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When there is no light, when the object is not moving or when there is no temperature gradient, the ambient electromagnetic field, even with extremely small amplitude is then a credible alternative to supply an object with a low rate of activity.

The energetic requirements of the sensors were discussed in the literature and a floor value of 10 μJ per 24 hours was underlined for lost sensors [1]. This consumption value is compatible with ambient electromagnetic fields with amplitude of less than -20 dBm. Harvesting electromagnetic energy receives more attention in terms of research in relation to the problem of wireless power transfer. Nikola Tesla has introduced first the concept of rectenna [2], that is the combination of an antenna and an electronic circuit rectifying the radio-frequency signal. In order to target high performance while operating with power density below -30 dBm, the design of rectenna remains the major problem of the antenna and recovery scenarios.

The IoT cannot be satisfied with a rigid and cumbersome antenna; applications like active dressing or other kinds of applications can be addressed require that the electronic functionalization of the dressing does not incommode its use. The structural and geometric richness of the IoT system requires also the flexibility of the harvester in terms of form and configuration. It is therefore essential to establish the autonomy of the smart function on a harvester based on flexible antennas. The realization of passive components by printing, such as an antenna, is already the object of research [3]. Part of the innovation is related to the ability to manufacture antennas on paper or textile, with the possibility of a high degree of recycling. In addition, the electrical performances of the antenna must be controlled within energy harvesting scenarios. Indeed the mechanical flexibility of the antenna will cause its morphology to be altered.

The electronic part of the harvester must therefore anticipate this variability of the characteristics of the antenna.

This thesis, therefore, falls into several distinct aspects:

Antenna design: the design of the antenna will be based on several features, such as the bandwidths to be sought for energy harvesting, operation under non-optimal conditions, given the flexible support may lead to modification of the surface of the antenna. Electromagnetic simulation tools will be used to optimize the most suitable antenna geometry. The antenna may consist of several associated radiating portions to cover all useful frequency bands. An important study is conducted on the connection between the radiating element (s) and the electronics.

The materials: the project aims to take advantage of the printing possibilities on various flexible supports. The main problems in terms of materials will be to obtain a metallic layer, which is sufficiently powerful to minimize the losses of the conductor and to have a support material whose dielectric properties are sufficient to obtain an efficient antenna.

Associated electronics: low-power energy circuits are of interest when low-power sources are available for stand-alone wireless sensor applications. This discipline combines the concepts of power electronics to achieve high conversion efficiency and microelectronics for technological realization. A low voltage starting circuit must be integrated into the structure of the rectenna. In addition, the possibility of addressing several frequency bands and several levels of input power necessitates reconfiguring the rectenna actively. This degree of freedom constitutes at the same time a constraint for the design of the antenna.

The final objective of the thesis is to realize a stand-alone demonstrator in energy of the sensor type on paper, polymer or textile.

This manuscript is organized in four chapters. The first chapter gives a review of energy harvesting solutions in the literature. It includes the review of various rectenna structures for ambient RF energy harvesting; especially the techniques allow increasing the RF-to-DC conversion efficiency of rectenna and increasing the harvested power. This section also mentions the development of flexible antenna using different materials such as textile, paper, and polymer. Due to the specific characteristic of the material, the flexible antenna suffers from low performances, from high-losses, and from super thin thickness. Therefore, techniques to increase realized gain of the flexible antenna are revisited.

In the second chapter, several antennas are proposed corresponding to varied techniques allowing increasing the performance of the energy harvester. Aware of the low-density power in the ambiance, solutions of combinations in frequency and space are proposed. All antenna's configurations aim to meet a requirement for integration within an object or system packaging. It includes the 3D flexible multi-band antennas, the technique to overcome high losses substrate, the adjustable frequency antenna solution and the design of the high gain flexible antenna. The geometry of these antennas is introduced together with the results of simulations and measurements.

Chapter 3 addresses the modeling of nonlinear devices in rectifying circuit. Several low barrier Schottky diodes are analyzed in order to propose a more precise model for low power energy harvesting system design. The diodes are characterized and their physical-based model was proposed, based on parameter extraction method. Otherwise, in the approach of energy combination, a diplexer for energy addition at RF level and several rectifier structures for energy addition at DC level along with experimental results are presented.

Chapter 4 gives an overall review of the global system in two aspects: the co-design and the operation of rectenna in a realistic environment. The detailed analysis of the impedance matching in co-design rectenna is included in this section. This helps to clarify the condition and suitable impedance at the interface of antenna-circuit in order to make the decision in the pre-design phase. Eventually, the global systems of antenna and rectifier circuit using spatial diversity conception and combining several sources at DC level are designed and are tested in a realistic environment. The conventional patch antenna and circuit on Rogers substrate are then compared with a system designed on a flexible substrate. The analysis of probability density functions, cumulative density functions of harvested power in ambient is conducted and experimental results are discussed.

Finally, we summarize the work carried out in this thesis. The future perspectives concerning the design of flexible rectenna to take account the environment are presented.

State of the art

Energy harvesting from the ambient energy source is attracting attention for decades, as it is a potential alternative replacement or range extender for batteries in some applications, especially in low-power applications. It is also in some harsh applications the only practical way to supply a remote and lost sensor for example. This section introduces some facts from literature. It puts ambient RF energy harvesting in the frame of the expanding world of energy scavenging and harvesting. The transducer of RF energy harvesting is revisited. Particularly, the flexible antenna using in the RF energy harvesting system is investigated here.

Solutions of energy harvesting 1.Ambient energy harvesting

The classification of available ambient energy can be organized according to their characteristics as human body energy, natural energy, mechanical energy, thermal energy, light energy, biomass energy and electromagnetic energy [4].

Table 1-1 shows a summary of the power density of several common ambient power sources.

Comparing to other sources, ambient RF energy offers a very limited power density. The solar cells offer the strongest power densities (up to mW/cm 3 ) and provide an excellent electrical source for many applications. However, the drawback of this technology is the solar panel which must be placed in a well-lighted location, correctly oriented and free from obstruction or shadow [5]. Indoor solar panels are becoming commercially available that simplifies indoor applications. Nevertheless, where there is only shadow, this approach is limited. The same state is true for mechanical sources, whether vibrational or not. The potential of scavenging from these sources is larger but some applications are in neutral position. Ambient RF energy, on the other hand, is free from these limitations. Because of more and more popular mobile communications, the RF waves are omnipresent in our living environment and fasten with our quotidian life. This work is focusing the microwave range frequencies. Electromagnetic energy in the frame of coupling (kHz), low or medium frequency (MHz)

is not the topic covered here. The work in this manuscript comes in the continuity of numerous previous works [6]- [START_REF] Adami | Optimisation de la récupération d ' énergie dans les applications de rectenna[END_REF].

1. Water flow 18 mW/m 3 s [START_REF] Morais | Sun, wind and water flow as energy supply for small stationary data acquisition platforms[END_REF] Ocean waves 10 kW/m [START_REF] Muetze | Ocean Wave Energy Conversion -A Survey[END_REF] Acoustic noise 0.003 μW/cm 3 @75 Db [START_REF] Roundy | Micro-electrostatic vibration-to-electricity converters[END_REF] 0.95 μW/cm 3 @ 100 Db [START_REF] Roundy | Micro-electrostatic vibration-to-electricity converters[END_REF] Indoor room light 6 μW/cm 3 [START_REF] Roundy | Micro-electrostatic vibration-to-electricity converters[END_REF] Solar cells 15 mW/cm 3 [16] [15] 150 μW/cm 3 (cloudy) [START_REF] Roundy | Micro-electrostatic vibration-to-electricity converters[END_REF] Mechanical energy

(vibration from machines and mechanical stress)

Micro-generator 100 μW/cm 3 [START_REF] Roundy | Micro-electrostatic vibration-to-electricity converters[END_REF] 116 μW/cm 3 [START_REF] Chalasani | A survey of energy harvesting sources for embedded systems[END_REF] Piezoelectric 330 μW/cm 3 [START_REF] Chalasani | A survey of energy harvesting sources for embedded systems[END_REF] Push buttons 50 J/N [4] Thermal energy (waste heat energy variations) Thermoelectric 40 μW/cm 3 [START_REF] Chalasani | A survey of energy harvesting sources for embedded systems[END_REF] Daily temperature variation 10 μW/cm 3 [START_REF] Roundy | Micro-electrostatic vibration-to-electricity converters[END_REF] Temperature gradient 15 μW/cm 3 @10 0 C gradient [START_REF] Roundy | Micro-electrostatic vibration-to-electricity converters[END_REF] Electromagnetic The first step in applying RF energy harvesting technology is to identify appropriate working frequencies and the maximum power to be emitted in order to estimate the level of power available in each frequency channel.

Limitation standard

In term of health protection and the limitation of the risks associated with electromagnetic fields, there are international and national standards to define levels of exposure to electromagnetic fields. A number of different national and international organizations have issued recommendations for the protection of human from exposure to electromagnetic fields and radiation in public and professional spaces. This part will give a review of the most important recommendations.

International Commission on Non-Ionizing Radiation Protection (ICNIRP) issued the guidelines for limiting exposure to time-varying electric, magnetic and electromagnetic fields [START_REF] Icnirp | Icnirp Guidelines for Limiting Exposure To Time -Varying Guidelines for Limiting Exposure To Time-Varying[END_REF]. The IEEE International Committee on Electromagnetic Safety (ICES) equally issued a standard for safety levels with respect to human exposure to radiofrequency electromagnetic fields from 3 kHz to 300 GHz [START_REF]IEEE Standard for Safety Levels with Respect to Human Exposure to Radio Frequency Electromagnetic Fields[END_REF]. The ICNIRP guidelines were adopted in the Recommendation of the Council of the European Union (EU) on public exposure to electromagnetic fields [START_REF] Union | DIRECTIVE 2013/35/UE DU PARLEMENT EUROPÉEN ET DU CONSEIL du 26 juin 2013 concernant les prescriptions minimales de sécurité et de santé relatives à l'exposition des travailleurs aux risques dus aux agents physiques (champs électromagnétiques) (vingtième d[END_REF] and the vast majority of EU member countries follow this recommendation of the EU Council, either by incorporating it into its national regulations or in the form of recommendations. There are different approaches applied by some members with the introduction of more restrictive limits in "living places". In France, the national agency of frequencies (ANFR) issued the code relating to the exposure limits of the people to the electromagnetic fields emitted by equipment used in telecommunication a.

networks or by radio installations [START_REF] National De Frequence | Tableau national de reparitition des bandes des frequences[END_REF]. The limited reference level of the electric field, magnetic field, and power density are presented in Table 1-2.

Available power densities

Conforming to the recommended limits, Equivalent Isotropically Radiated Power (EIRP) of each mobile telecommunication service is fixed by the standard in each country for the authorized frequency bands. Several studies have been conducted to analyze exposure levels to electromagnetic fields and estimate the available power in surrounding environments, in general, to define acceptable power levels.

The study in [START_REF] Im2np | L3.1.1 : Etat de l'art des sources d'énergie[END_REF] estimated theoretically the power available from the main electromagnetic sources at a distance from transmitters determined by the services to which they are associated.

According to this report, power available is about hundreds pW/cm 2 for radio and television services and about nW/cm 2 for GSM mobile and WLAN services.

The measurements in the realistic environment were also carried out by different research groups [START_REF] Adami | Optimisation de la récupération d ' énergie dans les applications de rectenna[END_REF], [START_REF] Copic | Diminution de l'exposition aux ondes électromagnétiques émises par les antennes relais de téléphonie mobile[END_REF]- [START_REF] Visser | Ambient RF energy scavenging: GSM and WLAN power density measurements[END_REF]. The report [START_REF] Anfr | Etude de l ' exposition du public aux ondes radioélectriques[END_REF] concerns the analysis of 2955 measures carried out in France in 2014; the level of electromagnetic radiated power has been analyzed through the combined contributions of all RF sources. Overall analyses in Table 1-3 showed a median field intensity of 0.38 V/m, equivalent to the power density of 38 nW/cm 2 . The measured field levels are slightly higher in urban areas than in rural areas and slightly higher in outdoor areas than in indoor areas. A spectral RF survey of the city was carried out in London [START_REF] Pinuela | Current State of Research at Imperial College London in RF Harvesting and Inductive Power Transfer[END_REF] in more than 50 locations. The results also suggested that the power densities of available RF sources at outdoor environment are in the range of nW/cm 2 .

b.

In an office-like environment, the power density of WLAN signal is measured and estimated in [START_REF] Pinuela | Current State of Research at Imperial College London in RF Harvesting and Inductive Power Transfer[END_REF], [START_REF] Kadir | Indoor WiFi energy harvester with multiple antenna for low-power wireless applications[END_REF], [START_REF] Olgun | Efficient ambient WiFi energy harvesting technology and its applications[END_REF], [START_REF] Visser | Ambient RF energy scavenging: GSM and WLAN power density measurements[END_REF]. Level of WLAN power densities is smaller than telephone mobile energy, however, this type of source is stable over time and the antenna size is smaller. Table 1-4 presents the summary of different sources in ambient RF frequency.

According to available power levels, the frequency bands selected to harvest energy are, in order of priority: GSM 1800MHz, UMTS 2100MHz and GSM 900MHz and Wi-Fi 2.45 GHz. In addition, the 4G technology nowadays has been increasingly developed and implemented widespread, especially in the urban area. Therefore, LTE band at 2.6 GHz are still looked at though they are not included in the scope of this study. 3.95x10 3 2x10 3 17.8x10 3 [START_REF] Mann | Exposure to Radio Waves near Mobile Phone Base Stations[END_REF] 100 [START_REF] Kadir | Indoor WiFi energy harvester with multiple antenna for low-power wireless applications[END_REF] 0.52 [START_REF] Olgun | Efficient ambient WiFi energy harvesting technology and its applications[END_REF] 5.2-52 [START_REF] Visser | Ambient RF energy scavenging: GSM and WLAN power density measurements[END_REF] 10-100 1-50 1

Rectenna structures for ambient RF energy harvesting

In the RF energy harvesting system, the most crucial element is the rectenna (rectifier and antenna) which has the role of receiving electromagnetic waves and converting them into electric DC energy. The basic structure of a rectenna consists of an antenna, an impedance matching circuit, a rectifying component, a DC filter and a resistance load (Fig. 1-1).

