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This paper presents the design of a highly compact printed rectenna for ambient RF energy harvesting around 2.45 GHz. Its antenna structure comprises a rectangular patch with two etched U-shaped slots fed by a symmetric 50 Ω coplanar line. In spite of compact size, it has been directly integrated with a rectifying circuit on the same substrate only at the expense of a 15% frequency shift. The proposed rectenna overall dimension is only 24.9 × 8.6 × 1.6 mm 3 , the smallest so far reported with comparable performance, which can be easily integrated with any device for energizing low-power wireless sensor networks. It was fabricated and experimentally characterized, achieving a reasonable agreement with the expected simulated results. Measured results indicate that, at the resonant frequency, the antenna part of the proposed rectenna provides a good matching level (< -25 dB) and has a 0.8 dBi peak gain as well as nearly symmetrical radiation properties (in both E-and Hplanes). The measured RF-to-DC conversion efficiency (DC output voltage) of the proposed rectenna at a low incident power of -20 dBm is about 20% (97 mV) with a load resistance of 4.7 kΩ. A demonstration experiment of a LED driven by the rectenna was also presented.

Introduction

Radio frequency (RF) energy harvesting, also referred to as RF energy scavenging, has recently become one of the most favorable technology to energize low power electronic devices from the large amount of ubiquitous electromagnetic energy in atmosphere (e.g. TV and radio broadcastings, wireless LAN, and mobile phone signals) [START_REF] Bizon | Energy harvesting and energy efficiency: technology, methods, and applications[END_REF]. This potentially lowers the cost of a system by eliminating the need for batteries and/or power supply resources, which comes in very handy, for instance, in wireless monitoring systems embedded in the concrete that are not directly accessible for battery replacement [START_REF] Castorina | Analysis and design of a concrete embedded antenna for wireless monitoring applications[END_REF]. The rectifying antenna (so called rectenna) is the key component of RF energy harvester having an almost unlimited lifetime (unlike batteries). Moreover, in an increasingly mobile world with human being attached to electronic gadgets, from a safety and health point of view, exposure to rectennas is most likely harmless [START_REF] Adam | Double band microwave rectifier for energy harvesting[END_REF].

A typical rectifying circuit, which converts the wireless RF energy to DC power, comprises either CMOS-or Schottky-based diodes. The latter is usually preferred due to potentially lower threshold voltage and larger power handling capabilities [START_REF] Valenta | Harvesting wireless power: survey of energy-harvester conversion efficiency in far-field, wireless power transfer systems[END_REF]. In order to maximize the energy transfer between the receiving antenna and the rectifying circuit, a matching circuit has to be designed [START_REF] Bizon | Energy harvesting and energy efficiency: technology, methods, and applications[END_REF][START_REF] Valenta | Harvesting wireless power: survey of energy-harvester conversion efficiency in far-field, wireless power transfer systems[END_REF]. The commonly used approaches to enhance power conversion efficiency (PCE) include optimizing the input matching by source pull technique [START_REF] Tissier | 1.84 GHz rectenna optimized by source-pull techniques, for ambient RF energy harvesting applications[END_REF], designing antenna arrays [START_REF] Xie | Optimal design of an antenna array for energy harvesting[END_REF] or antennas with harmonic rejection properties [START_REF] Chou | A compact shorted patch rectenna design with harmonic rejection properties for the applications of wireless power transmission[END_REF], and increasing the input power [START_REF] Chamanian | An adaptable interface circuit with multi-stage energy extraction for low power piezoelectric energy harvesting MEMS[END_REF].

