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Abstract

:

This paper proposes a structure of the  μ W RF energy harvesting (RFEH) system that is used for scavenging RF power from an ambient environment. A cross-coupled rectifier (CCR) with floating sub-circuit structures was utilized in the application of dynamic threshold MOSFET (DTMOS) on Silicon on Thin Buried Oxide (SOTB) to obtain high drain conductance of the MOSFET. A wide bandwidth matching between antenna and rectifier was designed to receive energy from the orthogonal frequency division multiplexing (OFDM) RF signal with a bandwidth of 15 MHz at 950 MHz band. Realistic measurements with a 950 MHz LTE mobile phone signal from the ambient environment indicate that an average DC output power of 2.77  μ W is harvested with the proposed RFEH system at a level of −19.4 dBm input power. The proposed RFEH system exhibits the best performance when compared to that of other realistic RFEH systems and is a potential candidate for battery-less Internet of Things (IoT) applications.
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1. Introduction


Recently, energy harvesting (EH) has attracted a considerable amount of attention because it is an essential solution to eliminate the need for a battery in Internet of Things (IoT) applications [1]. An EH system harvests energy from an ambient source and converts this energy into DC power that is supplied for a sensor node. Energy sources in the environment include multi-forms such as: solar energy, thermal energy, ambient RF energy, and piezoelectric energy [2]. In this context, an RFEH system demonstrates its importance owing to its continuous and well-known properties by harvesting an RF signal in the ambient environment.



A disadvantage of the RFEH is that the RF signal level in an environment is low. A power density of an RF signal in [2] was presented in a range of 0.2 nW/cm   2  –1  μ W/cm   2  . In [3], measurement results showed that the median power value of a digital TV signal was −38 dBm, and that of a mobile phone signal was −25 dBm. In [4,5,6,7,8], the RFEH systems were designed and tested in real ambient environments at an  μ W level range.



In the RFEH system, a rectifier is used to convert an RF input signal to a DC output signal. The low input power of the RF signal leads to difficulties in the design of the rectifier circuit. In this case, the RF level is lower than the threshold voltage (  V  t h   ) of the rectified components, resulting in significant decreases in power conversion efficiency (PCE) of the system.



Several solutions were presented to increase the PCE of the system in the  μ W input power range. For the rectifier, preferred techniques include   V  t h    cancellation techniques, such as static   V  t h    cancellation technique [9], differential-drive topology [10,11,12], and floating sub-circuit bias [13]. Some authors proposed solutions for harvesting an RF signal in the environment by gathering a multi-band ambient RF signal such as designing multi-band antennas, multi-band matching circuits, and multi-band RF-DC conversion circuits [5,14,15,16]. A co-design of antenna and rectifier was proposed and demonstrated outstanding results in terms of sensitivity and PCE [17,18].



Although several studies have focused on RFEH, the majority of the studies tested their full RFEH system performance with an RF signal from a dedicated source and not a realistic RF signal from an ambient environment [11,18,19]. Minor information on measurement results from a realistic ambient signal are reported in [5,6,7,17,20]. The results in the studies are limited to short time measurement.



The target of the present study involves designing an RFEH system that harvests the real RF signal from the environment. Based on the properties of the RF signal in the environment, including low level modulated LTE signals, the structure of the RFEH system was proposed. The dynamic threshold MOSFET (DTMOS) was proposed for application in a cross-coupled rectifier (CCR) with a floating sub-circuit to reach a high drain conductance rectifier. A wide bandwidth matching between antenna and rectifier is designed to ensure harvesting an entire bandwidth of the modulated RF signal. A dipole antenna matching with the rectifier was designed to complete the proposed RFEH system. With the proposed RFEH, measurements were performed in an indoor condition where a 4 LTE mobile phone signal was received, and the distance from a mobile phone base station to the measured position was 162 m. At −19.4 dBm input band power, the proposed RFEH system can generate 2.77  μ W average DC output power. The system shows stable performance through 24 h measurement, and 0.238 J was generated in a day. The results affirm the efficiency of the system and success in performing the target of design.