Fig. 1-1 Basic architecture of a rectenna

Nearly all modern energy harvesting circuit use semiconductor-based rectifying elements to convert RF to DC energy [START_REF] Valenta | Harvesting wireless power: Survey of energy-harvester conversion efficiency in far-field, wireless power transfer systems[END_REF]. In RF energy harvesting system, the Schottky diode is chosen due to the low threshold voltage and lower junction capacitance than PN diodes. This low threshold allows higher efficiency at low power input and the junction capacitance allows the diode to operate at RF frequency.

Techniques to increase RF-to-DC conversion efficiency of rectenna

A rectifying circuit that gives large DC voltage and high efficiency even if incident power levels are very low is desired. RF-to-DC conversion efficiency is an important characterization of the rectifier in the energy harvesting system and this one is decided mostly by the behavior of the diode.

The diode normally modeled by the nonlinear characteristic in three main regions of operation:

reverse biased while below the reverse breakdown voltage (region 1), off-state while between breakdown voltage and turn on voltage (region 2) and forward biased (region 3) while above turnon voltage. However, with a very low power density of ambient RF energy, the input voltage of rectifier is very low and the diode can operate only in the transition between region 2 and region 3. The diode is only in "on-state" for a small fraction of the RF wave period [START_REF] Valenta | Harvesting wireless power: Survey of energy-harvester conversion efficiency in far-field, wireless power transfer systems[END_REF].

On the other hand, circuit losses come from the impedance mismatch as harmonic generation and the device parasitic such as junction resistance and junction capacitance of diode can decrease significantly the circuit efficiency. Therefore, techniques to increase the power conversion efficiency concentrate on the behavior of the diode and various topologies concerning the diode.

Nonlinear device choices

The diode parameters have a crucial role to maximize power conversion efficiency of rectifying circuit. Fig. 1-2 shows the impact of the diode main parameters on the rectifying circuit efficiency [32] [33]. a.

-The reverse breakdown voltage VBr also limits the diode efficiency as this allows energy to short the diode demonstrated by VBr effect. However, in the very low power system, input power is not high enough to exceed this voltage.

-The parasitic junction resistance RS will dissipate power in the semiconductor junction, therefore, limits diode efficiencies [START_REF] Yoo | Theoretical and Experimental Development of 10 and 35 GHz Rectennas[END_REF].

-The parasitic junction capacitance Cj and junction resistance RS constitute a low-pass filter, which limits the maximum operating frequency of the diode.

For these reasons, a careful choice of the diode with low threshold voltage, high reverse breakdown voltage, low series resistance and low junction capacitance can naturally increase the efficiency of the circuit. Nevertheless, due to the limitation in device material and fabrication, it is difficult to obtain all the optimal values simultaneously. However, existing Schottky and CMOS devices are limited by the junction nonlinearity and the conversion efficiency is reduced to only a few percent at nW level. The magnetic tunnel junctions (MTJs) or spin diode was then analyzed in [START_REF] Hemour | Towards low-power high-efficiency RF and microwave energy harvesting[END_REF] with much smaller series resistance, junction capacitance as well as zero-bias junction resistance. This device, therefore, is a promising choice for low power energy harvesting apart from the traditional Schottky diode. In a companion work to this one, a specific rectenna is fabricated for intentional wireless energy transmission [START_REF] Lyon | par : Focalisation des ondes électromagnétiques pour la transmission d †TM énergie sans l Table des matières[END_REF]. In fact, the received energy is not different in order of magnitude from ambient energy levels considered here. Most popular Schottky diodes have been analyzed and main parameters are reported in Table 1-5.

Circuit topologies choices

The microwave rectifying circuit may adopt different topologies depending on incident power and frequency and as a function of position and number of diodes in the circuit. Among the most common topologies are:

-Single series half-wave rectifier topology: this is the simplest topology and it can be used in the very low input power circuit. The drawback of this topology is the low output voltage.

-Single shunt half-wave rectifier topology: this topology is similar to the single series one and also adapted with very low power application.

-Voltage multipliers topologies: in order to boost the output voltage, a number of voltage multiplier topologies have been reported in the literature [START_REF] Yuan | CMOS circuits for passive wireless microsystems[END_REF]: The voltage multipliers topologies help to increase the output voltage and in the high-power circuit, they can achieve fair efficiency values. However, with the very low incident power, the input voltage is very low compared to the voltage across the diode and the diode bridge-based rectification becomes very inefficient [START_REF] Yuan | CMOS circuits for passive wireless microsystems[END_REF]. The more the diode is involved in the circuit, the more losses appear. Therefore, in the low-power circuit of ambient RF energy harvesting, the single series or shunt topologies are preferred.

o
A Rectifier Figure of Merit (RFoM) can be defined as the product between open-circuit DC output voltage and the efficiency when the rectifier reaches its maximum power point (optimal load) (1-1).

= × (1-1)
Authors in [6] have simulated four circuits to evaluate the RFoM of each topology. The results (Fig. 1234) show that the single series diode topology offers a better trade-off in low power region below -5 dBm.

b. 

Harmonic termination techniques

Typically, the rectifier is optimized to have impedance matching with the antenna at the fundamental frequency. In a microwave rectifier, the nonlinear diode also generates current and voltage at the harmonics of the operating frequency [START_REF] Roberg | High-efficiency harmonically-terminated rectifier for wireless powering applications[END_REF]. As described in Fig. 1-2, as the incident voltage continues to increase, the energy lost in harmonics further increase. Therefore, the efficiency of the rectifier can be improved by terminating its harmonic component across the diode.

The choice of harmonic termination technique is based on series resistance RS and reverse breakdown voltage VBr. Table 1-6 shows most suitable rectification mode versus RS and VBr, but as the input RF decreases, each class begins to operate with approximately the same efficiency [START_REF] Hagerty | Nonlinear Circuits and Antennas for Microwave Energy Conversion[END_REF].

Furthermore, the most realistic diode is the diode with high RS and low VBr, which is most suitable for Class-F harmonic termination. Class-F harmonic termination presents the diode with zero impedance at even harmonics and infinite impedance at odd harmonics, what will reshape the diode voltage and current waveforms.

An ideal Class-F rectifier is presented in Fig. 12345. This rectifier uses ideal RF choke, ideal DC block, lossless transmission line; the input impedance is a conjugated match with the source impedance (antenna impedance in case of RF energy harvesting) [START_REF] Guo | Theoretical Analysis of RF-DC Conversion Ef fi ciency for Class-F Recti fi ers[END_REF].

c.

Fig. 1-5 Ideal Class-F rectifier topology used in circuit design [START_REF] Guo | Theoretical Analysis of RF-DC Conversion Ef fi ciency for Class-F Recti fi ers[END_REF] Authors in [START_REF] Noda | Compact class-F RF-DC converter with antisymmetric dual-diode configuration[END_REF] proposed a compact Class-F RF-DC converter at 2.45 GHz. The harmonic power dissipations are eliminated by open and short terminations for the odd and the even harmonics, respectively. The proposed circuit consists of an impedance matching network and a thirdharmonic rejection filter (Fig. 123456). The results show that this circuit also realized short termination for the second and the fourth harmonic (Fig. 1234567). Authors in [START_REF] Takhedmit | A 2.45-GHz Dual-Diode RF-to-dc Rectifier for Rectenna Applications[END_REF] proposed a similar work that has an inverse Class-F rectifier, which operates at short terminations for the odd harmonic and open for even harmonic. 

Impedance matching

The choice of interface impedance between the antenna and the rectifier plays a crucial role in maximization the power conversion efficiency of rectenna systems. The interface between antenna and rectifier circuit is shown in Fig. 1-8 [START_REF] Stoopman | Codesign of Electrically Short Antenna-Electronics Interfaces in the Receiving Mode[END_REF]. Typically, the induced voltage from antenna VA is very low due to the low power in the ambient and this input voltage amplitude is not greater than the threshold voltage Vth of the nonlinear component. For some applications, a very low start-up voltage of the rectifier is more important than the power conversion efficiency and in that condition, the impedance matching between the antenna and the rectifier in its cold-start is not desirable, hence the input RF filter, i.e. matching network, is not considered [44] [45].

However, when the antenna is not matched to the rectifier, the input voltage of rectifier is identical to the input voltage for the matched situation times a multiplicative factor. This factor is equal to 1 in the matched situation and smaller than 1 in other cases [START_REF] Briand | [END_REF]. So in order to maximize the input voltage and power transfer, the interface should be impedance matched. Discussion about matching or not matching has been considered and it seems that there are more limitations than advantages to consider an unmatched scheme [START_REF] Stoopman | Circuit Design for Highly Sensitive RF-Powered Wireless Sensor Nodes[END_REF].

This does not implicate that 50- is the best reference impedance with respect to harvesting.

Unfortunately, the majority of antenna interfaces are 50- due to the historical development of coaxial cable using in the experimental environment. A characteristic impedance of 50-is a compromise between power handling and signal loss in high power radio waves [START_REF] Stoopman | Circuit Design for Highly Sensitive RF-Powered Wireless Sensor Nodes[END_REF]. Therefore, great deals of reported rectenna in literature have been developed with 50 Ω interfaces.

On the other hand, the design consists of an antenna having an input impedance that is complex conjugate with the rectifier input impedance was proposed to increase the performance of the rectenna. This means the antenna has a low resistive part and high inductance, which make the antenna electrically small [START_REF] Briand | [END_REF]. A comparison between the 50-Ω interface and complex conjugate interfaces were performed and presented in Fig. 1-9 and Fig. 1-10 [48]. The result shows that the compact antenna with conjugated matching has about 5% higher in efficiency and this difference due to the loss in the matching circuit. 1.2.2 Techniques to increase the harvested power

Combining techniques

Harvested power from a single rectenna is mostly not sufficient in supplying energy for typical device operation. In order to build up the harvested power that can be suitable to supply lowpower devices, techniques of combining several elements into one system are developed.

Combining single-frequency rectenna:

This direction concentrates in boosting the harvested power from RF sources at only one frequency. In the environment when only one mobile service is available, this technique is more productive. The most common practice is using multiple antennas arranged in a large array to produce a large amount of power. There are two most commonly used configurations [START_REF] Olgun | Investigation of rectenna array configurations for enhanced RF power harvesting[END_REF]:

-RF-combiner: in which multiple antennas associated with an RF combiner and then connected with a rectifier. This array antenna works together as a single antenna with higher gain in order to increase the received power at the input of rectifier.

-DC-combiner: in which each antenna associated with its own rectifier and DC power then combined in parallel, series or hybrid. Besides, the DC-combiner can also be realized from two port of a single circular polarization antenna.

Combining multi-frequency rectenna:

This is an attractive approach since several RF sources exist in the ambiance from mobile services, especially in the urban and semi-urban environment. This trend has given rise to a lot of publications on the topic. However, due to the nonlinearities of the diode, the input impedance of the circuit varies as a function of the frequency, input power level, and load impedance. This creates a challenge for impedance matching of multi-frequency rectennas.

The multi-frequency solutions for RF energy harvesting include different approaches of rectenna (rectifier + antenna) architectures as described in Fig. 1 Below are given some details about each technique and the results that have been reported.

Single-frequency: Multiple antennas in RF-combiner configuration

While using multiple antennas in an RF-combiner configuration, the phase of the incident wave is taken into account. This phased array of antenna offers to steer the beam in the desired direction. This topology has the advantage of harvesting more power near the main beam of the incident waves. The rectifier array was then combined by the series-connected array. This design has the advantage that the matched load is higher than the parallel topology and matches with the impedance of the energy management unit. The array setting also took into account the DC lines from each rectifier. In order to step-up and regulate the output voltage from the harvester circuit, the energy management units used the charge pump integrated circuit S882 and step-up DC-DC converter AS1310. When tested in the typical office environment, the device was able to supply a continuous current of 10 µA to the load. The maximum output current reached 50 µA. The total load varies between 85 and 105 kΩ, therefore the harvested power is about 10.5 µW.

Suffice to recall that a simple core microcontroller like STM32 by STMicroelectronics in its lowpower configuration has current consumption under 1 µA that is equivalent to a resistor of 30 kΩ in standby mode [START_REF] Stmicroelectronics | F205[END_REF]. Other way said, 1 µA is a non-negligible current with looking for digital computation.

c. Ferreira et al. in [START_REF] Ferreira | Hybrid FSS and Rectenna Design for Wireless Power Harvesting[END_REF] also proposed a 4x3 rectenna array that has the same principle except that the rectifiers were combined in a parallel topology to maximize the output current. This prototype was able to power a 56 mW LED at a 2-Hz rate with the incident power of -10 dBm.

The effectiveness of the two configurations RF-combiner and DC-combiner depend on the number of antennas in the array and RF-to-DC conversion efficiency of the rectifier. The more antennas involved in the array, the better the DC-combiner configuration performs. The more the RF-to-DC conversion efficiency, the better the RF-combiner configuration effectiveness [START_REF] Olgun | Investigation of rectenna array configurations for enhanced RF power harvesting[END_REF]. With similar characteristics of both antenna and rectifier, the RF-combiner has narrower beam width than the DC-combiner, but at the direction normal to the main beam, its performance is better.

Single-frequency: Multi-input of an antenna in DC-combiner configuration

Another way to combine energy from different polarization is connecting the rectifier with two excitation point of a square aperture-coupled patch antenna with dual linear antenna [START_REF] Georgiadis | Rectenna design and optimization using reciprocity theory and harmonic balance analysis for electromagnetic (EM) energy harvesting[END_REF]. The antenna has the measured gain of 7.7 dBi for both polarizations. The RF-to-DC efficiency was 15.3% at vertical polarization and 11.3% for horizontal polarization. The two voltage doublers were connected to two orthogonal polarization inputs (Fig. 123456789101112131415). The circuit has a maximum efficiency of 32.5% at an input power of 1.5 µW/cm 2 at 2.43 GHz. This design allows harvesting power regardless the input signal polarization. A linear polarized folded dipole was selected in order to have an omnidirectional pattern and to avoid the need for beam pointing since the location of source stays unknown (Fig. 12345678910111213141516).