In a rectenna, the antenna part, which usually occupies a larger area compared to the rectifying circuit, plays an important role in capturing power, acting as a transducer between propagating and guided waves. In a modern wireless world with compact electronic devices, the design of an antenna having a small size is a challenging task and of high demand. Among various antenna types, printed antennas are highly desired due to their low profile, light weight, low cost, ease of fabrication, and the ability to easily integrate with the rectifying circuit. With the rapid development of printed technology, various antenna types have been designed with many various shaped radiators, such as diamond, rectangular, fractal, circular, and crescent geometries for narrow-and wide-band wireless applications [START_REF] Koohestani | U-shaped microstrip patch antenna with novel parasitic tuning stubs for ultra wideband applications[END_REF][START_REF] Sun | Dual-band antenna with compact radiator for 2.4/5.2/5.8 GHz WLAN applications[END_REF][START_REF] Hua | Compact tri-band CPW-fed antenna for WLAN/WiMAX applications[END_REF][START_REF] Awais | A compact rectenna system with high conversion efficiency for wireless energy harvesting[END_REF][START_REF] Zhang | Compact triple-band monopole antenna with two strips for WLAN/WiMAX applications[END_REF][START_REF] Kang | Compact ACS-fed monopole antenna with rectangular SRRs for tri-band operation[END_REF][START_REF] Chen | Compact ACS-fed circular-arc-shaped stepped monopole antenna for tri-band WLAN/WIMAX applications[END_REF][START_REF] Kumar | Design & development of compact uniplanar semi-hexagonal ACS-fed multi-band antenna for portable system application[END_REF]. The most commonly used techniques to reduce antenna size are employing asymmetric excitation [START_REF] Kumar | Design & development of compact uniplanar semi-hexagonal ACS-fed multi-band antenna for portable system application[END_REF], creating slots/slits on the antenna radiating elements [START_REF] Haque | Slot antenna miniaturization using slit, strip, and loop loading techniques[END_REF], sandwich loading [START_REF] Moreira | Ultra wideband dielectric sandwich loaded antennas[END_REF] and corrugating the antenna [START_REF] Abbosh | Miniaturization of planar ultrawideband antenna via corrugation[END_REF].

The choice of the operating frequency is also an important consideration in RF energy harvesters. In order to avoid oversized devices and difficulty in installation, the 2.45 GHz industrial, scientific, and medical (ISM) band can be considered a suitable option, as it offers a good trade-off among the signal attenuation, antenna size and frequency. It is worth mentioning that, for energy harvesting applications, a multiple-band rather than a wideband antenna is preferred due to the RF-to-DC diode input impedance changing with frequency, as well as the impracticality to design a wideband matching circuit using several lumped components (bulky and lossy) to adapt the diode impedance to the one of the antenna [START_REF] Zhang | An investigation of wideband rectennas for wireless energy harvesting[END_REF].

A few compact 2.45 GHz printed antenna designs with various feeding structures are reported in literature; microstrip (MS)-fed [START_REF] Sun | Dual-band antenna with compact radiator for 2.4/5.2/5.8 GHz WLAN applications[END_REF][START_REF] Zhang | Compact triple-band monopole antenna with two strips for WLAN/WiMAX applications[END_REF], coplanar waveguied (CPW)-fed [START_REF] Hua | Compact tri-band CPW-fed antenna for WLAN/WiMAX applications[END_REF][START_REF] Awais | A compact rectenna system with high conversion efficiency for wireless energy harvesting[END_REF], and asymmetric coplanar strip (ACS-fed) [START_REF] Kang | Compact ACS-fed monopole antenna with rectangular SRRs for tri-band operation[END_REF][START_REF] Chen | Compact ACS-fed circular-arc-shaped stepped monopole antenna for tri-band WLAN/WIMAX applications[END_REF][START_REF] Kumar | Design & development of compact uniplanar semi-hexagonal ACS-fed multi-band antenna for portable system application[END_REF]. Table 1 provides a summary of state-ofthe-art antenna designs comparing their structure, size and peak gain at resonance. Note that although ACS-fed antennas are generally smaller than symmetric coplanar-fed ones, but due to inherent asymmetry introduced into the antenna they may suffer from asymmetric radiation pattern [START_REF] Kumar | Design & development of compact uniplanar semi-hexagonal ACS-fed multi-band antenna for portable system application[END_REF], not being suitable in array configurations, and lead to decreased isolation that can be achieved in MIMO applications [START_REF] Waterhouse | Microstrip patch antennas: a designer's guide[END_REF]. Here, in order to end up with a compact rectenna design, a very compact printed antenna is proposed, which benefits from a symmetric feeding structure with an overall size of 24.9 mm × 8.6 mm, about 10.8% less area than the smallest so far reported [START_REF] Kumar | Design & development of compact uniplanar semi-hexagonal ACS-fed multi-band antenna for portable system application[END_REF] while operating even at a 5.8% lower frequency.