The paper is organized as follows: in Section 2, the spectrum of the ambient RF signal is presented. Then, the structure and design of the RFEH system to scavenging the ambient RF power is proposed in Section 3. We demonstrated the RFEH power harvested by the proposed RFEH systems in Section 4, followed by a conclusion in Section 5.




2. Ambient RF Power Structure


The ambient RF signals were measured in an office room at the University of Electro-communications, Tokyo, Japan. A signal analyzer Agilent CXA N900A and a dipole antenna CANDOX 44Sa21 were used to measure the spectrum of the RF signals in the environment. In measurement, a few specifications were set up as follows: resolution bandwidth was set at 100 kHz, and band power, which covers bandwidth (BW) of RF signals in the environment, corresponds to 15 MHz. The received power corresponds to the total band power that is set up as previous specifications. The received spectrum is shown in Figure 1.



As shown in the Figure 1, the RF signal at 952 MHz is the strongest, the power density at 100 kHz BW resolution is about −40 dBm, and the band power at 15 MHz BW is approximately at the −20 dBm level. The magnified spectrum of the 952 MHz signal is shown in Figure 1b. From the characteristics of the signal, it is concluded that the signal corresponds to an LTE downlink mobile phone signal with an orthogonal frequency division multiplexing (OFDM) modulation. Figure 2 shows the map of the measurement position. The mobile phone base station and antenna were located at the top of a building. The measurement position is in the center of the office room on the third floor. The measurement point and the base station are approximately 162 m apart.



From the measurement results, the target RF signal of the proposed RFEH system is the 952 MHz LTE mobile phone signal. The BW of the RF signal is approximately 15 MHz. Hence, BW of the RFEH system would be designed to be larger than 15 MHz for harvesting the RF signal from the ambient environment. Notably, such RF signals from 4G cell phone base stations are widespread in the ambient environment today where people are living in the world. Therefore, cell phone RF energy is one of the ideal energy sources for RFEH.




3. Structure of RFEH System


There are two main characteristics of the environmental RF signal which decide the configuration of the RFEH system, which are power level and modulation type. Studies to improve the power conversion efficiency (PCE) of rectifier in low input power range were proposed [10,17,20]. High Q circuit, which has high passive voltage gain, is an effective solution to boost PCE. The effect of modulated type of RF signal to the efficiency of the RFEH system is also analyzed [21,22,23].



Besides, the BW of the RF signal is an essential characteristic that affects the configuration of the RFEH system. The relationship between Q factor and BW of a resonator [24,25] is shown as in Equation (1)


  Q =  ω 0     E s   P D     o r  Q =   f 0   Δ f    



(1)




where   E s   is energy stored in the resonator,   P D   is average power dissipated in the resonator,   ω 0   is the resonant frequency in radians/second,   f 0   is the resonant frequency in Hz, and   Δ f   is the BW.



From the equation, the Q factor is limited by the BW of the target RF signal. For example, to harvest the LTE mobile phone signal, which has 15 MHz BW, as mentioned in Section 2, the Q factor should be smaller than 63. However, the BW of the matching circuit needs to be wide enough to cover the BW of the RF signal to ensure that no RF power is lost.



In this study, to harvest the LTE signal, we proposed the structure of the RFEH system comprising a high drain conductance rectifier and a wide BW matching between antenna and rectifier. The Q factor of the proposed RFEH system is limited to ensure the BW of the LTE signal, resulting in the PCE of the proposed system harvesting a sine wave signal is smaller than other high Q harvesters. However, the PCE of the proposed system, when harvesting the LTE signal in the environment, is the highest in comparison to the other studies at the same input power level. The results prove the efficient structure of the proposed RFEH system.