The antennas were not integrated onto the substrate to embed the harvester into surrounded environments (furniture, windows, etc.). These wire antennas have the gain around 4.35 dBi and bandwidth of 5% around a central frequency. The unwanted coupling between single-band antennas was minimized by placing them apart of a distance of λL/5 (where λL is the wavelength of the lowest frequency band antenna). The rectifier was designed by using the zero-bias SMS7630 diode in a series configuration. The impedance matching network used a series lumped-element inductor to absorb the capacitive reactance from the series diode and a λ/4 short-circuit shunt stub to achieve the 50-Ω impedance of input antennas. The optimal output load resistance was chosen for an RF input level of -20 dBm.

The low-power integrated circuit PMM from Texas Instruments Inc. (BQ25504) was integrated for maximum power point tracking. In this research, two different architectures were investigated, one with a single shared PMM (Fig. 1234567891011121314151617) and the second with multiple PMMs.

In the structure with share PMMs, the outputs of multiple rectenna were connected in series to increase the probability of the voltage at the input of PMM for reaching the cold-start level. The efficiency using shared PMMs is 15% with a combined input RF power of -12 dBm. The multiple rectenna with individual PMMs used a parallel topology to have the advantage of running each rectenna at its maximum power point. The efficiency using individual PMMs is 13% at an input power of -12 dBm. Both structures have lower efficiency compared to a single-band harvester but e.

the output power level is higher. The volumetric output DC power density is something like 7.4 μW/cm 3 . It is not so bad when referring to Table 1-1.

Multi-frequency: Wideband/Multiband antenna and single-tone rectifiers

The broadband rectenna has the advantage of collecting energy efficiently at any frequency regardless of the number of RF signals in the targeted bandwidth. However, the rectifier is a nonlinear circuit and its input impedance and efficiency indeed depend on input power level and frequency. Therefore, this kind of rectenna usually results in a very low efficiency in any particular frequency because of the quality of the impedance match between the antenna and a single rectifier. This efficiency is also reduced when increasing the bandwidth.

In the multiband rectenna, the available multi-frequency sources require a multiplexer circuit to separate energy between frequencies before entering the rectifier circuit, as it is better to use a specific rectifier for each frequency band. To ensure good performance of the system energy recovery, multi-frequency antennas are preferable to a multi-antenna system, because it is quite difficult to integrate several antennas in a small footprint while keeping good isolation between them. Two types of antennas may be used, wideband antenna or multi-band antenna that cover all the selected frequencies.

Kuhn et al. in [START_REF] Kuhn | A multi-band stacked RF energy harvester with RF-to-DC efficiency up to 84%[END_REF] presented an architecture of multiband rectenna. Each RF branch consists of an impedance matching network, a rectifier and a DC filter. A number of branches is not limited and one wideband or multiband antenna is connected to the input of the circuit (Fig. 123456789101112131415161718). This architecture allows obtaining a more compact circuit. However, there is a challenge to impedance matching. Each branch has a band-pass filter to match each rectifier with a selected frequency. The rectifier component is diode MSS20-41, which was chosen because of its higher efficiency and low power capability compared to the diode SMS7630. The rectifier was a modified voltage doubler structure whereof the connection to the ground was suppressed in order to create a differential output. The single-tone rectifiers were then connected in series. This structure allows f.

preventing DC interferences between the RF branches (Fig. 12345678910111213141516171819). The harvester is connected with a wideband dipole antenna with a reflector plane. The gain of the antenna was 6 dBi throughout the band from 0.9 to 3 GHz.

The measurement in controlled environment showed an RF-to-DC conversion efficiency of 15%

for an input power of -20 dBm. The rectenna was also measured in outdoor conditions and the DC power reached 15 μW at MPP (maximum power point).

Song et al. present a similar work with six-band dual circular polarization rectenna [START_REF] Song | A Novel Six-Band Dual CP Rectenna Using Improved Impedance Matching Technique for Ambient RF Energy Harvesting[END_REF]. Each rectifier branch was optimized for the two-separated band. The broadband log-periodic cross dipole was proposed with the gain of 2.5 to 5 dBi over the entire band. The RF-to-DC conversion efficiency of the structure is 11% at -30 dBm and measured harvested DC power in outdoor ambiance reaches 96 μW at MPP.

Multi-frequency: Wideband/Multiband antenna and multi-tone rectifier

Another approach to harvest ambient RF energy is to harvest simultaneously RF energy from several spectral bands. In this case, the multitone rectifying circuit is proposed [START_REF] Sun | A dual-band rectenna using broadband yagi antenna array for ambient rf power harvesting[END_REF], [START_REF] Liu | Enhanced Dual-Band Ambient RF Energy Harvesting With Ultra-Wide Power Range[END_REF]. Liu et al. Table 1-7 compares the state-of-the-art designs of combining rectenna systems, considering only the works dedicated to ambient sources of very low power density.

g. 

Antenna using flexible material

There is a variety of flexible materials usable in antenna design such as textile material, paperbased material, polymer-based material. The properties of the material have an important influence on the behavior of the antenna. In general, the dielectric properties of a material depend on the frequency, temperature, and surface roughness. Bandwidth and efficiency of planar microstrip antenna mainly determined by permittivity and thickness of the material [START_REF] Salvado | Textile materials for the design of wearable antennas: A survey[END_REF]. In addition, the conductivity is an important factor in the efficiency of the antenna.

Textile material

Textile presents a very low dielectric constant, the presence of air gives a relative permittivity close to one [START_REF] Salvado | Textile materials for the design of wearable antennas: A survey[END_REF] therefore reducing surface wave losses and increasing the impedance and the bandwidth of the antenna. However, textiles material constantly exchanges water molecules with the environment, which affects their electromagnetic properties. When water is absorbed by textile fibers or trapped in the fabric structure, the permittivity and loss tangent of the textile increase.

Textile antennas are mainly planar antennas, specifically microstrip patch antennas, in which the propagation direction is normal to the antenna. In addition, the ground plane shields the effect of the human body [START_REF] Zhang | Textile antennas and sensors for body-worn applications[END_REF]. The advantages of the electronic textile are essentially the physical flexibility and the ease of integration in wearable application [START_REF] Stoppa | Wearable electronics and smart textiles: A critical review[END_REF].

Authors in [START_REF] Locher | Design and Characterization of Purely Textile Patch Antennas[END_REF] proposed to use the silver-plated knitted fabric and silver-copper-nickel woven fabric possessing a sheet resistance less than 1 Ω/sq to keep the losses to a minimum. The patch antenna was characterized under bending condition until 37.5 mm of radius (Fig. 1-21). The realized gain is 4.4 dBi and the efficiency is 34.7%. a.

The washable antenna was also proposed with a breathable thermoplastic polyurethane coating to protect antenna against water absorption and corrosion [START_REF] Scarpello | Stability and efficiency of screen-printed wearable and washable antennas[END_REF]. However, due to the highloss substrate, this type of antenna has low radiation efficiency, about 20-49%. The asymmetric meandered flare (AMF) dipole antenna based on the conductive Ag-coated Zylon fibers (E-fibers) was proposed in [START_REF] Wang | Flexible textile antennas for body-worn communication[END_REF] in order to achieve higher radiation efficiency but the antenna gain stays low about 2 dBi (Fig. 1-22). In order to increase the realized gain of the system, the patch antenna array based on polyurethane protective foam substrate (Azzurri) typically used in firefighters jackets was proposed [START_REF] Scarpello | High-gain textile antenna array system for off-body communication[END_REF].

Paper-based and polymer-based material

Flexible antenna using paper-based and the polymer-based substrate were profusely introduced such as silver nanoparticle ink printed on Kapton polyimide film, ceramic-polymer and carbon-epoxy composites, conductive polymers such as PEDOT or polypyrrole (PPy), metamaterial based artificial magnetic conductor structures [START_REF] Feránndez-Prades | Flexible substrate antennas[END_REF].

A study compared two antennas based on two types of conductive polymers with different thickness and conductivities PEDOT and PPy using Ultralam 2000 substrate were presented in [START_REF] Kaufmann | Efficiency of a compact elliptical planar ultra-wideband antenna based on conductive polymers[END_REF]. The results show that with thicker thickness (158 μm over 7 μm), the antenna has a much higher efficiency (80% over 2.6.6%).

To take advantage of the flexibility property, a different way of folding the antenna patch using Kapton substrate was designed and tested [START_REF] Radonić | Flexible Sierpinski carpet fractal antenna on a Hilbert slot patterned ground[END_REF]. The proposed antenna is more tolerant to folding than its conventional patch counterpart, with a smaller variation of the resonant frequency and the gain over the different way of folding. 

Techniques to increase realized gain of flexible antenna

Besides the advantages of the flexible substrate in antenna designing for a dedicated application, there are also the inconvenient comes from the characteristic of this type of substrate such as highloss, super thin thickness, dependence on the implanted object. In some applications, this leads to decrease the gain and radiation efficiency of the antenna or increase the antenna's size. Monopolebased and dipole-based antennas were usually used to overcome these difficulties but they have the omnidirectional pattern and therefore low gain about 2 dBi.

On that account, techniques to increase the realized gain of the flexible antenna were proposed.

A UWB antenna based on a half circular disc monopole and a rectangular patch with two steps is designed and realized [START_REF] Unnikrishnan | CPW-Fed Inkjet Printed UWB Antenna on ABS-PC for Integration in Molded Interconnect Devices Technology[END_REF] to archive the gain of 4.2 dBi at 3 GHz.

Series-fed of two dipole antenna comprising a balun filter on liquid crystal polymer substrate was designed to be used at a frequency band of 26-33 GHz [START_REF] Kao | Inkjet printed series-fed two-dipole antenna comprising a balun filter on liquid crystal polymer substrate[END_REF]. With the dipole-base structure, even the substrate thickness is only 0.1 mm, the maximal gain can reach 6.2 dBi without bending and 5.2 dBi after bending. However, the antenna's size is quite large, about 1.20 λ0 x 0.38 λ0.

Using the combination of 3D and 2D inkjet printing, the integration of a Fresnel lens to a helix antenna (Fig. 1-25), the antenna gain can enhance from 4.6 dBi to a peak gain of 12.9 dBi at 8.8 GHz [START_REF] Farooqui | 3D Inkjet Printed Helical Antenna with Integrated Lens[END_REF]. The dielectric material used is a photosensitive polymer named VeroBlackPlus with a permittivity 2.6 and a high loss tangent of 0.023.

The directional-type antennas such as patch antenna, Vivaldi antenna, quasi-yagi uniplanar were also adapted to use in a planar structure in order to enhance the gain [START_REF] Presse | Broadband UHF flexible vivaldi antenna[END_REF]- [START_REF] Tang | Flexible Uniplanar Electrically Small Directive Antenna Empowered by a Modified CPW-Feed[END_REF]. Authors in [START_REF] Presse | Broadband UHF flexible vivaldi antenna[END_REF] proposed a Vivaldi antenna based on silicon foam substrate, with permittivity of 3.02 and loss tangent of 0.04. This antenna achieved the gain of 3 to 7.6 dBi in the frequency range of 150 MHz to 900 MHz. A very effective solution to use in the high-loss organic substrate such as paper is to use ground-backed frequency selective surfaces (FSSs) (as described in Fig. 1-26) for the artificial magnetic conductor (AMC) [START_REF] Cook | Utilizing wideband AMC structures for high-gain inkjet-printed antennas on lossy paper substrate[END_REF]. This technique allows increasing the gain by 5dB over the conventional structure. 

Integration of flexible antenna in energy harvesting system

Although being used a lot in designing an antenna, the integrated flexible antenna in energy harvesting system is not too common.

Authors in [START_REF] Saghlatoon | Inkjet-printed wideband planar monopole antenna on cardboard for RF energy-harvesting applications[END_REF] proposed a wideband planar monopole antenna on cardboard for RF energy harvesting. This antenna has the maximum realized gain of 5 dBi but only 2 dBi at fundamental mode. Another dipole-like antenna was proposed for UHF RFID energy harvesting system based on Silicon-on-Insulator technology [START_REF] De Donno | An UHF RFID energy-harvesting system enhanced by a DC-DC charge pump in silicon-on-insulator technology[END_REF] and the modest gain is achieved about 1.85 dBi.

In order to integrate the rectifier circuit at the back of the antenna, a one-sided directional flexible antenna was designed with the gain of -0.7 dBi at 900 MHz. The flexible material used in this structure allows the whole system to bend and stick to the wall for ambient RF energy harvesting or wireless power transfer. Antennas for RF energy harvesting were also integrated with other solution such as solar harvester to increase the harvested power. In [START_REF] Lemey | Dual-band substrate integrated waveguide textile antenna with integrated solar harvester[END_REF], a dual-band substrate integrated waveguide textile antenna was presented, the antenna has the gain of 4.7 dBi at 2.45 GHz. The structure has high robustness against bending, the low influence of human body and effectively exploited the surface area for integrated solar cell (Fig. . Similar hybrid solar/RF harvester was proposed in [START_REF] Georgiadis | Flexible hybrid solar/EM energy harvester for autonomous sensors[END_REF] except that the antenna was a monopole with a realized gain of 0 dBi at 850 MHz (Fig. 1-28). The flexibility property can also be taken as an advantage for antennas in 3-D packaging (Fig.

1-29) [START_REF] Maeng | Parylene interposer as thin flexible 3-D packaging enabler for wireless applications[END_REF]. In this application, the Parylene substrate has a very thin thickness down to 50 μm and the loss tangent is about 0.002. The miniature embedded loop antenna was proposed and the total size of receiver module on Parylene interposer is 6 mm x 3mm. However, the antenna gain is about -15 dBi at 4 GHz. Table 1-8 presents the comparison of the several developed flexible antennas in current literature. From the point of view of antenna design, current flexible antenna designs for energy harvesting system are mainly suitable for the integration in hybrid systems on various thin and flexible substrates. However, the performance of the antenna is not quite high as the demand of the RF energy harvesting, especially the gain and radiation efficiency. Furthermore, the system packaging of a conventional electronic circuit such as rectangular box was not made use of. On the other hand, considering the need to combine multiple energy harvesting circuits to increase the harvested power, combining multiple antennas in one surface or area is also required to be analyzed and developed. 