Regarding the compact printed rectenna designs operating at 2.45 GHz [START_REF] Kang | 2.45-GHz wideband harmonic rejection rectenna for wireless power transfer[END_REF][START_REF] Yo | Compact circularly polarized rectenna with unbalanced circular slots[END_REF][START_REF] Shi | An efficient fractal rectenna for RF energy harvest at 2.45 GHz ISM band[END_REF][START_REF] Chen | Maximum Achievable Power Conversion Efficiency Obtained Through an Optimized Rectenna Structure for RF Energy Harvesting[END_REF][START_REF] Choi | Design and performance of an efficient rectenna incorporating a fractal structure[END_REF][START_REF] Vera | Design of a 2.45 GHz rectenna for electromagnetic (EM) energy scavenging[END_REF][START_REF] Ramos | A compact 2.45 GHz, low power wireless energy harvester with a reflector-backed folded dipole rectenna[END_REF], Table 2 provides a summary of state-of-the-art rectenna designs comparing their size and RF-to-DC efficiency with respect to input power and load value. Here, a matched voltage doubler (comprising two Schottky diodes in the same package) is embedded in the antenna structure, as a showcase, to further keep its small size while maintaining good performance. As observed, the proposed design has about 79% less area than previously reported rectennas for RF energy harvesting. A fair comparison in terms of PCE with load and input power levels, referred to as PCE * in Table 2, similar to those reported in [START_REF] Shi | An efficient fractal rectenna for RF energy harvest at 2.45 GHz ISM band[END_REF][START_REF] Chen | Maximum Achievable Power Conversion Efficiency Obtained Through an Optimized Rectenna Structure for RF Energy Harvesting[END_REF][START_REF] Choi | Design and performance of an efficient rectenna incorporating a fractal structure[END_REF][START_REF] Vera | Design of a 2.45 GHz rectenna for electromagnetic (EM) energy scavenging[END_REF][START_REF] Ramos | A compact 2.45 GHz, low power wireless energy harvester with a reflector-backed folded dipole rectenna[END_REF] shows that the PCE * values are comparable to those previously achieved by the above-cited rectennas but in a much smaller area; see more details in Section 3.

Antenna structure and design

In order to keep the overall rectenna dimensions as compact as possibe, the antenna part, which occupies the most area of a rectenna, has to be possibly small while maintaing the desired performace. Fig. 1 shows the geometry and the design parameters of the proposed antenna. The miniaturisation was achieved using a combination of known techniques (i.e.

inserting slots on the antenna radiator), however, preserving the compactness of the antenna requires substantial effort and makes the design innovative. The radiating patch comprises a rectangular section including two truncated U-shaped slots. It is fed by a symmetric coplanar line of 2 mm width and 0.45 mm gap. It is printed on an inexpensive FR4 epoxy substrate (ε r = 4.4 ± 5%, h = 1.6 mm, and tanδ = 0.02). The other side of the substrate is devoid of metalization. The area of the fabricated antenna is 24.9 × 8.6 mm 2 (Fig. 1), being about 10.8% smaller than the one presented in [START_REF] Kumar | Design & development of compact uniplanar semi-hexagonal ACS-fed multi-band antenna for portable system application[END_REF] which is the smallest printed antenna so far reported, while operating even at a 5.8% lower frequency.

The performance of the antenna was investigated by Ansys HFSS and its optimized parameters are given in Fig. 1. In order to demonstrate the antenna operation at 2.45 GHz, the current distribution on the antenna is depicted in Fig. 1c. The currents are mostly concentrated around the U-shaped slots and the edge portions of radiating patch and ground, which indicate that those elements mainly affect the performance of the proposed antenna.

In order to further investigate this and to show how the antenna was originally designed, the effects of the key geometrical parameters (e.g. the U-shaped slots dimensions) were investigated. Note that only one parameter was varied at the time.

The two U-shaped slots on the antenna radiating patch are responsible for two different frequency bands, i.e. the outer slot for 2.1 GHz and the inner one for 2.45 GHz (Fig. 2a).