3.1. DTMOS CCR with Floating Sub-Circuit


In the dynamic threshold voltage MOSFET (DTMOS) technique, the body of the MOSFET is tied to the gate. A very low voltage on the DTMOS technique to obtain a much higher current drain than regular MOSFET has been reported [26]. In the energy harvesting technique, DTMOS is applied to the rectifier circuit as a diode-connected rectifier [27], self   V  t h    cancellation configuration [28], cross-coupled rectifier [29]. In our study, we propose the application of DTMOS to CCR with floating sub-circuits. Generally, the RF level in an environment ranges from −30 dBm to −10 dBm. At this level, we proved the amount of DC voltage level-up obtained from floating sub-circuit driving to DTMOS leads to an increase in drain current. The drain current of the proposed circuit is the highest when compared to the other configurations.



The proposed circuit was fabricated on 65 nm Silicon on Thin Buried Oxide (SOTB) CMOS technology [30]. In this technology, the threshold voltage of the MOSFET can be modulated by body bias, such that DTMOS performance is more effective. The body bias constant is defined by Equation (2)




   α =   Δ  V  t h     Δ  V  B S       



(2)





The body bias constant is almost 150 mV/1 V at SOTB [31]. This value is higher than that of a conventional Bulk CMOS. The effectiveness of DTMOS in terms of decreasing the threshold voltage of MOSFET when compared to the body-tide-to-source MOSFET (BTMOS) in the 65 nm SOTB technique was reported earlier [32]. The RF characteristics of SOTB 65 nm technology are validated in [33], and   f  m a x    of PMOS and NMOS of SOTB devices are 20 GHz and 28 GHz, respectively. These parameters proved that the SOTB technology works effectively at 1 GHz frequency range.



The CCR with floating sub-circuits was first proposed in [13]. One stage of the rectifier circuit is shown in Figure 3. The circuit consists of three CCRs, namely the main CCR and two CCR sub-circuits. The sub-circuits include open loads to increase the DC voltage levels at points OP1 and OP2, resulting in the DC levels at FL11, 12, 21, 22 also increasing. These voltages are supplied to the gates of MOSFETs in the main CCR. Therefore, in comparison to a conventional CCR, the scheme supplies a higher DC level to the gates of the MOSFETs. In the main CCR, W/L of NMOSs and PMOSs are 2.4  μ m/60 nm, coupling capacitors,   C  c m    are 1 pF each. Coupling capacitors in the CCR sub-circuit   C  c s    are 0.5 pF each.


   V  G S     N 1   =  V  R F 2   −  V  R F 1   + Δ  V  D C    



(3)







Considering the NMOS N1 in the main CCR, as shown in Figure 3, in forwarding bias region, the gate of N1 corresponds to FL12, and the source of N1 corresponds to M1. The difference in the levels of DC voltages between the points is denoted by   Δ V D C  , as indicated in Equation (3). The voltage   Δ V D C   represents the effectiveness of CCR with floating sub-circuits in comparison to a conventional CCR. Figure 4 shows the simulated dependence of   Δ V D C   on the input power in the CCR with floating sub-circuits. As shown in Figure 4, at the target input power range, the floating sub-circuit brings an amount of DC voltage to the gate-to-source voltage of MOSFET in the main CCR. At an input power of −20 dBm, the amount of   Δ V D C   becomes 63 mV.



Figure 5 shows the simulated results of IV characteristics in 4 configuration types: diode-connected BTMOS, diode-connected DTMOS, DTMOS in CCR, and DTMOS in CCR with floating sub-circuits. As shown in the figure, with the same diode-connected configuration, DTMOS brings higher drain current than BTMOS. When applying DTMOS to CCR and CCR with floating sub-circuits, the drain current of the latter configuration is higher than the former. It is concluded that the application of DTMOS on CCR with floating sub-circuits provides the highest drain current of the MOSFET, thereby increasing the efficiency of the rectifier in low input power range as compared to that of other configurations.