Conclusion

This chapter has reviewed reported solutions for ambient energy harvesting for low-power applications. A summary of ambient RF measurements as detailed in literature has been presented. From these results, the working frequencies are chosen.

As given in literature review, the ambient RF sources have very low power density. Hence in order to increase the overall efficiency and harvested power, combinations of antenna and rectifier are performed. Our goal is to design a rectenna suitable for demands of IoT applications. These antennas are expected to be fabricated on a flexible substrate and their forms allow them to be integrated as a background feature such as a circuit in packaging. It is necessary to consider the transition from the antenna to the rectifier in order to minimize the insertion loss of the overall system.

The measurements are expected in a realistic environment where multipath and reflections are taken into account in order to estimate the probability of energy harvesting at the receiving circuit.

Antenna

The antenna is a crucial element of RF energy harvesters, which has the role of receiving an electromagnetic wave in free space and delivering its power to the load. Therefore, the study of antenna that is suitable for energy harvesting system is necessary.

Antenna technology was the fundamental subject in electrical engineering and physical domain for centuries. For this reason, there was a great deal of developments and advancements of antenna's techniques in the literature and we will not present in this manuscript the principle and fundamental characteristic of an antenna but rather the development of antenna from the point of view of energy harvesting for IoT. The IoT devices, which can be represented by a network of wireless sensors, have the challenge of recovering the energy from an extremely low ambient field.

In respect to the growing development of interconnected objects within the industry and domestic uses, the antenna in energy harvesting system, therefore, must also meet a requirement for flexibility for its future integration with an object and the electronics for energy storage and conversion.

Current flexible antennas developed in literature for energy harvesting (as presented in patch/microstrip antenna [START_REF] Locher | Design and Characterization of Purely Textile Patch Antennas[END_REF][64] [START_REF] Scarpello | High-gain textile antenna array system for off-body communication[END_REF][79], Vivaldi antenna [START_REF] Presse | Broadband UHF flexible vivaldi antenna[END_REF], quasi-Yagi antenna [START_REF] Tang | Flexible Efficient Quasi-Yagi Printed Uniplanar Antenna[END_REF] and SIW cavity-backed slot antenna [START_REF] Lemey | Dual-band substrate integrated waveguide textile antenna with integrated solar harvester[END_REF]. However, the performance of these antennas is not quite high as demand in term of gain and efficiency in regards their dimensions.

On account of the requirements, the specifications for the flexible antenna in RF energy harvesting system are discussed and several types of antenna that meet these requirements will be introduced. In this section, detailed simulation, fabrication and measurement of these antennas will be presented.

Requirements of antenna for ambient energy harvesting

As analyzed in Chapter 1, frequency bands that are suitable for RF ambient energy harvesting are the band of GSM900, GSM1800, UMTS2100, LTE2600 and Wi-Fi band 2.45 GHz. Therefore, the combination of all sources is necessary and normally multi-band and wideband antennas for mobile applications are preferred to use in this system. As mentioned in Chapter 1 (Fig1-11) about structures of multi-frequency solutions for RF energy harvesting, different approaches of rectenna structures were presented but not all of these solutions were developed in the literature. These
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propositions aim to combine several sources in the ambiance into one system. The solutions of the antenna can be used in the combinations ambient energy harvesting are:

-Using multiband/wideband antenna, connected with an independent rectifier or multi-tone rectifier.

-Using reconfigurable frequency antenna corresponds to each frequency band, which is available in the ambiance.

-Using several single-band antennas at each frequency to form a multi-frequency system. This requires the design of multiple antennas at each frequency bands mentioned.

-Using several single-band antennas to form diversity antenna in space.

The analysis and proposition of each solution are presented below. In order to evaluate the performance of each design, their specifications will be defined in advance to guide the design.

The antenna gain and radiation characteristics play an important role in the system's ability to amplify the signal level. While harvesting from identified sources, a directional antenna is desired but while scavenging from unspecified sources, which is the case of ambient energy, an omnidirectional antenna is desired.

In the case of using multiple-antenna, the mutual coupling can induce interchange of energy between antennas. Amount of energy received by each antenna will be the vector sum of the incident waves and parasitic coupled waves from others [START_REF] Balanis | Antenna Theory: Analysis and Design, Third Edit[END_REF]. The objective of the multipleantenna design is minimizing the influence of this undesired coupling. This can be done by properly choosing the structure and terminating impedance of each antenna.

In the context of wireless network sensors, a compact and flexible system is also required. The system packaging of a conventional electronic circuit such as rectangular box will be made use of in order to immerse the antenna as a background feature. The conventional flexible substrate will be used in order to achieve the low cost and facilitate for mass production. However, this type of substrate has the characteristic of high-loss and complement technique is expected to overcome this loss and maintain the gain of the antenna.

3D flexible multi-band antenna

In present literature, there is a wide variety of multi-band antenna types for energy harvesting systems which have been studied [START_REF] Pham | Triple bands antenna and high efficiency rectifier design for RF energy harvesting at 900, 1900 and 2400 MHz[END_REF]- [START_REF] Zainuddin | Design of wideband antenna for RF energy harvesting system[END_REF]. However, these studies have been limited to two to three bands of the frequencies listed above. Further, most of their shapes are planar or 3-D which is not compatible with the requirement of IoT devices and can be too complex to integrate into different forms of the circuit or system packaging, such as a rectangular box.

To fix these shortcomings, two novel types of antenna are being developed in the present study.

The aim is to create an antenna that covers a wider range of frequency bands and with a design that is more versatile thus easier to implement with various types of circuitry and modern sensors.

This section proposes two new compact 3-D multiband antennas that operate on three to five frequency bands (GSM, UMTS, and WLAN service). Study methodology, results of simulation and experimental data are included.

Dipole-based antenna

Antenna Configuration

The performance of current multi-band antennas is traditionally limited by the shape and arrangement of their radiating elements. A high number of the multi-band antennas published in the literature have correlated operating frequencies. Consequently, the relation between these frequencies is dependent and not easily controllable. Moreover, at the different operating frequencies, the radiation patterns of these antennas are often not very similar and difficult to modify.

Wireless communications antennas are generally developed as passive planar structures, which consist of a main radiating element, a support ground plane, a support substrate, and a feeding structure [START_REF] Ahmad Rashidy Razali1 | Compact Planar Multiband Antennas for Mobile Applications[END_REF]. Nowadays, antennas for wireless devices are mainly built using planar printed technology. The multi-band operations can be realized by creating several radiators for different resonances of a single feeder or extending the physical length of the main radiator to achieve several resonance modes.

Due to the compact size and omnidirectional radiation pattern, a dipole antenna was used as a base design, which was modified in order to work with several frequencies simultaneously.

In order to scale down the antenna size and to use a 3-D form of the typical packaging, the planar dipole has been modified to form a U-dipole which length (including two sides) is halfwavelength. With this configuration, the equivalent antenna area for collecting energy remained unaffected but the size is more compact. The two resonant frequencies of fundamental and second mode at GSM band 1800 MHz and WLAN band 5 GHz (including 5.2 GHz and 5.8 GHz) were achieved.

Secondly, to attain another resonant frequency of Wi-Fi band at 2.4 GHz, a parasite element was placed near the first conductor to create the coupling between them.

The third conductor was added on the other side to obtain the impedance matching for the bandwidth between 1800 MHz and 2.4 GHz and to accommodate another operation frequency at a.

UMTS band 2.1 GHz. These two coupling conductors were essential components for the multi-band operation of the proposed antenna.

The configuration of the proposed 3-D dipole antenna is shown in Fig. 2-1 and the geometry of the antenna is presented in Fig. 2-2. The initial substrate used for this design is a Rogers 4003 with a thickness of 0.813 mm, a relative permittivity εr= 3.55 and a loss tangent tanδ= 0.0027.

The two sides of the proposed antenna include shapes in different sizes aimed to affect the characteristic impedance of the antenna, therefore minimizing the reflection coefficient at design frequencies. The shape at feed point was designed as trapezoidal to match the input impedance of the antenna. By considering all these characteristics, the design values for all parameters are obtained as given in Table 2-1. The total volume of the 3D-antenna under the geometry of the packaging box is 60x25x15 mm 3 . The 3-D dipole antenna with optimal dimensions was then fabricated using RO4003 substrate. It can be seen that both results agree correctly except that the measured result exhibits better impedance matching, especially for the UMTS frequency 2100 MHz. This difference can be explained by the way of joining planes together in the fabrication process. This process can cause the discontinuity in the conductor and affect the impedance matching of the antenna. Radiation characteristics of the proposed antenna were also studied. The simulated far-field pattern of the antenna at 1800MHz is shown in Fig. 2345. The measurement of radiation pattern was performed in the anechoic chamber. The transmitting antenna is a Vivaldi horn antenna and its largest dimension is 22 cm. The proposed 3-D antenna was located at a distance of 3 m from the horn antenna so the far-field condition is ensured for all frequency bands. The coaxial feed cable is perpendicular to the plane of transmission (z-direction) in order to limit its influence on the measurement. The pattern of the antenna is omnidirectional at 1800 MHz, 2100 MHz, 2.45 GHz and directional at 5.2 GHz. There is a slightly different pattern in the direction of 180 0 between simulation and measurement. These differences were caused by the presence of the rotation motor in which the antenna was attached. Applying for printed antenna on flexible substrate

The development of antenna design and electronic circuits using a paper substrate is increasing in popularity. Benefits include lightweight properties, which are flexible, economical in cost and eco-friendly. If used in RF energy harvesting application, a flexible substrate antenna can be implemented directly on system packaging, thus reducing overall size while enhancing the system performance.

The The results show that the antenna can be suitable for packages having size between76 x 4 x 25 mm 3 and 48 x 18 x 25 mm 3 . c.

Fig. 2-11 Simulated reflection coefficient of 3D paper antenna at different values of h (mm)

In term of radiation characteristics, the paper antenna has the same radiation pattern as the Rogers prototype presented above. However, due to the high loss substrate, the gains of antenna across operational frequencies decrease as compare to the Rogers 4003 substrate. Table 234shows the comparison between simulated gains of two prototypes. The antenna was then fabricated using screen-printing technology. This 3D flexible antenna has an advantage of structural simplicity and easy to conform to different forms of electronic system packaging. The radiation pattern is similar to the radiation pattern of the same structure on Rogers 4003 substrate. However, in term of gain, this antenna has slightly lower gain and therefore exhibits reduced performance of energy harvesting system. 

Coplanar-based antenna

Antenna configuration

The proposed dipole-based antenna has the advantages of omnidirectional radiation pattern and easily controls the dimensions. However, as mentioned, the realized gain is low and to integrate with rectifier circuit need further development of the transition circuit. a.

On the other hand, printed antenna using coplanar waveguide (CPW) feeding techniques are preferred in flexible antenna designs since both antenna and ground plane are printed on the same side. It makes the production process easier and avoids using via when connecting later with rectifier circuit [START_REF] Balanis | Inkjet-Printed Flexible Reconfigurable Antenna for Conformal WLAN/WiMAX Wireless Devices[END_REF].

In this section, a flexible coplanar patch antenna using CPW feeding technique is presented. The aim of this design is to propose a novel coplanar-based antenna on flexible substrate operates in multi-band, which is compatible with mobile telephone frequencies for RF energy harvesting. The study of the antenna's flexibility under different deformation has been performed.

The antenna consists a main patch surrounded by closely space ground conductor and is fed by CPW feedline without the back ground conductor. As underlined in [START_REF] Li | Coplanar patch antennas: principle, simulation and experiment[END_REF], this antenna looks similar to the folded-slot antenna but if the width and length of the slot are considerably proportional, it shares the behavior of patch antenna instead of the folded-slot antenna.

The traditional coplanar patch antenna offers a resonant frequency related to the width close to half guided wavelength λg [START_REF] Li | Coplanar patch antennas: principle, simulation and experiment[END_REF]. Two additional shorts were added between the upper radiation edge of the patch and the ground plane to create two resonant frequencies.

In order to achieve the lowest resonant frequencies, another folded-slot antenna is inserted inside the existing one. This inner folded-slot antenna has created the additional resonant frequencies by extending the circumference of the initial slot. The CPW feedline was designed for 50 Ω. 
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Bending and folding analysis

The performances of the antenna in the bending and folding conditions are important to evaluate the adaptability of the system to different forms of packaging, objects, and applications. A parametric analysis was carried out to invest the impact of bending (parameter rbend) and folding (parameter u and v) effects on the performance of the antenna.

The proposed antenna is bent in function of radius rbend and is folded in two directions in function of length u and width v along x-axis and y-axis as described in Fig. 2-17. For both bending and folding configurations along the x-axis, the reflection coefficient has been slightly changed, which indicates that the proposed antenna preserve its resonant frequencies.

However, the folding along the height of antenna along y-axis has significantly changed its resonant frequencies. This can be explained by the fact that the polarization is linear along the y-axis. Therefore, the deformation along this axis can actually change the operating frequency of the antenna.

Regarding the radiation properties, the radiation pattern maintains its form but the gain is degraded due to the deformation of the antenna. Table 2-7 provides the simulated in different configurations of bending and folding. The results show that the more the antenna is bent or folded, the more the gain is degraded. The extreme configuration at which the antenna maintains its characteristic is rbend=14 mm; u=30 mm and v= 65 mm. 

Fabrication and measurement

The antenna was printed to the PET substrate thickness 0.175 mm using the screen-printing technique. 

Conclusion

In this section, a novel coplanar-based antenna was designed on flexible PET substrate. The antenna operates at three bands of frequency that correspond to three mobile telephone services GSM 900 MHz, GSM 1800 MHz and LTE 2.6 GHz. The proposed antenna has two main advantages.

First, it provides a higher gain in compared with the dipole-based antenna described above and also other flexible coplanar-based antennas in literature. Secondly, the flexibility allows it to be bent and folded while maintaining the performances, The antenna can change from the dimension 87 mm x 77 mm in a flat configuration to 30 mm x 27 mm x 77 mm in the form of a rectangular box or a cylinder with a radius of 14 mm.