Although the aim here is to design a compact antenna operating at 2.45 GHz, the outer slot which is responsible for the lower frequency in the band, was included in the design as it improves matching at the target frequency bearing also in mind that multi-band antennas are desired for RF energy harvesting [START_REF] Pinuela | Ambient RF energy harvesting in urban and semi-urban environments[END_REF]. This, however, reduces the antenna gain from 1 to 0.82 dBi due to the current opposition around the two slots (Fig. 1c). It is worth mentioning that, as can be seen in Table 1, comparing the gain of similarly sized antennas developed in [START_REF] Chen | Compact ACS-fed circular-arc-shaped stepped monopole antenna for tri-band WLAN/WIMAX applications[END_REF] (1.6 dBi at 2.45 GHz) and [START_REF] Kumar | Design & development of compact uniplanar semi-hexagonal ACS-fed multi-band antenna for portable system application[END_REF] (1.6 dBi at 2.6 GHz) to the proposed one (0.8 dBi at 2.45 GHz), which is smaller by 44.2% and 10.8%, respectively, shows a valid trade-off between antenna size reduction and performance degradation to a reasonable extent.

Figs. 2b to 2d show the antenna input reflection coefficients with respect to the slots dimensions. It can be seen how precisely the antenna resonant frequency and impedance bandwidth can be controlled by tuning 'i','m', and 'k' parameters. From the fabrication point of view, the antenna performance is very sensitive to the variations of those parameters due to its compact design; for instance, a very tiny change in the parameter 'i' from 0.3 to 0.1 mm, which can be a relevant manufacturing tolerance, would lead the antenna resonant frequency to shift down from 2.52 to 2.37 GHz (Fig. 2(b)).

Rectifying Circuit and Design

Fig. 3a depicts the rectifier configuration used for converting the RF energy harvested around 2.45 GHz. Even though the antenna is very compact in size, as a showcase, unlike the conventional way of designing the rectifying circuit separately from the antenna part we investigated the integration of the rectifying circuit directly into the antenna terminal, taking benefit from the antenna substrate thickness (Fig. 3b). This has the advantage of placing the rectifying circuit as close as possible to the antenna terminal to minimize the order to demonstrate the antenna operation at 2.45 GHz, the current distribution on the antenna is depicted in Fig. 1c. The currents are mostly concentrated around the U-shaped slots and the edge portions of radiating patch and ground, which indicate that those elements mainly affect the performance of the proposed antenna. In order to further investigate this and to show how the antenna was originally designed, the effects of the key geometrical parameters (e.g. the U-shaped slots dimensions) were investigated. Note that only one parameter was varied at the time.

The two U-shaped slots on the antenna radiating patch are responsible for two different frequency bands, i.e. the outer slot for 2.1 GHz and the inner one for 2.45 GHz (Fig. 2). Although the aim here is to design a compact antenna operating at 2.45 GHz, the outer slot which is responsible for the lower frequency in the band, was included in the design as it improves matching at the target frequency bearing also in mind that multi-band antennas are desired for RF energy harvesting [START_REF] Chen | Compact ACS-fed circular-arc-shaped stepped monopole antenna for tri-band WLAN/WIMAX applications[END_REF]. This, however, reduces the antenna gain (efficiency) from 1 to 0.82 dBi (from 63% to 51%) due to the current opposition around the two slots (Fig. 1c). Note that comparing the gain of a comparable size antenna developed in [START_REF] Chamanian | An adaptable interface circuit with multi-stage energy extraction for low power piezoelectric energy harvesting MEMS[END_REF] (1.6 dBi at 2.6 GHz) to the proposed smaller one (0.82 dBi at 2.45 GHz) shows a valid trade-off between antenna size reduction and performance degradation to a reasonable extent.

Figs. 3,4, and 5 show the antenna input reflection coefficients with respect to the slots dimensions. It can be seen how precisely the antenna resonant frequency and impedance bandwidth can be controlled by tuning 'i','m', and 'k'. losses and consequently ensure a possibly higher efficiency at low RF power levels. Small pieces of high quality metallic scotch tapes (HB720A [START_REF]High-quality technical tapes developed for a range of electrical applications[END_REF]) were used at the antenna edge for the circuit layout. This assembly is not fragile, however, to increase its resistivity to external damage, the use of adhesive resin over the soldered components helps improving its stability.

