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Achieving high efficiency at low input power for rectifiers is crucial for realizing the Internet of Things applications and also the ultimate goal in wireless power transfer community. So far, a specially engineered backward tunnel diode has demonstrated record-breaking high efficiency at an extremely low input power range with its superior performance over any Schottky diodes. However, its commercial unavailability and limited voltage swing range have restrained vast implementation. In this work, a new class of energy harvester taking advantage of low-temperature operation conditions is proposed. Measured results present a low thermally activated Schottky diode-based rectifier can surpass opponents built with the tunnel diode on both efficiency and operating power range.

I. INTRODUCTION

Urbanization is speeding up nowadays, and two-thirds of the world's population will live in urban cities by 2050, an increase from the current 55 percent [START_REF]2018 revision of world urbanization prospects[END_REF]. It indicates that cities will become a major battlefield for human beings to reduce energy consumption and combat climate change. In this context, the rollout of the Internet of things (IoT) technology will be a powerful weapon, as IoT is projected to realize efficient communication and sensing through batteryless techniques [START_REF] Jeon | luXbeacon-A Batteryless Beacon for Green IoT: Design, Modeling, and Field Tests[END_REF]. Wireless power transfer is thus a popular research topic around the world. Although near-field wireless power transfer has already demonstrated commercialized applications, like the wireless charging of cellphones and vehicles, far-field wireless power transfer can energize scattering unattended sensors at a large scale [START_REF] Hemour | Efficiency of Rectenna[END_REF], [START_REF] Gu | Enabling Far-Field Ambient Energy Harvesting Through Multi-Physical Sources[END_REF]. But the main barrier of far-field wireless power transfer is limited power conversion efficiency (PCE), which is usually lower than 15 % when input power is below -30 dBm.

By far, various potent measures have been taken to leverage PCE of energy harvesters at low input power levels. The waveform manipulation of RF input power is an effective way to obtain higher PCE [START_REF] Clerckx | Low-complexity adaptive multisine waveform design for wireless power transfer[END_REF]. Combining different AC sources is also proved an attractive way to boost dc output [START_REF] Gu | Integrated Cooperative Ambient Power Harvester Collecting Ubiquitous Radio Frequency and Kinetic Energy[END_REF], [START_REF] Gu | Hybridization of Integrated Microwave and Mechanical Power Harvester[END_REF]. Until now, the highest PCE record holder is an energy harvester built with backward tunnel diode, which shows superior PCE performance in the low power range (< -30 dBm) [START_REF] Lorenz | Breaking the efficiency barrier for ambient microwave power harvesting with heterojunction backward tunnel diodes[END_REF]. Tunnel diode takes advantage of quantum mechanical tunneling rather than the thermionic emission of Schottky diodes. Therefore, it successfully breaks the rectifying limitation of Schottky diodes. However, as laboratory prototypes, such tunnel diodes require sophisticated fabrication and not yet ready for mass production. Moreover, maximum tunneling current flows through when applied voltage drives the energy level of the nside conduction band equal to the energy level of the p-side valence band. A further increase in the applied voltage leads to a decrease in the tunneling current. This restrains the voltage swing range of tunnel diode and may further limit its rectifying performance when RF input power becomes larger. Thus, the focus of this work is on conventional Schottky diodes, which are cheap, highly accessible, and technologically mature. Since they make use of thermionic emission, this paper discusses how low-temperature conditions enhance the nonlinearity of such Schottky diodes and further result in the higher PCE of energy harvesters built with them.