Technique to overcome high-loss substrate

The result of the first design on the paper substrate has shown the primary drawback of paper substrates, which is high loss characteristic. This aspect significantly degrades antenna gain, which is an important consideration for energy harvesting systems.

Previous attempts to overcome this limitation have included a study on inkjet printing processes to increase conductivities and in which is presented the studies of Vivaldi antenna and log-periodic dipole array antenna [START_REF] Cook | Inkjet Printing of Novel Wideband and High Gain Antennas on Low-Cost Paper Substrate[END_REF]. However, these antennas lack ground plane and are very susceptible to interference from surrounding constructs in the environment in several specific applications.

Others solutions were proposed using inkjet-printed antennas with an integrated artificial magnetic conductor (AMC) by using ground-backed frequency selective surfaces (FSS) [START_REF] Kim | Monopole Antenna With Inkjet-Printed EBG Array on Paper Substrate for Wearable Applications[END_REF][79]

However, this requires a large electrical size (around 1λ × 1λ × 0.03λ), where λ is the free-space wavelength.

In the current section, an antenna patch on high loss paper substrate applying suspended plate technique was designed in order to improve the obtained gain. To maintain the low profile of the antenna, the miniaturization process is used to reduce its original size. The proposed antenna operates in GSM frequency 1800 MHz and can be used in an RF energy harvesting system. d.

Design and characterization of suspended patch antenna

Paper substrate characteristics

In case of using the paper substrate above (permittivity of 3.359, loss tangent of 0.125) to design a conventional microstrip patch antenna of 80mm × 70mm, due to the loss tangent, the realized gain is low about -5 dB and the radiated efficiency of -18 dB at 1800 MHz (Fig. 2-27).

The aim of the following design is to improve these performances of the antenna. 

Antenna configuration

In order to overcome the previously mentioned drawback, we changed the medium between radiating element and ground plane to air-filled medium (air or foam) by using another printed substrate suspended over a ground plane (Fig. 2-28). This antenna is excited by a 50Ω coaxial cable.

While increasing the spacing d between the radiating element and ground plane, the probe becomes longer which causes a higher input inductance around the frequency of resonance. The circular slot is inserted around the excitation point to create the capacitive coupling effect and compensate this inductance. The antenna is optimized at a frequency of 1800 MHz. Due to the low permittivity of the airfilled medium; the antenna becomes larger than the conventional one (Fig. . In order to reduce this size, the antenna has been folded multiple times to take advantage of the flexibility of the paper substrate (Fig. 2-30).

Another advantage of this antenna is with the ground plane, it can be integrated within different surfaces and materials without perturbation from positioning effects and can be used in various applications. 

Simulation and measurement results

The study used a transient solver within CST Microwave Studio for simulation. The dimensions of inverse suspended patch antenna (ANT1) are 90 x 80 x 12 mm 3 to obtain the resonant frequency at 1800 MHz and simulated gain of 8.1 dBi. After miniaturizing, the proposed antenna (ANT2) has reduced the size of more than 55%, of 60 x 55 x 5 mm 3 , which corresponds to the electrical size of 0.36 λ × 0.33 λ× 0.03 λ and has a gain of 5.6 dBi. Two prototypes of proposed antenna ANT1 and ANT2 were then fabricated (Fig. 2

-31).

A good agreement between simulation and measurement is observed at the resonant frequency of both prototypes (Fig. 2-32, Fig. 2-33). The radiation patterns of both antennas are directional and measured gain of ANT1 and ANT2 are, respectively, 7.6 dBi and 5.3 dBi. The simulated efficiency is around 90%. with conventional patch antenna using this high loss paper substrate while maintaining low profile dimensions.

Applying for flexible multi-band antenna with suspended ground

Antenna configuration

The same principle of the suspended technique is applied for the design of a multi-band paper antenna with the suspended ground. The same substrate as mentioned above was used. The antenna consists of two parts, radiation element and a ground element, which were separated by the distance d. In order to decrease the dimension of the antenna while taking advantage of suspended structure, the radiation element was folded as described in Fig. 2-34. The slot was created in order to increase the line of surface currents at a lower frequency (Fig. 2-35). The antenna was optimized at two frequencies 1800 MHz and 2.1 GHz. The antenna was fed by probe, therefore, a circular slot was added to compensate the inductance effect of the feeding line. 

GHz

The result shows the improvement in gain of the antenna using high-loss paper substrate by using the suspended technique. The proposed prototypes are the evidence show the effectiveness of this method in order to enhance the gain of the patch antenna on the high-loss substrate.

Adjustable frequency antenna using flexible substrate

The primary challenge to ambient energy harvesting approach is linked to a multitude of different power levels and frequencies used in wireless systems. For example, inside buildings and similar structures, the most common signal in this environment would be those of Wireless Local Area Networks (WLANs) 2400-2484 MHz as they are most stable and powerful indoors [START_REF] Olgun | Efficient ambient WiFi energy harvesting technology and its applications[END_REF], [START_REF] Visser | Ambient RF energy scavenging: GSM and WLAN power density measurements[END_REF].

However, the sources of electromagnetic power available outdoors come from alternate sources such as cellular base station antennas of mobile services such as GSM, UMTS, LTE frequencies [START_REF] Nitu | Electromagnetic field evaluation on an antenna shared site[END_REF], [START_REF] Kitazawa | Energy harvesting from ambient RF sources[END_REF]. In addition, mobile phone frequencies are not the same all around the world. For example in North America, GSM operates on the primary mobile communication bands of 850 MHz and 1900 MHz while in Africa, Europe, Middle East and Asia, most of the providers use 900 MHz and 1800 MHz bands.

The multi-frequency problem requires that any energy harvesting devices have to be compatible with all the bands of the service available on site. This issue normally can be solved using multi-band antennas. However, studies thus far have been limited to altering the operating frequency of antennas to match the location. Instead, this section proposes a novel reconfigurable frequency antenna design that includes two parts: one fixed part and another changeable part, which modifies the resonant frequency of the antenna. The antenna was made by printing a patch with a conductive ink over a flexible substrate, which can easily be stuck or removed from any package. With this technology, the rest of the circuit including the rectifier stays stable inside the system packaging, making the whole circuit easy to install and where the frequency can be easily modified.

This study proposes a configuration with three antennas that operate on four frequency bands:

GSM 1800 MHz, GSM 1900 MHz, UMTS 2100 MHz for outdoor application and WLAN 2.4 GHz for indoor application of RF energy harvesting. The included results of simulation and experimental data show that this configuration is suitable for the adjustable frequency purpose.

Antenna configuration

The radiating element is fed by the inside component using an aperture-coupled technique, which does not require a direct connection between the antenna and the feed line. The feed network and the rest of the circuit stay the same inside the system packaging.

The patch antenna was used for the external component. In order to make the removable antenna convenient to install and to operate, we propose to use a flexible substrate, which is very thin and compact. The substrate used for this design is a PET Polyethylene terephthalate (PET) with a thickness of 0.1mm, a relative permittivity εr = 3.76 and a loss tangent tanδ = 0.0049. The conductive layer is realized with a commercial conductive ink made with silver particles, the thickness of 0.007mm. The flexible and thinness substrate is able to function as an antenna, without a need to change the size or design of the circuit.

The feed network was etched on a Rogers 4003 substrate (thickness of 0.813mm, relative permittivity εr=3.55 and loss tangent tanδ = 0.0027). The thin rectangular slot is the ideal aperture shape for coupling and we have to put this aperture at the optimal location to maximize the coupling effect. 

2.5

High gain flexible antenna

Target of design

Instead of using an omnidirectional antenna, combining several directional antennas in multidirection is another notable solution for ambient electromagnetic energy harvesting. Moreover, this solution provides higher gain antenna and can receive higher energy in each direction of antenna's propagation. This section aims to design a high gain flexible antenna based on PET substrate for this purpose. The fabricated antenna will be characterized in this section. The further application involves this high gain antenna on a flexible substrate will be developed later in Chapter 4.

Antenna configuration

The design based on the planar-printed quasi-Yagi structure and the geometry antenna is depicted in Fig. 2-44. This is a common concept and has been presented in previous researches [START_REF] Jianying | Bending effects on a flexible Yagi-Uda antenna for wireless body area network[END_REF]. The substrate used in this study is PET, which has a permittivity of 3.21, a loss tangent of 0.0049 and a thickness of 0.175 mm.

The antenna consists of two driven element and three director elements. The partial ground acts as a reflector of the antenna. The antenna's size is 61 x 61 mm 2 and the resonant frequency is 2.45 GHz. 

Fabrication and measurement

The antenna was fabricated using screen-printing technology to create a conducting ink layer made of silver nanoparticles with a thickness of 0.01 mm. The design and results of this antenna will be applied in Chapter 4 of this thesis.

Conclusion

In this chapter, three different antenna configurations corresponding to different approaches of combination sources in RF energy harvesting was presented. Moreover, two antennas were developed based on a suspended technique to overcome the high-loss characteristic of the paper substrate. The antennas were designed by the CST Microwave studio and then were characterized in the anechoic chamber.

The first design aims to multi-frequency rectenna in which multi-band antenna was used. The 3D design in addition to the performance at the desired bands (1800 MHz, 2100 MHz, 2450 MHz and 5200 MHz), has the possibility to be adapted to different dimensions of packaging. The first dipole-based antenna was completely emerged in the form of a rectangular box and has omnidirectional radiation pattern. This allows the system receiving incident power from an unspecified source in ambient. However, due to the loss of paper substrate, the gain of the antenna was degraded comparing to a rigid substrate. The second coplanar-based antenna targeted the mobile telephone frequencies GSM 900 MHz, 1800 MHz and 2600 MHz, This antenna also has the flexibility feature as the first antenna but achieved a higher gain and more directional radiation pattern.

The technique targeted the problem of high loss substrate was mentioned following the first design. To overcome very high-loss of the substrate, the suspended technique was proposed. This technique allows an increase of about 10 dB of gain of a conventional patch antenna and can be applied to an antenna with broadband radiation pattern and their variations. A miniaturization of this antenna was also presented. This technique has been applied to multi-band antennas on a paper substrate. The antenna was fabricated and was tested and good results were achieved.

The next design serves the application in which the frequency of ambient source changes and depends on location. This design has one removable part outside of the packaging which allows changing the frequency of the antenna. The addressed frequency bands for RF energy harvesting The last design targets the diversity antenna concept, in which high gain antenna was used in a 3D antenna system. The design based on the printed quasi-Yagi antenna and has high of 6.93 dBi.

This design will be used in Chapter 4 for the development of the diversity antenna consists of four antennas that can be folded along the rectangular or cube box shape.

Rectifier

As introduced in Chapter 1, the rectifier is the key element of the receiver part in an RF energy harvesting system. The basic rectifier architecture consists of a matching circuit, a rectifier device, and a DC low pass filter (Fig. 3-1).

Fig. 3-1 Basic architecture of rectifier

The roles of each element are described as follows:

-The matching network such as a LC-circuit, is placed between the antenna and the rectifier circuit to ensure impedance matching and preserve maximum captured energy. The lowpass RF filter has the role of blocking the higher harmonics generated by the rectifier device such as diode from radiating through the antenna.

-The function of the rectifier is to convert the RF signals into a direct current by using rectifier devices such as Schottky diode.

-The DC side filter is also a low-pass filter and its role is to block the RF signal that has not been rectified by the diode and to pass only the DC signal. This low-pass output filter rejects higher order harmonics that are generated during the nonlinear rectification process.

-The terminal resistive load generally represents the input impedance of the device that consumes power.

The rectifier circuit discussed in this section is Schottky diode based rectifier, which is the preferred component for low-power RF applications, due to well-established and reliable technology process of the device. The advantages of the Schottky diode are a low forward voltage (threshold voltage) drop and high switching speed, thus they are convenient with the range of working frequencies defined above. This is also the most important component of the rectifier and therefore decides the overall conversion efficiency. The analysis in [START_REF] Hemour | Radio-frequency rectifier for electromagnetic energy harvesting: Development path and future outlook[END_REF] has shown that diode SMS 7630 is the most commonly used low barrier Schottky diode for the development of RF energy harvesting.

In our research, we will analyze several models of low barrier Schottky diode including SMS 7630 and other models such as HSMS 2860, HSMS 2850 in order to propose a more precise diode model for low power energy harvesting system design.

3.

Diode modeling

The design and development of Schottky diode based rectifier require precise data of parameters that define the diode performance. This information is crucial for the correct nonlinear simulation.

In literature, the SPICE model has been used for modeling diodes in circuit simulation.

Normally, manufacturers provide SPICE models in the product datasheet. These documents, which will be examined in more detail below, list the main parameters of the diodes. However, those parameters could be altered due to the manufacturing process and could vary from every manufacturer. Due to the sensitivity of the rectifier efficiency in low-power application, it is necessary to take the measurement of actual devices and to extract real parameters. These extraction processes are greatly developed in the literature based on the basic equation of the diode. This section will present the extracting process for several samples and a discussion is given comparing nominal parameters and experimental results.

Diode characterization

Parameters of a Schottky diode I : Saturation leakage current in reverse bias (A) n: Ideality factor. When the ideal diffusion current dominates, n=1; whereas when the combination current in the space-charge region dominates, n=2; generally, n has the value of between 1 and 2 when both currents are comparable [START_REF] Sze | [END_REF].

kT: thermal energy at the absolute temperature (Kelvin), k is Boltzmann's constant= 138. 10 J/K T: temperature (K) q: electronic elementary charge =1.6 × 10 C With α = is approximately 1/(25mV) for T=290K and n=1 at ambient temperature [START_REF] Blakelock | Scale modelling and computer non-linear analysis of a Schottky Barrier Structure at 35 GHz[END_REF] the junction resistance of the diode R can be expressed as:

= / + = 1 ( + ) (3.2)
In addition, the junction capacitance of the diode C can be expressed as [START_REF] Rohde | RF/Microwave circuit design for wireless applications[END_REF][113],:

= = 1 -∅ (3.3)
Where C : zero-bias value ∅: Junction barrier potential M: grading coefficient that varies ( is used for step junction and is used for linearly graded junctions and most junctions are somewhere in between).