Of course, at the expense of a small increase in the antenna size, it is possible to dedicate a small area (roughly around 40 mm 2 ) of the PCB to lumped elements. Since the proposed rectenna is very compact in size, it provides a degree of freedom for place-and-route even if one wants to consider the rectifying circuit separately from the antenna (see Section 5).

The rectifying circuit was optimized using Keysight Advanced Design System (ADS) software. The rectifier is passive comprising a voltage doubler, a source capacitance of C 2 = 100 pF (as RF-pass filter), and a load resistance and capacitance of R L = 4.7 kΩ (to extract DC power) and C 1 = 100 pF (as RF-short), respectively. This load resistance was chosen as a representative pressure sensor [START_REF] Frank | Understanding smart sensors[END_REF], which is the target application we have in mind for the proposed rectenna. The HSMS-2852 schottky diode (breakdown voltage V br = 3.8 V, forward voltage V f wd = 150 mV, and series resistance R s = 25 Ω) was chosen for rectification due to its relatively low forward bias. To simulate the diode performance in ADS, the non-linear diode model was used [START_REF]Diode detector simulation using Agilent technologies EEsof ADS Software[END_REF].

For ambient RF energy harvesting the goal is to have the highest possible PCE at a low input power of typically around -20 to -30 dBm [START_REF] Pinuela | Ambient RF energy harvesting in urban and semi-urban environments[END_REF][START_REF] Andrenko | Outdoor RF spectral survey: A roadmap for ambient RF energy harvesting[END_REF]. For maximum power transfer between the antenna and the rectifier, a matching network is necessary. At 2.45 GHz, the designed antenna input impedance (Z in ) is 48.3-j6.1 Ω whereas for the diode at an input power (P in ) of -20 dBm it is 11-j111.4 Ω (Fig. 4). The maximum variation of the diode input impedance versus P in in the considered frequency range is 30.8% and 2% for real and imaginary part, respectively. A conjugate matching was carried out by using a Lnetwork consisting of a shunt capacitor and a series inductor (Fig. 3a); the optimized values extracted from ADS to have the circuit matched at 2.45 GHz are C 3 = 1.6 pF and L 1 = 9 nH, respectively. Fig. 5 depicts the simulated results of the designed rectifying circuit. A good matching to the antenna (< -20 dB) was achieved, providing a PCE and a DC voltage of 17.7% and 91.2 mV, respectively, at P in = -20 dBm. Fig. 6 shows PCE results as a function of the load R L for different input power levels. As observed, at -20 dBm, the PCE reaches its maximum (i.e. 19.1%) for a load value of 8.5 kΩ.

The PCE curve is relatively flat around the optimal resistance. Moreover, the proposed rectenna provides PCE results comparable to those previously obtained by rectennas in literature in the same power level range (e.g. [START_REF] Shi | An efficient fractal rectenna for RF energy harvest at 2.45 GHz ISM band[END_REF][START_REF] Chen | Maximum Achievable Power Conversion Efficiency Obtained Through an Optimized Rectenna Structure for RF Energy Harvesting[END_REF][START_REF] Choi | Design and performance of an efficient rectenna incorporating a fractal structure[END_REF][START_REF] Vera | Design of a 2.45 GHz rectenna for electromagnetic (EM) energy scavenging[END_REF][START_REF] Ramos | A compact 2.45 GHz, low power wireless energy harvester with a reflector-backed folded dipole rectenna[END_REF]) but in a much smaller area. In [START_REF] Shi | An efficient fractal rectenna for RF energy harvest at 2.45 GHz ISM band[END_REF] and [START_REF] Vera | Design of a 2.45 GHz rectenna for electromagnetic (EM) energy scavenging[END_REF], for an input power of -10 dBm, efficiencies of 31.9% and 42.1% were reported for 2.1 and 5 kΩ loads, respectively. In our proposed rectenna, with those two loads, the efficiency values are 33.47% and 40.29%, respectively (Fig. 6). In [START_REF] Chen | Maximum Achievable Power Conversion Efficiency Obtained Through an Optimized Rectenna Structure for RF Energy Harvesting[END_REF] and [START_REF] Ramos | A compact 2.45 GHz, low power wireless energy harvester with a reflector-backed folded dipole rectenna[END_REF], for P in = -15 dBm, the achieved PCE values are 31.8% and 30% with 10 and 2.2 kΩ loads, respectively. In our case, PCE values with those two loads are 29.66% and 24.05%, respectively (Fig. 6). These results confirm that the proposed rectenna is capable of harvesting energy with efficiencies comparable to previously reported harvesters in a significantly reduced area. cable was considered and connected to the antenna (Fig. 7). In that case, there is a tiny frequency shift of 7% between simulation and measurement, which can be attributed to the fabrication imperfection and/or substrate permittivity tolerance. To sum up, the proposed antenna is expected to operate at a center frequency of about 2.45 GHz (with a possible 7% frequency downshift) as there is no cable connection.