II. THEORETICAL ANALYSIS

Schottky diodes can be characterized by SPICE parameters for the theoretical simulation. Among all the SPICE parameters, the temperature-dependent parameters are saturation current 𝐼 𝑠 , junction potential 𝑉 𝑗 , and nonlinear junction capacitance 𝐶 𝑗 [START_REF] Antognetti | Semiconductor Device Modeling With SPICE[END_REF]. If the operating temperature of the diode is defined as 𝑇 𝑛𝑒𝑤 , the saturation current 𝐼 𝑠 ′ (𝑇 𝑛𝑒𝑤 ) under this temperature condition becomes:

𝐼 𝑠 ′ (𝑇 𝑛𝑒𝑤 ) = 𝐼 𝑠 × ( 𝑇 𝑛𝑒𝑤 𝑇 ) 𝑋𝑡𝑖 𝑛 𝑒 (1- 𝑇 𝑇 𝑛𝑒𝑤 )• 𝐸 𝑔 •𝑞 𝑛𝑘𝑇 (1)
where 𝑋𝑡𝑖 is saturation current temperature exponent, 𝑇 is room temperature (25 °C), 𝑛 is ideality factor, 𝐸 𝑔 is energy gap, 𝑞 is electron charge, and 𝑘 is Boltzmann constant. Next, the intrinsic carrier concentration 𝑛 𝑖 (𝑇 𝑛𝑒𝑤 ) has to be defined first to calculate the temperature-dependent junction potential 𝑉 𝑗 ′ (𝑇 𝑛𝑒𝑤 ) at the new operating temperature: 

𝑛 𝑖 (𝑇 𝑛𝑒𝑤 ) = 1.45 × 10
𝐶 𝑗 ′ (𝑇 𝑛𝑒𝑤 ) = 𝐶 𝑗 × (1 + 𝑀 × [1 + 4 × 10 -4 × (𝑇 𝑛𝑒𝑤 -𝑇) - 𝑉 𝑗 ′ (𝑇 𝑛𝑒𝑤 ) 𝑉 𝑗 ]) (4)
in which 𝑀 is grading coefficient. Diode SMS7630 is taken as an example to show the temperature effects of the above parameters. Diode zero bias junction resistance 𝑅 𝑗0 which can be calculated based on 𝐼 𝑠 ′ as shown below, is also included in Fig. 1. The temperature range is set from -20 °C to +40 °C which almost covers the range of our environment throughout the entire year. To get a clue how temperature affects the PCE performance of energy harvesters, diode RF-dc conversion efficiency 𝜂 𝑅𝐹𝑑𝑐 is first expressed as [START_REF] Hemour | Towards low-power high-efficiency RF and microwave energy harvesting[END_REF]:

𝑅 𝑗0 = 𝑛•𝑘•𝑇 𝑛𝑒𝑤 𝑞•𝐼 𝑠 ′ (𝑇 𝑛𝑒𝑤 ) (5) 
𝜂 𝑅𝐹𝑑𝑐 = 𝑃 𝑖𝑛 •ℜ 𝐼 2 •𝑅 𝑗 2
𝑅 𝐿 +𝑅 𝑠 +𝑅 𝑗 [START_REF] Gu | Integrated Cooperative Ambient Power Harvester Collecting Ubiquitous Radio Frequency and Kinetic Energy[END_REF] in which ℜ 𝐼 is short-circuit current responsivity and associated with temperature [START_REF] Lorenz | Physical mechanism and theoretical foundation of ambient RF power harvesting using zerobias diodes[END_REF]. A low temperature simultaneously lifts 𝑅 𝑗0 and ℜ 𝐼 up to a higher level, finally resulting in a higher 𝜂 𝑅𝐹𝑑𝑐 as indicated by [START_REF] Gu | Integrated Cooperative Ambient Power Harvester Collecting Ubiquitous Radio Frequency and Kinetic Energy[END_REF].

Diode parasitic efficiency 𝜂 𝑝 can be calculated by:

𝜂 𝑝 = 1 (1+(𝜔•𝐶 𝑗 ) 2 •𝑅 𝑠 •𝑅 𝑗 ) 2 (7) 
Although 𝐶 𝑗0 decreases at lower temperatures, the increase of 𝑅 𝑗0 is a more significant factor as can be seen in Fig. 1. Thus, 𝜂 𝑝 tends to be dragged down by a lower temperature. If the matching network and load resistors are optimized, PCE of the energy harvester (𝜂 𝑅𝐹𝑑𝑐 multiplying 𝜂 𝑝 ) shall have an optimum temperature for peak PCE at each power level due to the opposite treads of 𝜂 𝑅𝐹𝑑𝑐 and 𝜂 𝑝 against the temperature variations. Photo of an experimental prototype based on diode SMS7630.