Figure 6 shows the simulated Q factor   Q  R E C T    of the rectifier depending on the number of rectifier stages at 950 MHz and the level of input power (  P  I N   ) of −20 dBm. In the simulation, the effect of parasitic components of on-chip, off-chip pads, and bonding wires is accounted for.



From Equation (1), to guarantee the BW of the RF signal, which is 15 MHz at the center frequency of 950 MHz, the Q factor should be smaller than 63. Generally, a designed BW and a real BW are not identical. From Figure 6, the Q factor of a 3-stage rectifier is 43; hence, BW is 20 MHz. This BW is large enough to ensure discrepancy design between the designed BW and real BW. Therefore, the number of stages is chosen as 3.




3.2. Matching Circuit and Antenna Structure


The rectifier chip is attached to a FR4 PCB board. Two configuration schemes of the RFEH system are designed and implemented, as shown in Figure 7. In the RFEH scheme 1, a dipole antenna is directly connected to the rectifier board. In the RFEH scheme 2, a hybrid coupler Krytar 4010124 is used to connect an antenna and the rectifier board. The RFEH scheme 1 is designed so that the system can harvest the RF energy from the ambient environment. The simple dipole antenna is utilized for the practical use of RFEH. The RFEH scheme 2 is mainly used to obtain experimental data using a signal generator and an RF energy source.



Figure 8 shows equivalent circuit of RFEH scheme 1. In the figure,   Q  U 1    is unloaded Q factor, and   Q  L 1    is loaded Q factor at feed-point of the antenna of scheme 1.



When system matched,   Q  L 1    is calculated by Equation (1). The relationships between   Q  R E C T   ,   Q  U 1   , and   Q  L 1    are shown in Equations (4) and (5):


   1  Q  U 1    =  1  Q  R E C T    +  1  Q e    



(4)






   Q  U 1   = 2  Q  L 1    



(5)




where   Q e   is a Q factor of external components in the PCB, which consists of transmission lines, matching component   L  M 3   . To reduce loss,   Q e   should be maximized. In the proposed system, to increase   Q e  , the transmission line is short, which only 16 mm, and high Q matching components are chosen for the matching circuit. Besides,   Q  R E C T    should dominate the Q factor   Q  U 1    and be moderate value to ensure the BW of the RF signal. When conditions are guaranteed, the BW of the RFEH system is wide enough to harvest the target RF signal.



The S parameter of the system is measured by a network analyzer ENA E5071C. In Figure 8, the impedances   Z  R 1    from point P5 to P6 and   Z  d d    from point P1 to P2 correspond to differential-to-differential impedances. The impedance   Z  d d    is 1-j*15.4 at 950 MHz. An inductor of 2.7 nH is added as the matching component. Figure 9a shows the measured impedances   Z  d d   ,   Z  R 1    and   Z  A 1    at the target frequency band from 940 MHz to 960 MHz. To match with a capacitive impedance   Z  R 1   , a 16-cm wired dipole antenna which length is equivalent to 0.51 wavelength of 950 MHz is designed.



Figure 9b shows S11 of the RFEH scheme 1. Bandwidth at −3 dB level is from 926 MHz to 988 MHz which is equivalent to 62 MHz BW. The center matched frequency is 959 MHz.   Q  L 1    and   Q  U 1    calculated from Equations (1) and (5) are 16 and 32, respectively.



In the RFEH scheme 2, the hybrid coupler is used to divide the received RF power from the antenna into two differential RF signals that are supplied to the rectifier with   180 0   phase difference. The effect of phase differences between the two paired RF inputs was validated [32]. With the hybrid coupler, the phase difference becomes exactly   180 0  ; hence, the output voltage is maximized.



Figure 10 presents equivalent circuit of the RFEH scheme 2. The detail circuit and parameters of components in the PCB board are shown in the Appendix A of the paper.