The antenna simulated and measured radiation patterns with and without cable are depicted in Fig. 8 both in E-and H-planes at the resonant frequency (x-y and x-z are E-and H-planes, respectively). Although a good agreement between measurement and simulation results was obtained, as electrically small antennas suffer from cable radiation, the disturbance due to the cable is evident (Fig. 8a). The antenna without the cable has a fairly symmetrical radiation pattern in both principal planes (Fig. 8b). The latter monopolelike radiation properties are expected for the proposed rectenna as no cable will be present in the real application as the antenna will be directly connected to the rectifying circuit. In order to be able to calculate the RF-to-DC conversion efficiency in our testbench experiments using Friis equation, the antenna peak gain was measured 0.8 dBi at the resonant frequency, as closely predicted by the full-wave simulations. Frequency, GHz measurement. The simulated results shown in Fig. 9 are with a matching circuit designed to adapt the input impedance of the antenna and the rectifier at 1.93 GHz. This experimental results may arise the following questions: (1) why the antenna without the cable which was supposed to operate at 2.45 GHz is working at 1.93 GHz, and (2) how the matching circuit designed at 2.45 GHz works at 1.93 GHz.

For the first question, a further HFSS simulation was performed with the lumped elements included in the antenna design; results are shown in Fig. 10. Note that a linear model of the schottkey diode, consisting in a resistor (R s = 25 Ω) in series with a junction resistance (R j 88 Ω) in parallel with a junction capacitance (C j = 0.18 pF), was considered in HFSS simulation. As observed, in presence of the lumped elements the antenna resonates at 2.08 instead of 2.45 GHz, down-shifted by 15% as a moderate cost for embedding the rectifying circuit in the antenna structure. Taking now into account the 7% frequency shift between measurement and simulation (extracted from input reflection coefficient results),

the rectenna operates at a center frequency of 1.93 GHz.

For the second question, as observed in Fig. 10b, the antenna input impedance at 1.93 GHz is 2.61+j15.89 Ω. Based on the ADS simulation, in order to match the latter impedance to the diode impedance (13.8-j148.5 Ω) at 1.93 GHz, the inductor L 1 and the capacitor C 3 values are to be increased from 9 nH to 9.4 nH and from 1.6 pF tp 3.4 pF.

Apart from the manufacturer's lumped-element tolerance values, a very possible reason for the increase of the inductor value in the order of nanoHenry is due to the added inductance by soldering connections [START_REF] Dally | Digital Systems Engineering[END_REF]. As the capacitor C 3 is mounted between the signal and one of the grounds of the coplanar line (Fig. 3b), it is indeed in parallel with the coupling capacitance between two coplanar conductors and hence leading to increased value (about 1.2 pF according to the formulations provided in [START_REF] Clayton | Analysis of multiconductor transmission lines[END_REF]).

To sum up, a good agreement between measurement and simulation was obtained. At an input power of -20 dBm, the maximum PCE and V DC of the proposed rectenna with a 4.7 kΩ load are 20% and 97 mV, respectively. This simple and straightforward energy conversion design can be profitably applied to low-power RF energy harvesting applications, such as radio frequency identification (RFID) and wireless sensor network systems.

