 substrate with a dielectric constant of   2.2  . This circuit is suitable to work within Frequency Zone 1 (FR1) in the n48, n77, and n78 bands with a central frequency of   3.5   GHz and the n79 with a central frequency of 5 GHz. The Avago HSMS-286C diodes were utilized, while the Greinacher topology was selected. The impedance-matching network has distributed elements that consist of two different branches, one for   3.5   GHz and one for 5 GHz. The system presents a PCE of 53% when the output load is   1.74   kΩ and the input power is 12 dBm. The output DC voltage is   3.8   V, and it can supply low-power electronic devices, such as sensors and microcontrollers.
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Figure 1. Complete RF energy harvesting system. 
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Figure 2. Design methodology. 
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Figure 3. Greinacher topology. 
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Figure 4. Proposed impedance-matching network. 
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Figure 5. Proposed dual-band rectifier. 
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Figure 6.   S 11   Reflection coefficient. 
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Figure 7. Power conversion efficiency versus the output load   R L  . 
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Figure 8. Power conversion efficiency versus input power    P  i n    . 
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Figure 9. Output voltage versus input power. 
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Figure 10. Layout of the proposed rectifier. 
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Table 1. Physical parameters of the transmission lines and stubs.






Table 1. Physical parameters of the transmission lines and stubs.





	Parameter
	Width/Length
	Angle





	TL1
	  2.7  /3 mm
	-



	TL2
	  1.5  /  11.5   mm
	-



	TL3
	  1.5  /  16.6   mm
	-



	TL4
	1/  6.8   mm
	-



	TL5
	  1.5  /  11.5   mm
	-



	TL6
	  1.5  /3 mm
	-



	TL7
	1/  15.3   mm
	-



	STUB1
	700 nm/6.9 mm
	67 degrees



	STUB2
	  1.3  /  5.9   mm
	  33.6   degrees
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Table 2. Comparative results between proposed dual-band rectifier and previous works.
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	Reference
	Type of Circuit
	Substrate
	Diode
	Frequency (GHz)
	   P  i n     (dBm)
	   R L    (kΩ)
	PCE (%) @ Desired Frequencies
	    V  o u t     





	[42]
	Half-Wave rectifier
	RT/Duroid 5880
	SMS-7630
	  3.5  ,   5.8  
	0
	   0.5   
	44
	  656.88   mV



	[43]
	Half-Wave rectifier
	FR-4
	SMS-7630
	  2.4  ,   3.5  
	   − 10   
	-
	   42.5   
	-



	[44]
	Full-Wave rectifier
	FR-4
	HSMS-2820
	  2.45  ,   3.8  
	20
	   0.230   
	   39.6   
	  4.23   V



	[45]
	Full-Wave rectifier
	FR-4
	HSMS-2860
	   3.5   
	6
	1
	   29.7   
	  0.82   V



	[46]
	Full-Wave rectifier
	FR-4
	HSMS-286C
	  1.9  ,   2.5  ,   3.6  
	14
	3
	42
	  5.53   V



	[47]
	Full-Wave rectifier
	Rogers RO3003
	SMS-  7630 − 079   LF
	   3.51   
	0
	2
	42
	-



	[48]
	Full-Wave rectifier
	RT/Duroid 5880
	HSMS-286C
	   3.5   
	9
	   1.1   
	   42.5   
	-



	[49]
	Full-Wave rectifier
	-
	SMS-7630
	  0.9  ,   1.8  ,   2.1  ,   2.4  , 5
	   − 15   
	-
	  33.5   (@   1.8   GHz)
	  0.5   V



	[50]
	Full-Wave rectifier
	-
	Gallium Arsenide printed diodes
	5
	-
	-
	   36.4   
	-



	[51]
	Full-Wave rectifier
	FR-4
	HSMS-286B
	  2.45  , 5
	0
	   1.1   
	   49.9   
	  0.236   V



	[52]
	Full-Wave rectifier
	-
	-
	   5.1   
	15
	   0.350   
	   51.3   
	-



	This Work
	Full-Wave rectifier
	RT/Duroid 5880
	HSMS-286C
	  3.5  , 5
	12
	   1.74   
	53
	  3.815   V
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