Matching circuits are attached at P1 and P2 points in the PCB board, as shown in Figure 10. Input impedance at the points P1 and P2 are 9-j*5 and 8.4-j*5. In the scheme, matching circuits are used to match P1 and P2 with 50  Ω  ports, Port1 and Port2, respectively. L type matching circuit consisting of a 4.1 nH inductor and a 6.5 pF capacitor is designed as shown in Figure 11.



Figure 12 shows the simulated and measured reflection coefficients S11 at Port 1 and Port 2, respectively. Because the rectifier is a nonlinear circuit, so harmonic balance method (HBM) of advanced design system (ADS) software is used for simulation. At each frequency, input power is set up, then input voltage and current are simulated. From these parameters, an input impedance of the rectifier at specified input power and frequency is defined. The simulated S11 is calculated from the input impedance of the rectifier. Figure 12 indicates that the simulated and measured results are almost identical. The frequency band of the target RF signal corresponds to a range of 945–960 MHz, which is within the −10 dBm loss band.



Figure 13a shows a measured impedance of the RFEH scheme 2. The impedance at the feed point of scheme 2, which is denoted by   Z  R 2    in Figure 8, has an inductive property. A 14.3-cm wired dipole antenna whose length is equivalent to 0.45 wavelength at 950 MHz is designed to match with the rectifier. The Figure 13b shows S11 of the RFEH scheme 2. Bandwidth at −3 dB level is 41 MHz from 928 MHz to 969 MHz. A center frequency is 954 MHz.   Q  L 2    and   Q  U 2    calculated from Equations (1) and (5) are 23 and 46, respectively.





4. Measurement Results


4.1. Measurement in Anechoic Chamber


In this measurement, the RFEH scheme 2 is used. We first evaluate the characteristics of the rectifier with a signal generator SMJ100A. The signal generator generates the RF signal as input to the hybrid coupler of scheme 2. The hybrid coupler then divides the RF signal into two differential signals and supplies the signals to the rectifier. Figure 14 shows simulated and measured results when the RF signal is a continuous sine wave (CW) signal at a frequency of 950 MHz. As shown in the Figure, the rectifier reaches a sensitivity of 1 V at an input power of −13 dBm at 560 k Ω . The highest power conversion efficiency (PCE) at a level of −10 dBm input power corresponds to 51% at a load of 10 k Ω .



The simulation results are obtained from the HBM in the ADS. The PCE is calculated by Equation (6):


  P C E  ( % )  =   P  D C o u t    P  R F i n    100 % =    V  o u t  2   R L    P  R F i n    100 % =   V  o u t  2    P  R F i n    R L    100 %  



(6)




where   P  R F i n    is RF input power,   P  D C o u t    is DC output power.   V  o u t    is output voltage at load   R L  .



The proposed RFEH system was measured in an anechoic chamber, as shown in Figure 15. The RF power at the measurement point is defined by measuring the received power using a reference dipole antenna, CANDOX 44Sa21.



Figure 16, Figure 17 and Figure 18 show the measurement results of the proposed RFEH in the chamber room. The rectifier circuit is designed to match with the antenna, thereby achieving higher results when measuring in an anechoic chamber as compared to those obtained with a signal generator. In Figure 16a, the output voltages of the proposed system at 10 M Ω  load are presented. The sensitivity 1 V is obtained at a level of −17 dBm input power of modulated signals. Figure 16b shows the PCE of the proposed RFEH system when harvesting CW signals at different input powers and loads. From the Figure, the highest PCE of 57% is achieved at −10 dBm input power and 10 k Ω  load.



Figure 17 shows the PCE of the proposed system at different input power levels when the RFEH system harvests the CW signal and modulated signals. The characteristic of the modulated signal is defined by a Peak-to-Average-Power ratio (PAPR). The PAPR was evaluated when a Complementary Cumulative Distribution Function (CCDF) of the signal is 0.001% [21]. In our measurement, PAPRs of CW, BPSK, 64 QAM, and 256 QAM signals are 0.1 dB, 2.82 dB, 6.23 dB, 5.76 dB, respectively.