It is necessary to select a diode having high-speed switching characteristics in order to follow a high-frequency input signal and have a low cut-off voltage to operate at a low RF input power, which means a low biasing voltage V . Apart from this important parameter, the power conversion efficiency of a rectifier is mainly determined by three parameters [START_REF] Song | A High-Efficiency Broadband Rectenna for Ambient Wireless Energy Harvesting A High-efficiency Broadband Rectenna for Ambient Wireless Energy Harvesting[END_REF]:

-Series resistance (R ) which limits the output current and efficiency of the circuit.

-Zero-bias junction capacitor (C ) and C which affect low harmonic currents to oscillate through the diode -Breakdown voltage (V ) which limits the power handling capability of the rectifier circuit.

These parameters will be extracted from measurements.

Parameter extraction of equivalent circuit model

Curve-fitting method, which obtains parameters by fitting the simulated data to the measured data, is widely used in the literature based on diode equation (3.1). The main parameters such as I , n and R can be extracted from the I-V characteristic. The parameters C , R , V and M can be deduced from the capacitance-voltage (C-V) characteristics. The next section will present extraction method and its application.

In [START_REF] Weber | Introduction to microwave circuits : radio frequency and design applications[END_REF], the I-V response in (3.1) is proved invalid because the diode barrier height is not constant but is a function of the depletion layer electric field, thus the junction voltage. It depends on image force lowering the barrier and the effect of the interfacial oxide layer between metal and semiconductor, among others, that alter the I-V characteristic into:

I = I e 1 -e (3.4) 
The threshold voltage is known as the gate voltage necessary to induce a conducting channel at the surface of the semiconductor under inversion [START_REF] Papadopoulos | Solid-State Electronic Devices[END_REF]. When V is very small compared to this voltage, the series resistance R can be neglected due to the high resistivity of the Schottky barrier.

Therefore equation (3.1) can be expressed as [START_REF] Dieter | Semiconductor Material and device characterization[END_REF] :

I = I e 1 -e (3.5) 
So we can deduce from (3.5) :

ln I 1 -e = qV nkT + ln (I ) (3.6) 
The left-hand side of (3.6) can be obtained from the measurement and the right-hand side of this equation exhibits a linear function of V with the slope equals to and the intercept equals to I . After measuring the I-V characteristic of a Schottky diode, the ideality factor n and the reverse saturation current I can be determined from this curve.

There also exist many methods for identification of the series resistance from I-V characteristics. In [START_REF] Wang | A novel physical parameter extraction approach for Schottky diodes[END_REF], the series resistance is considered in the relation with the conductance of the diode. Let G be the conductance of the diode, so

G = dI dV = q(1 -R dI dV ) nkT I = qI(1 -R G ) nkT (3.7) 
We can write (3.7) as:

b.

I G = nkT q + I. R (3.8) 
In the region where R is important, in accordance with higher V , we can deduce Rs from this equation.

To define the optimum impedance of the diode, we need to know all the parameters that have an influence on the input impedance of a diode. To estimate the input impedance, the voltage across the junction of the diode is the most important parameter since the impedance of the diode depends on R and C which change as functions of frequency, incident power and the voltage across the junction of the diode (V ). By considering parasitic capacitance as the parallel capacitance, combining with (3.3), the total capacitance of a reverse-biased Schottky diode is given by [START_REF] Blakelock | Scale modelling and computer non-linear analysis of a Schottky Barrier Structure at 35 GHz[END_REF]:

C = C 1 - V V + C (3.9) 
Using (3.9), the parameters C , C , V and M can be deduced from the C-V measurements.

Measurements and results

Extraction of Is and n 

Proposed physical-based model

In order to have an accurate diode model, we applied the model developed by Franz Sischka [START_REF] Sischka | Diode modeling tutorial[END_REF] by cascading the basic model into a sub-circuit. The DC forward modeling of the diode is presented in Fig. 345678. This modeling process can be explained as follow. When applying the DC forward bias, the current of the diode has three different behaviors at different levels of applied voltages: At lowest DC bias, modeling by a lowvoltage diode, , value and ideality factor n of this diode is defined by (3.6) as described above. The semi-log scale of current is linear as function of the low DC bias.

DC forward modeling

a.

-At higher DC bias, the diode cannot predict enough current through the diode. At the same bias voltage, the current is considerably larger than the current predicted by the previous linear equation. The semi-log scale of current is once again linear as function of DC bias and therefore can be modeled by a main diode, , with particular and ideality factor n. This main diode is placed in parallel to . In case the current of is smaller than the current in the previous linear equation, the main diode is placed in series with .

-Beyond diode threshold voltage, the diode functions in the ohmic diode region. There is an additional voltage drop at the same bias current, which means the presence of ohmic series resistor .

-At the transition range between square-law region and saturation region, another saturation diode, , is added in order to improve the curve fitting.

Each diode (Dlow, Dmain, Dsat) is defined only by its independent saturation current I and ideality factor n. By measuring I-V characteristics in DC forward bias, we can extract these parameters for the model. Fig. 3456789shows the results of simulated and measured current in DC forward bias using the proposed model. Results show a better fitting and the deviation is very small at a lower voltage. 

DC reverse modeling

When applying the DC reverse bias, the current of the diode is limited by the constant reverse leakage current I and the reverse breakdown. Therefore, to model the reverse leakage more precisely, a reverse diode, and a reverse resistor, are added to the model sub-circuit (Fig.

3 -10). The reverse resistor limits the current at the higher reverse voltage.

b. Repeated DC forward and reverse measurements were conducted for 10 diodes and the statistical distribution measurements of for 10 diodes gives the very similar results and variance of samples is negligible.

C-V modeling

The capacitance of the Schottky diode is the key factor for evaluation of the performance of the rectifier. In order to model the capacitive effect of the diode, the C-V measurements need to be carried out. By increasing the DC bias from negative to positive, the diode schematic change from a mainly parallel schematic (R with C ) to series resistor R alone.

An Impedance Analyzer delivers the measured C-V characteristics, normally by conversion into an "RC in parallel" or "RC in series" model. Then all the parameters C , C , V and M are defined by (3.9). This assumption neglects the series resistor and neglects capacitor loss (tangents-delta) represented by R . This can be surpassed by measuring the impedance of the device at low frequency and using Spice schematic to extract all the parameters. c.

To model the capacitance effect and the capacitor loss, the C-V model of a diode D _ in series with R is added to the model, in parallel with main static diode model (Fig. 3456789101112). DC_V diode represents the parameters C , V and M. C-V characteristics measurements involve the application of DC bias voltage across the capacitor while making the measurements with an AC signal. The AC frequencies normally vary from 10 kHz to 10 MHz. The bias voltage drives the device from its accumulation region into the depletion region and then inversion [START_REF] Stauffer | Fundamentals of Semiconductor C-V Measurements[END_REF]. The detail test set-up is described in [START_REF] Stauffer | Fundamentals of Semiconductor C-V Measurements[END_REF]. The total capacitance of the DUT is calculated by measuring AC current, AC voltage, and the impedance phase angle between them. However, the test is not accurate in the case of low capacitance measurements (range of femtofarads, which is the case of the diode total capacitance). That was not to mention the instrument connections, leaky capacitance measurement, and parameter extraction itself.

Fig. 3-13 Total capacitance versus input voltage of diode HSMS2860

The measurements were realized by LCR meter Agilent E4980A, with C resolution under 25 fF.

Using a parallel R-C circuit model, we are able to measure the parallel capacitance, considered as the total capacitance of the diode. The measured results (Fig. 3-13) show a rapid increase in the apparent total capacitance around 0-0.1 V, instead of the junction threshold voltage of the diode as stated in theory, based on (3.9). This can be explained as when a forward bias is applied to the diode, the junction conductance will begin to shunt the junction capacitance and reduce the overall quality factor. Both package inductance L and package capacitance C will also affect the 'Q' factor [START_REF] Blakelock | Scale modelling and computer non-linear analysis of a Schottky Barrier Structure at 35 GHz[END_REF]. Therefore, the diode model does not fall into either parallel or series R-L-C circuit model as used in conventional measurement and C can be obtained only at low or negative bias since the junction is fully depleted at zero bias.

Observing and comparing measurements, other issues are involved as the fabrication variability and the experimental accuracy. Accuracy comes from many factors such as soldering or calibration. The variation of C has the variation of 15% throughout 10 diodes measurements.

This parameter has the important role for rectifier design, which will be analyzed in more detail below.

S-parameter modeling

After extracting parameters from C-V characteristics, the capacitance between anode and cathode of diode including package capacitance has been measured. However, the parasitic capacitances from pad edge of anode to ground (C ) and cathode to ground (C ) have not been taken into account (Fig. 34567891011121314). The S-parameter modeling is hence used to consider these parameters. Using this proposed model with extracted parameters, the rectifier circuit will be designed in the next section.

Rectifier to combine different sources of energy

The level of electromagnetic power available in ambiance is very low and it is necessary to increase the overall RF energy harvested efficiency. In order to harvest simultaneously energy from separated frequency bands and sources, solutions of the rectifier to combine different sources have been analyzed. There are two types of source combination: energy addition at RF level and/or energy addition at DC level.

Energy addition at RF level using a diplexer

A diplexer is a key component in an RF front end of multi-band communication systems.

Consequently, a great number of studies have been carried out specifically to improve a high isolation between bands of frequency for improving the performances of communication [START_REF] Zeng | Planar diplexer using composite right-/ lefthanded transmission line under balanced condition[END_REF]- [START_REF] Srisathit | High isolation and compact size microstrip hairpin diplexer[END_REF]. Diplexers are generally designed by combining two filters with an additional matching circuit such as T-junction or Y-junction [START_REF] Zeng | Planar diplexer using composite right-/ lefthanded transmission line under balanced condition[END_REF], [START_REF] Yang | High isolation and compact diplexer using the hybrid resonators[END_REF]. Many methods have been explored to eliminate this matching circuit, allowing a reduction in size, like a short strip in conjunction with mutual loading effect in [START_REF] Fu | Compact and high isolation microstrip diplexer for GPS and UWB application[END_REF][125], stepped-impedance cross-structure (SICS) [START_REF] Guo | Wideband superconducting diplexer with steppedimpedance cross-structure[END_REF] or composite right/left handed (CRLH) quarter-wave resonators [START_REF] Yang | Compact quarter-wave resonator and its applications to miniaturized diplexer and triplexer[END_REF]. However, from an energy harvesting perspective, the most important specification of a diplexer is a low insertion loss in order to maximize the energy received at each frequency. The previously mentioned diplexers do not provide sufficiently low insertion loss (less than 0.5 dB) at the desired frequency within a compact size.

To eliminate the high loss in microstrip line, some studies have introduced other techniques using low-loss mediums such as the suspended strip line (SSL) [START_REF] Srisathit | High isolation and compact size microstrip hairpin diplexer[END_REF]. Although this technique requires an increased fabrication effort, it is not compliant for integration into compact rectenna circuits, not to talk about embedding in packaging.

We propose a novel compact and very low loss, high selectivity microstrip diplexer based on the combination of two matching band-stop filters, designed for the most available frequency bands for RF energy harvesting applications: Global System for 1800 MHz Mobile communications (GSM) frequency and 2.45 GHz Wireless local area network (WLAN) frequency. By matching the pass-through frequency in each filter, the insertion loss becomes very low, thus enhancing the performances of the diplexer. The method for matching and miniaturizing the T-junction is also presented.

Band-stop filter design

The diplexer is a three ports circuit with two band-stop filters at two center frequencies, 1800 MHz (f1) and 2.45 GHz (f2). A junction joins both filters to a common port. Each filter stops one frequency band and allows the other band to pass through. The Rogers 4003 substrate with a a.

thickness of 0.813 mm, a relative permittivity of 3.55 and a loss tangent of 0.0027 is used for the design and the fabrication. The proposed band-stop filter (Fig. 3-19) consists of a microstrip feeding line and the stepped impedance circuit coupled by an interdigital capacitor. The principle of this rejection filter is to place the resonator in parallel with the main transmission line. When the resonator enters the appropriate resonance, it is equivalent to a short circuit for the signals at the desired rejection frequency. The filter uses interdigital-coupled lines instead of gap-capacitor or quarter-wave coupling in order to achieve size reduction, low leakage, and suppression of filtering harmonic resonance [START_REF] Zhu | Accurate circuit model of interdigital capacitor and its application to design of new quasi-lumped miniaturized filters with suppression of harmonic resonance[END_REF]. The interdigital capacitor is controlled by the dimension parameters (G, Ge, W, Wf, Wt) and number of finger pairs (N). The required zeros transmission are introduced using a steppedimpedance circuit formed by a high impedance line along with low-impedance lines, realizing a parallel resonant circuit. The cut-off frequency is obtained by tuning the dimensions of these lines, namely (x1, x2, y1, y2) and the size of the interdigital capacitor.

The matching frequency, in which energy passes, can be adjusted by changing the width (yline) and the length (xline) of the transmission line between the input and the output of the filter, without changing the stop-band frequency of the filter. As a result, the rejection frequency and resonant frequency can be controlled independently.

After applying the design and optimization process, the simulation results are pictured in Fig. 34567891011121314151617181920. Filter 1 has a stopband centered at 1800 MHz, a matching frequency at 2.45 GHz and filter 2 has the stopband centered at 2.45 GHz and a matching frequency at 1800 MHz. The design parameters of these two filters are described in Table 3-3. The circuit model simulation and full-wave simulation are performed using Agilent ADS software and Momentum 2D simulation in RF mode. In the circuit model simulation, the electric and magnetic coupling between the physical elements was not considered. Results suggest these influences are rather significant and the insertion loss at the two desired frequency bands increases compared to single filters due to losses in the transmission line from the common port.

Fabrication and measurement

The two filters and the diplexer are fabricated on Rogers 4003 substrate. Fig. 3-23 shows the picture of the prototype filters and diplexer. The total size of the diplexer is 26 x 30 mm 2 , equivalent to 0.29 λg x 0.33 λg where λg is the guided wavelength at the lowest frequency (f1).