III. EXPERIMENTAL VERIFICATION

Figure 2 shows the prototype energy harvester based on SMS7630 operating at 900 MHz. The substrate is Rogers RT/duroid 6002 with 20 mil thickness and 18 µm copper cladding. The measurement setup is presented in Fig. 3. A temperature chamber (TestEquity Model 105) offers a controllable thermal environment for the test. A digital thermometer helps better read the inner temperature of the chamber. As can be seen in Fig. 1, temperature variations induce the change of diode junction resistance and capacitance, affecting diode impedance. To maintain the same input power injecting into the energy harvester under various thermal conditions, power compensation is required due to the mismatch loss of the untunable matching network. Therefore, a vector network analyzer (VNA) is adopted in the measurement, which can simultaneously measure S11 and offer RF power for the energy harvester. The use of VNA here has simplified measurements considering the necessary power compensation. Optimum load resistor of the energy harvester is considered the same as the diode zero bias junction resistance in a low power range. Under different thermal conditions, a tunable resistor keeps the energy harvester with an optimum loading. A multimeter reads dc output voltage of the energy harvester. Three power levels (-40 dBm, -30 dBm, and -20 dBm), are investigated and the temperature is swept from -20 °C to +40 °C with an increment of 5 °C. The optimum temperatures at each power level of the energy harvester are captured (Table I), which is consistent with the previous theoretical analysis. Compared to the energy harvester operating room temperature (25 °C), PCE enhancements are observed which is more obvious at a lower input power level (-40 dBm). Our measured peak PCE results are compared with some state-ofthe-art works with advanced performance [START_REF] Lorenz | Breaking the efficiency barrier for ambient microwave power harvesting with heterojunction backward tunnel diodes[END_REF], [START_REF] Lorenz | Physical mechanism and theoretical foundation of ambient RF power harvesting using zerobias diodes[END_REF][START_REF] Song | A highefficiency broadband rectenna for ambient wireless energy harvesting[END_REF] in Fig. 4. Measured results of this work show superior performance than other Schottky diode-based rectifiers including VDI ZBD diode. Backward tunnel diode still demonstrates its unbeatable performance in the low power range (<-30 dBm). Due to its limited voltage swing range, its PCE performance is surpassed by common commercial Schottky diode-based energy harvester operating at their optimum temperatures. Improvements to this work are still possible. For example, multi-stage matching networks can be used to reduce insertion loss. Diodes with lower parasitics are also helpful to enhance PCE performance. Tunnel diode [START_REF] Lorenz | Breaking the efficiency barrier for ambient microwave power harvesting with heterojunction backward tunnel diodes[END_REF] VDI ZBD [START_REF] Lorenz | Physical mechanism and theoretical foundation of ambient RF power harvesting using zerobias diodes[END_REF] this work SMS7630 [START_REF] Song | A highefficiency broadband rectenna for ambient wireless energy harvesting[END_REF] Fig. 4.

Comparison of measured PCE results with other state-of-the-art works.

IV. CONCLUSION

This work demonstrates an energy harvester based on low thermally activated Schottky diode can outperform the opponent built with the backward tunnel diode. Optimum temperatures for the energy harvester are acquired in a range of 5 °C to 10 °C for the SMS7630-based energy harvester. Further improvements of matching network design and proper selection of low-parasitic diode are believed beneficial for such low-power energy harvesters. This work also serves as a reminder that thermal effects on any Schottky diode-based circuits need to be carefully studied to ensure their great performance and high reliability.

Fig. 1 .

 1 Fig. 1.Temperature response of (a) diode saturation current and zero bias junction resistance and (b) zero bias junction capacitance and junction potential in a range of -20 °C to +40 °C.

Fig. 2 .

 2 Fig. 2.Photo of an experimental prototype based on diode SMS7630.

Fig. 3 .

 3 Fig. 3.Photo of the measurement setup.
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