At a level of −20 dB input power, the PCE of the RFEH system harvesting the modulated signal obtains 19%, while that of the system harvesting the CW signal is only 11%. At −10 dBm input power, the PCE of the system, when excited by the CW signal, is the highest, which is 57%. The results indicated that modulated signals boost the efficiency of the proposed system at the low input power range.



Figure 18 shows the relationship between PCE and PAPR of the modulated signals. In the chamber room, when harvesting modulated signals at a level of −20 dBm power, the PCE of the proposed system is 19%. At the same level, the efficiency of the system reaches 18% when harvests OFDM signal in the environment. The results prove the efficient performance of the proposed system in a real ambient environment and essentially an agreement with the results obtained from measurements done in the anechoic chamber room.




4.2. RF Energy Harvesting from the Environment


Figure 19 shows the measurement set up in an office room at a laboratory in the University of Electro-Communications, Tokyo, Japan. The map of the measurement position is shown in Figure 2. The input power is measured by a signal analyzer Agilent CXA N900A. Output voltages are measured by a digital multimeter DMM7510, and the data is stored on a computer. The time resolution of the measurement with the multimeter is set to a second.



The level of RF signal in the ambient environment is not stable and continuously changes depending on many factors such as position, time, and weather. To comprehensively express the performance of the proposed RFEH system when harvesting RF signal, it is essential to measure and store data over a long evaluation time. This data is analyzed, and the performance of the system is studied. In the paper, all the measurement results with ambient RF signals were performed in real-time, and distribution data are presented.



Figure 20 shows the measured input power measured for an hour. The distribution of the input power is shown in Figure 21. From the figures, it can conclude that the general LTE level at the measurement position is −19.4 dBm, and the average input power is −18 dBm.



In the first measurement, the output voltage of the RFEH system when harvesting LTE signal is measured at 100  μ F capacitor and open load, as shown in Figure 22. The figure indicates that the voltage at the capacitor is charged to 1 V after 15 s.



  P C   in the figure stands for power charged at capacitor which is calculated by Equation (7)




    P C  =   C   V  o u t 2  2  −  V  o u t 1  2     2   t 2  −  t 1     =   C   V  o u t 2  2  −  V  o u t 1  2     2 Δ t     



(7)





In the next measurement, the performance of the proposed RFEH system with different load resistors is measured. Figure 23 shows the measured output voltage at 10 M Ω  load of the RFEH scheme 1 as measured for an hour. The output voltages are in the range of 0.8–1.15 V.



Figure 24 and Figure 25 show the measured output power and its distribution of the proposed RFEH scheme 1 as measured for an hour. As shown in the Figure, the general output power that the proposed RFEH scheme 1 generated is 2.09  μ W, and the average power for the one-hour measurement corresponds to 2.77  μ W.



In the next measurement, the stable operation and efficiency of the proposed RFEH system are tested and measured for 24 h. Figure 26 shows output power over every second of the RFEH scheme 2. The proposed system generates a 2.75  μ W average DC power as measured for 24 h. The total power received by the proposed RFEH system in a day is 0.238 J.



As mentioned above, the level of the LTE signal in the real environment continuously changes, causing the output power of the RFEH system changes. Therefore, the efficiency in the case measured in the ambient environment is calculated by the distributions of input RF power and output DC power. From Figure 21 and Figure 25, the PCE of the RFEH system is 18% at a level of −19.4 dBm input power.



Compared with the 1  μ W output power that the system generates with the CW signal, 2.77  μ W output power obtained by harvesting the RF signal from the ambient environment shows significantly better results. The results prove the efficient operation of the proposed RFEH systems when performs in the ambient environment.