Input and output lines of the diplexer are soldered to subminiature A (SMA) connectors. They are characterized using VNA Agilent 8510C. The measured results for the filters are confronted to the simulated ones. Good agreement is obtained between simulation and measurement results for the diplexer. Fig. 3-24 shows the simulated and measured reflection coefficient of the diplexer at the common port (Port 1). This port will be connected to a multiband antenna that is operated at frequency bands f1 and f2. The results show good impedance matching for these two bands. 

Conclusion

This diplexer forms by matching two band-stop filters, using an interdigital capacitor and stepped impedance resonator has been explored. The advantages of the proposed microstrip diplexer are a reduced insertion loss of 0.4 dB, an improved selectivity, further compact sizing, and a simplified fabrication and integration in the circuit for energy harvesting.

Energy addition at DC level

The advantage of energy addition at DC level is the possibility to combine signals of different frequencies, different power levels and not necessarily in phase without complicating the combining circuit. In this section, we will present the design of simple rectifier at 2.45 GHz and then the design of 2-rectifiers, which are combined at DC level. For all the rectifiers developed in this part, the proposed Schottky diode model in the previous section is used in order to verify the extracted parameters.

The rectifiers have been designed using Agilent ADS software and Momentum in RF mode. The substrate for fabrication is Rogers 4003 with a thickness of 0.830 mm and loss tangent of 0.0027.

The selection of the microwave substrate is done in such a way that the power losses are minimized. Usually, very thin substrates exhibit more losses than thicker ones when the dielectric constant remains the same [START_REF] Wang | A novel physical parameter extraction approach for Schottky diodes[END_REF].

Design of rectifier with 1-input at 2.45GHz

A single stage voltage-doubler rectifier is developed using Schottky diode HSMS-2850. In this topology, two diodes are mounted one in series and one in parallel, allowing producing a larger d.

a.

voltage at the output (Fig. . During the first half-cycle of the input voltage, D1 will be forward bias and C1 will be charged to the peak voltage. During the following positive half cycle of the input voltage, D1 will be reversed biased and will not conduct current, the voltage across C1 will remain unchanged and will add on to the input voltage during this half cycle. Since D2 is forward biased, C2 will be charged to double voltage [START_REF] Yuan | CMOS circuits for passive wireless microsystems[END_REF]. The typical values of these parasitic elements for common packages are given in Table 3-5. The value of R is extremely high so it can be neglected in the following simulation. In general, while comparing between technologies, the ESR of NP0 capacitor is smaller than the one of X7R capacitor. A difference of a factor of 4 to 10 is observed between these technologies for the same manufacturer. Nevertheless, there is no difference of ESR between components with the same electric value but different packaging. On the other hand, the typical ESL is provided by the manufacturer, and varies with different packaging. There exist many technologies for resistor component, but the component using thick film technology is widely used in printed circuit board. The resistive load utilized in this application operates at DC level; therefore, it is not affected by high-frequency factor. The simple but complete model of the resistor is given in Fig. 3-30 [START_REF] Lafon | Développement de techniques et de méthodologies pour la prise en compte des contraintes CEM dans la conception d'équipements du domaine automobile . Etude de l'immunité , du composant à l'équipement[END_REF]. This model has a parasite capacitor, C , which short-circuit the resistor R at high frequencies and a parasite inductor, L . The typical values of these parasitic elements are given in Table 3-6. The harmonic balance (HB) simulation tool from Agilent ADS was used to simulate the rectifier at different frequencies and input power levels. In this simulation, the source impedance represents the antenna's impedance, assuming 50 Ω. The rectifying circuit, therefore, has to match with this impedance in order to deliver maximum power to the load. This circuit has three via holes in the substrate. The electrical behavior of these cylindrical via holes is purely inductive and resistive. In literature, authors present different methods to calculate the inductance and resistance values. In [START_REF] Goldfarb | Modeling Via Hole Grounds in Microstrip[END_REF], the inductance of a cylindrical via hole can be represented as the following equation:

= 2 ℎ. ℎ + √ + ℎ + 3 2 - + ℎ (3.10)
Where h is substrate thickness r is the radius of the via hole Calculating using (3.10) with r=0.4mm gives 0.03 nH. This value is taken into account when simulating the circuit.

The via resistance is highly dependent on fabrication processes and may be approximated as follows, taking into account the skin effect:

= 1 + (3.11) Where = 1 (3.12)
is conductivity in S/m μ0 is the permeability of free space = 4πx10 -7 NA -2 f is frequency in Hz t is the thickness of the conductor (m)

is the resistance at DC, around 0 Ω and may be measured directly from the circuit.

At the frequency range from 0.5 GHz to 4 GHz, we can calculate R ~10xR . With R is very small and is proximity to 0, R can be considered equal to 0.

The rectifier is then optimized at an input power of -15 dBm and the co-simulation is realized by 2D Momentum simulation in order to take into account the coupling of microstrip lines. The load Rload has the value of 6800 Ω. The circuit is fabricated using substrate Roger 4003 (Fig. 3-32). 

Conclusion

We have presented in this chapter the principle and the role of a rectifier circuit in energy harvesting system. The study focuses on the most important component of rectifying circuit at RF frequency, the Schottky diode. The methods of extracting parameters are discussed, by dissociating each element and their roles. Measurements have been performed in order to compare different models of the diode, also to take into account the real impact of the fabrication process and measurement process.

The behavior of the Schottky diode from 0.5 GHz to 4 GHz for several diode samples is analyzed.

The simulation model as well as extracted parameters for three diodes: SMS7630, HSMS2850 and HSMS2860 are presented. This diode model is then utilized in designing rectifier circuit. Different configurations of the multi-source rectifier are proposed and developed in this chapter. In order to combine several sources into one circuit, two topologies of energy addition are presented, with the addition at RF level and DC level. In the effort of combining sources at RF level in order to increase the harvested power, a low loss diplexer that operates at 1800 MHz and 2.45 GHz was designed.

The experimental results show that this diplexer has the best performance compared to others developed in the literature. and operating frequency. Another issue is to choose the appropriate architecture of power management block to archive maximum harvested energy, corresponding to their architecture.

Impedance matching in co-design rectenna

By co-designing antenna-electronics interface, both parts share a common optimization target to improve the overall system performances. The choice of interface impedance plays an important role in the optimization of antenna systems in the receiving mode. The interface between antenna and rectifier circuit is shown in Fig. 4-2.

Fig. 4-2 Antenna-Rectifier circuit interface

Where Z : Impedance of antenna (Ω)

Z : Impedance of load (rectifier circuit) (Ω)

V : Induced voltage of antenna (V)

V : Input voltage of load circuit (V) Fig. 4-2 shows a circuit with arbitrary source and load impedance, Z and Z , which may be complex.

The power delivered to the load is:

P = 1 2 Re V I * = 1 2 |V | Re 1 Z = 1 2 |V | Z Z + Z Re 1 Z (4.1)
Now let Z = R + jX and Z = R + jX . (4.1) can be reduced to:

P = 1 2 |V | R (R + R ) + (X + X ) (4.2) 
Where:

V = V Z Z + Z (4.3)
So load is only half of the one captured and that is only under a conjugate matching and lossless transmission condition [START_REF] Balanis | Antenna Theory: Analysis and Design, Third Edit[END_REF].

Using (4.2), the power delivered to the rectifier circuit is given by:

P = |V | 8R (4.7)
While the captured power is:

P = 1 2 V I * = |V | 4R (4.8)
Therefore, under conjugate matching, half of power captured by the antenna is delivered to the load R (rectifier circuit) and the other half is reradiated through R and dissipated as heat through R .

From (4.4), we can estimate the input voltage V for a given P calculated from Table 4-1

|V | = 2P (R + X ) R (4.9)
From (4.9), in order to increase V to overcome the threshold voltage of the rectifier circuit, we have to choose the appropriate value of the conjugate impedance R + jX (Ω). 

Choosing matching impedance

Observing the plot of V in function of R for a given P (Fig. 4-3), we can note that the voltage can be maximized by either decreasing or increasing R and it reaches its minimum when R = X . In [START_REF] Stoopman | Codesign of Electrically Short Antenna-Electronics Interfaces in the Receiving Mode[END_REF] the authors have proposed a method to choose the matching impedance by determining the required ratio of the real and imaginary part of the load impedance. The region where R ≪ X has high-quality factor Q at the expense of bandwidth. Voltages increase at a higher rate and the output voltage can be passively boosted by the presence of the reactance. In contrast in the region where R ≫ X or the antenna impedance is purely real, the antenna has a very low Q and then can be exploited in the design of the wideband application.

If the conjugate impedance was chosen as matching impedance, the matching circuit can be eliminated in the final circuit. The input impedance can be estimated from the diode impedance at the desired frequency and input power.

Using the diode model, which was created in Chapter 3, the input impedance of one of the studied diode can be evaluated using ADS (Fig. 4-4). In very low incident power, both calculated input voltages stay in the Off-State region of the diode and therefore deliver the same effect on the efficiency of the rectifier circuit. From there, it is possible to conclude that even the antenna and the rectifier have the conjugate matching or 50-Ω matching; the efficiency has the same order of magnitude.

Diversity antenna concept

In mobile communication domain, multipath environments have been extensively studied in order to determine algorithms allowing for improvement of the performance of the decoding process.

Within these studies, various propagation models were proposed for both indoor and outdoor environments including models for Path Loss, models for Small-scale Fading such as Ricean distribution, Rayleigh distribution, Suzuki model and Nakagami model [START_REF] Sarkar | A Survey of Various Propagation Models for Mobile Communication[END_REF]. These probabilistic models of received RF power have offered more representative models.

It can be noted that the WLAN sources are dynamic and use time-varying transmitted power and depend on the number of users on the network. Additionally, in typical office environments, there are often several Wi-Fi access points with the same characteristic of transmitter antenna, which operate at the same time, so interference might also occur at the receiver location.

The probability of accessing the highest power source in a non-fixed location improves with the number of transmitters. However, this increase is nonlinear due to the constructive and destructive combinations over space: varying amounts of received energy are expected at each receiver point [START_REF] Naderi | Wireless sensor networks with RF energy harvesting: Energy models and analysis[END_REF]. Several studies are related to the propagation measurement in indoor multipath environments [START_REF] Sheikh | Indoor mobile radio channel at 946 MHz: Measurements and modeling[END_REF] and the obtained results for mean signal power levels were around 50 dB and 60 dB less than the signal power at the source. That means with a Wi-Fi source transmitting approximately 50 mW, the power level in the ambient is estimated at about -34 dBm.

This rather low power availability considerably reduces potential voltage input of the rectifier circuit and decreases the overall efficiency. Therefore, the antenna gain and radiation characteristics play an important role in the system's ability to amplify the signal level.

The maximum directivity of antenna is calculated as [START_REF] Balanis | Antenna Theory: Analysis and Design, Third Edit[END_REF]:

= 4 (4.10)
where ΩA represents the beam solid angle of the antenna.

Observing (4.10) there is always a trade-off between the directivity aspect and the beam solid angle of the antenna.

Due to the unpredictable characteristics of the incident wave, an omnidirectional antenna is preferable on the one hand to increase the probability of receiving the highest power. On the other hand, to achieve a very high gain, the antenna must be directional. Linear and planar antenna arrays are common solutions for this issue. The limitation here is that this usually has a higher gain and narrower beam solid angle, which is not the objective of this study.

Diversity antenna technique, however, is established as an effective solution to improve the performance of wireless service operating in a multipath fading environment. This study proposes a multi-antenna system using multi-direction spatial diversity in order to increase the probability of harvesting energy by using a basic linear polarization microstrip patch antenna where the direction of maximum gain is normal to the patch [START_REF] Balanis | Antenna Theory: Analysis and Design, Third Edit[END_REF]. In order to take advantage of high gain and omnidirectional patterns at the same time, multiple directional antennas are used and are arranged in the environment space to maximize the chance of capturing ambient energy.

Rectenna design

Antenna arrangement

It is clear that the spatial output voltage distribution of the rectenna primarily depends on the radiation pattern of the antenna itself. In [START_REF] Van Hoang | 3D Voltage Pattern Measurement of a 2.45 GHz Rectenna[END_REF], authors have distributed a 3D voltage pattern measurement of rectenna and then compared it with the radiation pattern of the antenna. The results show that both distributions have similar tendencies and the main lobe is also situated in the same direction.

A typical array antenna widely used in literature was the planar arrangement that receives an incident wave from azimuth plane in one direction [START_REF] Olgun | Design of an efficient ambient WiFi energy harvesting system[END_REF]. Besides this setup, the 3D arrangement has been studied also as a promising technique to increase the probability of receiving energy from multiple directions [START_REF] Kimionis | 3D-Printed Origami Packaging with Inkjet-Printed Antennas for RF Harvesting Sensors[END_REF], [START_REF] Fezai | Multidirectional Receiving System for RF to dc Conversion Signal[END_REF].

We have conducted a study in order to compare the performance of these arrangements in function of gain and occupied area. Four identical patch antennas were placed in two forms: planar array antenna as presented in Fig. 4-6a and 3D array antenna as presented in Fig. 4-7a. The antenna element was designed to operate at frequency 2.45 GHz, which is the central frequency of WLAN service. The substrate used for this design is Rogers 4003 with a thickness of 0.830 mm, a relative permittivity of 3.55 and a loss tangent of 0.0027. Antenna dimensions are 32 mm×31.5 mm. Each antenna has a gain of about 5 dBi and a beam solid angle about 90°.

The simulation results of the radiation pattern of these two arrangements suggest that with the same element size, the 3D has smaller occupied space and has the highest gain (5.23 dBi instead of 4 dBi in the planar array). The radiation pattern of each antenna in the 3D arrangement has also not been affected by other antennas (Fig. 4-6b, Fig. 4-7b). This aspect can be explained below by the mutual coupling.

a. For this reason, four microstrip patch antennas were used and were arranged in a way that their main lobes and beam solid angle can cover the maximum space; therefore, the spatial output voltage distribution increases (Fig. 45678). The antennas were faced in opposite and perpendicular directions to take geometrical advantage of the packaging box.

Fig. 4-8 Structure of proposed antenna diversity

The antennas have vertical polarization with E-plane vector along the z-axis. The system thus has the quasi-omnidirectional pattern and maximum directivity, which is the same for each element.