Experimental Testbench

A demonstration experiment was carried out to show the practical working ability of the designed rectenna (Fig. 11). A primary testbench with the transmitting source setup explained in Section 4 was considered to verify the performance of the rectenna driving a surface mount device (SMD) light-emitting diode LED (Würth elektronik, LED158301260, 3 V threshold voltage) placed 40 cm away from the horn antenna. The choice of 3 V is aimed to emulate future applications requiring energy storage at a voltage high enough to operate RF integrated circuits in short bursts. Due to the strong dependency of the output voltage range of the rectenna on the distance to the input source, a DC-to-DC buck-boost converter (RICOH RP604K331A-TR) with an ultra-low quiescent current (0.3 µA) and a wide input voltage range (1.8 V to 5.5 V) was used to ensure a constant output voltage close to the LED threshold voltage, whatever the voltage across the rectenna. Note that no special effort to redesign the rectifying circuit with respect to the new load (i.e. the buck-boost input impedance, instead of 4.7 kΩ) was made, the main objective being the working ability of the rectenna to wirelessly drive the LED. That explains the limit in measurement distance (no further than 40 cm) in order to compensate for the total available amount of energy and to obtain a voltage at the rectifier output which is high enough to start the buck-boost converter (1.8 V).

As it can be seen in Fig. 11, the rectenna was able to light up the LED at a distance of 40 cm with 10 dBm input power at 2.3 GHz. The led was "ON" with a lower emitting intensity from 2.21 to 2.33 GHz, indicating 12 MHz frequency span, which corresponds to the rectenna operating range. It is worth mentioning that since the rectifying circuit is printed on a separate PCB, the rectenna operating frequency is close to the one originally designed, i.e. 2.45 GHz, taking into account the 7% frequency downshift extracted from input impedance experiments (more details in Section 4). For a 10 dBm input power and a 26.8 dB power amplifier gain at 2.3 GHz, the power at the horn antenna port was measured 33.4 dBm (due to cable losses) thanks to an Agilent N9320B (9 kHz-3 GHz) spectrum analyzer. The free space path loss for 40 cm at 2.3 GHz is 31.7 dB. Considering 7.9 and 0.8 dBi for the horn and antenna gains, respectively, the power received by the rectenna was almost 10 dBm (10 mW), high enough to ensure a sufficient voltage at the buck-boost output while providing the required output current to visually turn the LED on (minimum 0.25 mA).

It is worth mentioning that for this rectenna configuration with a 4.7 kΩ output resistor at 90 cm separation distance (38.7 dB free space loss), the received power was measured nearly 3 dBm. In that case, the measured DC voltage and current after the rectifier were 2.05 V and 440 µA, respectively. This yields a 0.9 mW DC power and, consequently, a 41.2% RF-to-DC conversion efficiency.

Conclusion

Design of a miniaturized printed rectenna was presented for RF power energy harvesting around 2.45 GHz. Its antenna structure consists of a rectangular monopole patch and two Ushaped slots fed by a symmetrical CPW. Even though its antenna is very compact in size, its rectifying circuit was directly attached to the antenna over its substrate only at the expense of a 15% frequency shift. The overall rectenna dimension is only 24.9 × 8.6 × 1.6 mm 3 , which was significantly reduced (by 79%) in comparison to those previously reported for RF energy harvesting applications, while still providing comparable RF-to-DC conversion efficiencies.

Experimental results are in a reasonable agreement with the simulated results confirming a good matching level (< -25 dB) and nearly symmetrical radiation patterns (in both Eand H-planes) at the resonant frequency. At a low incident RF power of -20 dBm, the measured maximum RF-to-DC conversion efficiency and DC output voltage of the proposed rectenna are about 20% and 97 mV, respectively, with a load resistance of 4.7 kΩ. The working ability of the proposed rectenna was successfully tested to wirelessly light up a 3 V LED. One perspective would be to store enough energy with a voltage high enough to power sensors and RF emitters for one-way burst data transmission (for example, batteryless, wireless mains switches). In addition to its good performance along with a miniature size, the proposed rectenna offers several mechanical advantages, such as simple structure, light weight, and easy fabrication, which make it a promising candidate for future RF energy harvesting in low-power electronic devices.
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 1 Figure 1: Proposed antenna (a = 8.6 mm, b = 24.9 mm, c = 2 mm, d = 6.3 mm, e = 0.45 mm, f = 1 mm, g = 0.15 mm, i = 0.2 mm, j = 1.4 mm, k = 0.7 mm, m = 15.8 mm, n = 5.2 mm): (a) geometry, (b) prototype photograph, (c) current distribution at 2.45 GHz.
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 2 Fig. 2. Effect of the U-shaped slots on the antenna input reflection coefficient.
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 3 Fig. 3. Simulated antenna input reflection coefficient as a function of antenna parameter 'i'.