Figure 27 presents the recent state-of-the-art results obtained in ambient RF energy harvesting. Table 1 shows a comparison of the results between studies on ambient RFEH and those obtained from the present study. As observed from the figure and table, we conclude that in the present study, the proposed RFEH harvests the highest output power at the same input power level when compared to the other studies.



In Figure 27, the wireless energy harvester [20], which is a high Q system, generates 0.2  μ W at −30 dBm input CW signal but that at −18.6 dBm input power of real Wifi signal is 3.3 nW. Whereas, to ensure a wide bandwidth, in the proposed system, the Q factor is abandoned. Therefore, the resulting output power of the system when harvesting the CW signal is 1  μ W at −20 dBm input power. At the same level, when the system scavenges the LTE signal, the output power of the system is boosted to 2.77  μ W. The results prove that the structure of the RFEH system proposing in this study is effective in environmental performance.





5. Conclusions


We herein proposed the design of an RFEH system to harvest an RF signal from an ambient environment. The moderate Q factor is designed to have the necessary bandwidth for scavenging an ambient RF signal. A DTMOS CCR with floating sub-circuits is proposed to achieve a high conductance configuration for improving efficiency. A wideband matching between antenna and rectifier is obtained to guarantee the bandwidth of the RF signal. A simple wire dipole antenna is designed to match with the rectifier. Two structures of the RF energy harvesting system are proposed. The proposed systems obtained 2.77  μ W at an input power of approximately −20 dBm by scavenging an environmental LTE mobile phone signal with 15 MHz bandwidth at 952 MHz frequency. The total power that the system harvested for a day accounts for 0.238 J. The obtained results indicate the highest performance at the input level range when compared to the other studies, thereby demonstrating that the proposed RFEH system has good potential for battery-less IoT applications.







Author Contributions


Main investigation, T.-L.N.; Validation, Y.S.; Principle supervisor, K.I.




Funding


This research is funded by JST-CREST Grant Number JPMJCR16Q1.




Acknowledgments


The research is also supported by VLSI Design and Education center (VDEC), the University of Tokyo in collaboration with Synopsys, Inc. and Cadence Design Systems, Mentor Inc.




Conflicts of Interest


The authors declare no conflict of interest.





Appendix A


Figure A1 presents a detailed schematic of the RFEH system, where all components and parasitic components are included.
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Figure A1. The equivalent of the RFEH scheme 2. 
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Table A1 shows the definitions and values of words in the Figure A1.
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Table A1. Definition table.






Table A1. Definition table.













	Word
	Definition
	Value
	Word
	Definition
	Value





	   L M   
	Inductor for matching
	4.1 nH
	   Q  L M    
	Quality factor of   L M  
	40



	   C M   
	Capacitor for matching
	6.5 pF
	   Q  C M    
	Quality factor of   C M  
	400



	W
	Width of transmission line
	
	   L  T L    
	Length of transmission line
	



	   L B   
	Parasitic inductor of bonding wire
	
	   Q B   
	Quality factor of bonding wire
	64



	   C P   
	Parasitic capacitor of pad in PCB board
	0.01 pF
	   C  E S D    
	Parasitic capacitor of pad on chip
	2.1 pF
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Figure 1. Measured spectrum of RF signals at the measurement position: (a) Spectrum of RF signals and (b) Magnified spectrum of the 952 MHz signal. 
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Figure 2. Map of the measurement position and picture of mobile phone antenna. 
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Figure 3. Dynamic threshold MOSFET (DTMOS) cross-coupled rectifier with floating sub-circuits. 
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Figure 4. Simulated DC level-up amount (  Δ  V  D C    ) from the floating sub-circuit. 
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Figure 5. Simulated IV characteristic of the DTMOS diode, body-tide-to-source MOSFET (BTMOS) diode, DTMOS cross-coupled rectifier (CCR) configuration, and DTMOS CCR with floating sub-circuits configuration. 
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Figure 6. N-stage CCR with floating sub-circuits: (a) block diagram of the circuit, and (b) simulated dependence of Q factor on the number of rectifier stages. 
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Figure 7. Proposed RF energy harvesting (RFEH) systems: (a) rectifier micrograph, (b) the RFEH scheme 1, and (c) the RFEH scheme 2. 
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Figure 8. The equivalent circuit of the RFEH system scheme 1. 
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Figure 9. Measured impedance and S11 of the RFEH scheme 1: (a) Impedance, (b) S11. 
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Figure 10. Equivalent of the RFEH scheme 2. 
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Figure 11. Matching in smith chart for the RFEH scheme 2. 
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Figure 12. Simulated and measured reflection coefficients at: (a) Port 1 and (b) Port 2. 
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Figure 13. Measured impedance and S11 of the RFEH scheme 2: (a) Impedance and (b) S11. 
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Figure 14. Measured and simulated output of the RFEH system with the signal generator when the system is excited by continuous sine wave (CW) signal: (a) Output voltages and (b) power conversion efficiency (PCE) at different loads and input power. 
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Figure 15. Measurement setup in an anechoic chamber. 
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Figure 16. Measurement results of the proposed RFEH system in an anechoic chamber: (a) Output voltages at 10 M Ω  with CW signal and modulated signals and (b) PCE with a CW signal. 
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Figure 17. Measured PCE of the RFEH system in different loads in the anechoic chamber: (a) at −20 dBm input power, and (b) at −10 dBm input power. 
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Figure 18. Measured dependence of PCE on Peak-to-Average-Power ratio (PAPR) of RF signal. 
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Figure 19. Measurement condition in the office room. 
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Figure 20. Input power as measured for 1 h. 
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Figure 21. Distribution of input power as measured for 1 h. 
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Figure 22. Output voltage of the RFEH scheme 2 at a load 100  μ F capacitor. 
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Figure 23. Output voltage of scheme 1 at 10 M Ω  loads as measured for 1 h. 
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Figure 24. Output power of scheme 1 at 82 k Ω  loads as measured for 1 h. 
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Figure 25. Distribution of output power of scheme 1 at 82 k Ω  loads as measured for 1 h. 
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Figure 26. Output power of scheme 2 at 100 k Ω  loads as measured for 24 h. 
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Figure 27. Recent state-of-the-art in ambient RF energy harvesting. 
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Table 1. Comparison table.
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	This Work
	Kitazawa 2013 [8]
	Stoopman 2014 [17]
	Furuta 2016 [4]
	Sadagopan 2018 [20]





	Technology
	65 nm SOTB CMOS
	Diode HSMS285C
	90 nm CMOS
	Diode HSMS285C
	GP 65 nm CMOS



	Rectifier stages
	3-stage DTMOS CCR with floating sub-circuit
	2-stage charge pump
	5-stage CCR
	1-stage and 2-stage Cockcroft- Walton
	6-stage CCR



	Frequency
	LTE 950 MHz band
	V-High (205–225) MHz, DTV (465–545) MHz, BTS (850–900) MHz
	868 MHz
	DTV 500 MHz band
	Wifi 2.4 GHz band



	Sensitivity @ Input power, Load
	0.9 V @ −20 dBm, 10 M Ω 
	na
	1 V @ −27 dBm,    R L  = ∞  
	0.8 V * @ −15 dBm, 39 k Ω 
	1 V @ −36 dBm,    R L  = ∞   Primary mode, 1 V @ −33 dBm,    R L  = ∞   Cold start



	Max PCE with sine wave signal
	57% @ −10 dBm
	9.1% @ −20 dBm
	40% @ −17 dBm
	48.9%@ −15 dBm
	na



	Output power @ input power with RF signal from ambient environment
	2.77  μ W @ −19.4 dBm
	1.9  μ W * @ −15 dBm *
	0.16  μ W * @ −4.6 dBm
	22.53  μ W * @ −13 dBm
	3.3 nW * @ −18.6 dBm *







*: Calculated from graph.
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