Figure 2 :

 2 Figure 2: Effects of the antenna key geometrical parameters on its input reflection coefficient: (a) impact of the U-shaped slots on the antenna input reflection coefficient, (b) to (d) antenna input reflection coefficient as a function of antenna parameter 'i', 'm', and k', respectively.
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 3 Figure 3: Rectifier configuration: (a) electrical schematic; (b) photograph of the rectifier integrated with the antenna on its substrate.

Figure 4 :

 4 Figure 4: Input impedance of the HSMS-2852 diode for different input power with 4.7 kΩ load and 100 pF shunt capacitor; real part (solid-line), imaginary part (dashed-line).
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 5 Figure 5: ADS simulation results of the rectifying circuit with a 4.7 kΩ load: (a) reflection coefficient; (b) PCE and DC output voltage at 2.45 GHz as a function of input power P in .
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 78 Figure 7: Measured and HFSS simulated input reflection coefficient of the proposed antenna
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 9 Figure 9: Measured and ADS simulated RF-to-DC conversion efficiency and output DC voltage at 1.93 GHz: (a) V DC , (b) PCE.
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 10 Figure 10: HFSS simulation results for the antenna with lumped elements included in the design: (a) input reflection coefficient, (b) input impedance.

Figure 11 :

 11 Figure 11: Testbench used to characterize the proposed rectenna driving a LED.

Table 1 :

 1 State-of-the-art design of printed monopole antennas operating around 2.45 GHz

	Ref.		Antenna structure	Dimensions (mm × mm)	Peak gain at resonant frequency
	[9]	MS-fed L-shaped monopole	40 × 30		1.0 dBi @ 2.44 GHz
	[10]		CPW-fed T-shaped monopole with L-strips	30 × 27		1.3 dBi @ 2.4 GHz
	[11]		CPW-fed monopole patch with rectangular slots	30 × 18		5.6 dBi @ 2.45 GHz
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	[25]		43.5 × 33.7	1466	0	0.4		21.6	15.5
	[26]		34 × 34	1156	-10	5		42.1	40.29
	[27]		52 × 20	1040	-15	2.2		30	24.05
	This work	24.9 × 8.6	214.1	-20	4.7		20	20
	N/A: not applicable, due to diode input power limits used in numerical simulations.
	PCE* is the PCE of the proposed rectenna with similar P in and R L .
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Experimental Results and Discussion

In order to validate the proposed rectenna design, experimental results in terms of input reflection coefficient, radiation patterns, peak gain, output DC voltage, and power conversion efficiency are presented. For energy harvesting experiments, a linearly-polarized doubleridged waveguide horn antenna (ETS3115) with a gain of 10 dBi at 2.5 GHz was used to transmit the RF energy generated by an Agilent N9310A signal generator (9 kHz -3 GHz).

The proposed rectenna was placed in front of the transmitter with a large separation distance of 90 cm. A broadband power amplifier (R&K2737M) with maximum 28.9 dB gain was utilized to amplify the RF signal.

The measured and simulated antenna reflection coefficients are presented in Fig. 7. A first look at the results show that, unlike in simulation (solid-blue), the matching level in measurements (dash-back) is weaker in the higher compared to the lower resonant frequency in the band. This is due to the generally known cable influence on electrically small antennas, which lead to inaccurate and unreliable measurements as it changes the antenna structure and current distribution [START_REF] Hirasawa | Analysis, design, and measurement of small and low-profile antennas[END_REF]. The good news is that the presence of a cable does not matter for antennas designed for energy harvesting applications as the cable will be replaced by the rectifying circuit. In terms of matching, like in measurement (dash-back), a stronger level in lower frequency than in higher frequency was observed in simulation (solid-red) when a