The essential challenge of packed multi-antennas is to decrease the mutual coupling effects between antennas, which can affect the input impedance and radiation pattern of each element.

Since these four antennas are not positioned collinearly along the E-plane or the H-plane, their simulated isolation is already about -25 dB, what is acceptable for the application covered in this work. Increasing the dimensions of antenna substrate can increase the antenna gain but also decrease the mutual coupling. A parametric study has been carried out and the optimized dimensions of 50 mm×50 mm were chosen in order to keep the compact size of the system.

Fig. 4-9 Mutual coupling between antenna (dB)

Another technique can be adopted is polarization diversity. By placing each linear polarized element side-by-side orthogonally oriented towards each other, the mutual coupling becoming lower [START_REF] Visser | Array and Phased Array Antenna Basics\r[END_REF]. Fig. 4-9 shows the mutual couplings between antennas 1-2 and 3-4 are under -50 dB that is much lower than between antennas 1-3 and 2-4 which has the same polarization. This design is called as limited sequential rotation fashion [START_REF] Balanis | Antenna Theory: Analysis and Design, Third Edit[END_REF]. In addition, if completed sequential rotation fashion among 4 elements is used, the mutual coupling effects due to higher order modes will be suppressed. This is an advantage in the nonlinear system of energy harvesting where a nonlinear element generates higher order harmonics in the circuit and this can fatally affect the overall efficiency.

Rectifier structure

It is explicit in literature several architectures to combine DC power of multiple-rectifiers, at the same frequency or different frequencies. However, these architectures have drawbacks on combining rectifiers at a different level of input power. The lower energy branches play the role of passive load to others branches: therefore decreasing the efficiency of the system. In [START_REF] Kharrat | Modélisation et réalisation d ' un système de récupération d'énergie imprimé Caractérisation hyperfréquence des matériaux papiers utilisés[END_REF], a series differential structure is proposed to combine different rectifiers without having DC interferences b.

between them. Nevertheless, this structure has to use a voltage doubler topology, which is not suitable for very low input power [6]. The output resistance of each rectifier branch depends on input RF signals, so the maximum power point of each branch is different. Therefore it is difficult to determine the optimum load for random power density from all the directions in ambient.

In this study, we use the traditional 50-Ω impedance interface between antenna and rectifier to simplify the design. The designs of two rectennas were proposed, corresponding to each configuration of measurement: a rectifier for a single antenna (rectifier A), a rectifier for four antennas (rectifier B) (Fig. 4-10). The rectifiers were designed using Agilent ADS software. The circuit uses the substrate Rogers RO 4003 and is optimized over the power input range of -50 dBm to -20 dBm. The rectifier device is a metal-to-metal Schottky diode SMS7630. Rectifier A was designed to have a maximum power point at -35 dBm and the load is 5.6 kΩ, which is close to the junction parasitic resistance of the diode. In order to design rectifier B, which combines the DC output of four rectifiers, the parallel structure was chosen [START_REF] Pinuela | Ambient RF energy harvesting in urban and semiurban environments[END_REF]. A load of 1.8 kΩ was selected in order to maximize output power, in case the rectifier only had one main source and other branches were not excited. Consequently, the efficiency of the rectifier, in this case, is expected to be degraded compared to Rectifier A since each branch would not operate at their respective maximum power point, and the lower energy branches would play the role of passive load to the main branch. 

Experimental setup

The first measurement (M1) was conducted to obtain the characteristic of a designed multiantenna system. The return loss, isolation, and radiation pattern measurements are realized by using a vector network analyzer (VNA) and an anechoic chamber.

The second measurement (M2) to evaluate the performance of the rectennas is performed in diverse scenarios listed in Table 4-2, listing different configurations of antenna combinations in a realistic environment. These configurations have performed in 98 points in a room of 4.2 m×2.1 m.

As each point, 9 separated measurements have been conducted corresponding to 3 scenarios and have given 882 measurements in total. The first four measurements were conducted in order to estimate the available power in ambient at each point and each direction. These measurements allow for a performance evaluation of diversity antenna system operating in an indoor environment. 

Measurement results

Antenna measurement

The four antennas have been characterized with the VNA Anritsu 37369A in the first measurement (M1). space that is not harvested while using only one antenna with a limited beam solid angle. The received power is unevenly distributed in each direction. Fig. 4-18e shows the power distribution in space that can be harvested from multi-direction diversity antenna scenario (M2.3).

When there is only one input, rectifier B has a lower efficiency in comparison with rectifier A because of the losses in three other branches (Fig. [4][5][6][7][START_REF] Franciscatto | Conception et réalisation d'un nouveau transpondeur DSRC à faible consommation[END_REF][START_REF] Kharrat | Modélisation et réalisation d ' un système de récupération d'énergie imprimé Caractérisation hyperfréquence des matériaux papiers utilisés[END_REF][START_REF] Adami | Optimisation de la récupération d ' énergie dans les applications de rectenna[END_REF][START_REF] Starner | Human-powered wearable computing[END_REF][START_REF] Shenck | Energy scavenging with shoe-mounted piezoelectrics[END_REF][START_REF] Morais | Sun, wind and water flow as energy supply for small stationary data acquisition platforms[END_REF][START_REF] Muetze | Ocean Wave Energy Conversion -A Survey[END_REF][START_REF] Roundy | Micro-electrostatic vibration-to-electricity converters[END_REF]. That explains the result in which with 30 points over 98 points of measurement, the harvested power of rectifier B with four antennas is lower than harvested power from rectifier A with a single antenna. Nonetheless, the level and density of harvested power from the proposed structure are much higher in overall. Results strongly support that by using a diversity antenna system, the likelihood of received power greatly increases. The median harvested power of the proposed structure is 107 nW, which corresponds to a nominal RF-DC conversion efficiency ηDC of 6.7% at a median input power of -34 dBm. The probability that the harvested power becomes better than 100 nW is 16% when using rectifier A and 52% when using rectifier B with four antennas.

The median rectenna efficiency ηrectenna is calculated as:

= × = × 4 × 4 × (4.11)
Where PDC is the harvested power (W) SRF is the median power density (W/m 2 ), in this case, equals to 1.05e -4 W/m 2 λ is the wavelength at 2.45 GHz, equals to 0.122 m G is the antenna's gain, equals to 4.9 dBi Additionally, the probability of harvested power of more than 100 nW was drastically increased from 16% by using 1 antenna to 52% by using 4 antennas in different directions. The median efficiency of the rectenna also increases from 3.3% to 6.7% by using diversity conception.

Flexible diversity rectenna

After studying the operation and advantage of diversity antenna in RF energy harvesting context, a flexible diversity rectenna is presented in this section in order to meet all the design challenges of the RF energy harvesting as described in Fig. 4-1.

Concerning the antenna design on a flexible substrate, there were several approaches that were mentioned in the state-of-the-art, including textile-based, polymer-based and paper-based substrates. Depending on the application, each of these approaches can work under different circumstances.

Textile-based antennas are mainly planar antennas, specifically microstrip patch antennas [START_REF] Stoppa | Wearable electronics and smart textiles: A critical review[END_REF][63] and dipole antennas [START_REF] Wang | Flexible textile antennas for body-worn communication[END_REF]. This type of substrate offers a lowest dielectric constant due to the presence of air and can lead to the larger size of antennas. The paper-based substrate has the advantage of being recyclable, flexible and low cost. However, as mentioned in Chapter 2, their loss tangent can vary from high to very high values and can affect the radiation efficiency of the antenna.

The polymer-based substrate, in the opposite, can maintain a low loss tangent and offers a medium permittivity value. The principal drawback of this type of substrate is the small thickness, which leads to high conductor loss and radiation loss in the directional-type of the microstripbased antenna. In this section, the proposed antenna is based on the PET substrate with permittivity ε =3.21, thickness h = 0.175 mm and loss tangent tanδ =0.0049. Screen printing technology is used to create a conducting ink layer, made of silver nanoparticles with a thickness of 0.01 mm. This design will propose a solution to limit those losses and provide a practical way to integrate the antennas and circuits in the diversity rectenna by taking advantage of the flexibility characteristic.

d.

Flexible diversity antenna design

Antenna configuration

The design is based on the quasi-Yagi structure, which was presented in section 2.5, Chapter 2.

The designed antenna offers a theoretical gain of 8.1 dBi, radiation efficiency of 83.5% and total efficiency of 77% at a frequency of 2.45 GHz. The basic quasi-Yagi antenna has the end-fire radiation characteristic. Thus four antennas are put together in order to have the same vertical polarization but the different direction of propagation.

It can be noted that even if the antenna is adapted to the resonant frequency, the conductor loss is still high that causes the lower total efficiency observed. In order to form the diversity antenna by combining four antennas and arranging them around the rectangular form of the system packaging, the transmission line leading to each antenna has to be oriented in the same plane.

One basic way to achieve this topology is to modify the feed line that has to be perpendicular to the end-fire radiation to avoid the conflict when connecting four antennas together (Fig. 4-21a).

However, this structure has longer feed line, therefore increasing losses and decreasing the radiation efficiency of the antenna. Therefore, we propose the structure with direct line connection to the radiation arm as described in Fig. 4-21b. This design allows easier integration between antennas and common circuit. In this design, the driven element of the antenna operates like a monopole instead of a dipole as in original design. Thus, the second arm of the driven element is not necessary. presented in literature, including defected ground structure (DGS), current localization, collocated orthogonal polarization, decoupling networks, neutralization line, parasitic elements, etc [START_REF] Li | Decoupling and Evaluation of Multiple Antenna Systems in Compact MIMO Terminals[END_REF].

In this design, all the antennas have the same vertical polarization. Hence, the technique for reducing mutual coupling is proposed by slightly changes the polarization of each antenna. The direction of the driven element along the director element is adjusted in order to not match the others' polarization as described in Fig. 4-24a. The parameter da is a function of the angle alpha between the original position and inclined position. The rectenna diversity is composed of four antennas and a circuit board whose inputs are the microstrip lines. The circuit is a four-port rectifier, which consists of four identical rectifiers and harvested power is combined at the DC level. All can be directly implemented on the same flexible substrate of the antennas and therefore it is not necessary to build the transition part between antennas and rectifiers. However, due to the very small thickness of the (PET) flexible substrate, the conductor loss will be significantly large and can reduce the efficiency of the rectifier. As a result, using a separate circuit with another substrate (like Rogers) could be one of the solutions.

On flexible-substrate rectifier

The same principle of four rectifiers in parallel as described in section 4.2.2 was used, on the same PET substrate of the antenna. The circuit is based on microstrip technology, which has three loss mechanisms: conductor loss, dielectric loss and radiation loss. Due to the small thickness of 0.175 mm, the conductor loss will dominate and therefore increase the insertion loss of the circuit.

As a result, the same circuit developed in PET flexible substrate has significantly lower efficiency compared to Rogers substrate based circuit.

In addition, with lower permittivity, the guided wavelength in the circuit is longer and the circuit has a larger size as compared to the designed with circuit Rogers substrate. In order to fit into the reserved area of the designed antennas, the miniaturization of the circuit is necessary and the meander design technique was applied. The matching circuit consists of an open circuit, better than a short-circuit, which will complicate the fabrication process. Fig. 4-30 Simulated efficiency of the rectifiers using PET and Rogers 4003 substrate depending on input power with deltaP between ports is 5 dB.

Fig. 4-30 shows the comparison between two rectifier circuits using two substrates with different thickness. The results show that with the very thin substrate, the efficiency of the rectifier is actually degraded and therefore the harvested power will be decreased. However, the advantage of this solution is in the easy fabrication process: the whole rectenna system can be printed in one time, at the same time limiting the insertion loss in transition parts between two substrates.

Separate rectifier

The rectifier circuit designed in section 4.2.2 was used to be connected the antenna diversity.

Instead of using a board-to-board connector [START_REF] Microwave | Pushing Board-to-Board Interconnect Performance Boundaries[END_REF], which is expensive and not suitable to hold the flexible antenna, this study proposes to add a transition part between the antennas and the circuit. The impedance of transmission line of each segment is now decided by the permittivity effective formed by the combination of two substrates. In order to calculate the transmission line width, the permittivity effective of each segment was calculated. The width of the common line is then optimized in order to have the characteristic impedance of 50 Ω, and is described in Table 4-4. Simulated S-parameters of the transition part are shown in Fig. 4-32. The insertion loss of the connection at 2.45 GHz is about 0.2 dB. This structure allows the low-loss connection between antennas and the rectifier circuits and therefore maximizes the harvested energy. 

Fabrication and measurement

Fabrication

The prototype of one antenna attached to the ground plane of the rectifier circuit and the flat structure of the proposed diversity design were fabricated by screen printing technology on the PET substrate. The used ink was silver conductive ink Electrodag PF-410 and the impression was performed using manual screen printer Svecia Semimatic SSM.

a. The 3D rectenna in the form of system packaging was formed by folding the flat structure in four edges. There are two ways to fold the proposed circuit, where the rectifier circuit can be inside or outside the cube depending on the application needs. The end-launch connectors were also used in order to perform the S-parameters at each port of the diversity antenna. Fig. 4-36a describes the 3D form of the circuit and the connectors using for the antenna measurement. The results support that by using the proposed flexible antenna, the probability of receiving higher power increases because the proposed antennas have higher gain compared to the patch antenna. However, the Rectenna 3 with integrated circuit has lower performance than the Rectenna 2 due to the loss of the flexible substrate. The median harvested power increases to 125 nW by using Rectenna 2 and 121 nW by using Rectenna 3. The probability of harvested power larger than 200 nW increases from 26% when using conventional patch diversity rectenna (Rectenna 1) to 37% when using a flexible antenna with a separate rectifier (Rectenna 2) and 35% when using proposed flexible rectenna (Rectenna 3). The rectenna efficiency is calculated using equation (4.11). The comparison of performance between configurations is provided in Table 4-7.

Antenna measurement

Though the Rectenna 3 has slightly lower performance compared to the separated one; the ease of fabrication, simplicity and the lightweight are still strong advantages of this diversity rectenna. 

Conclusion

This chapter has presented the global system of the RF energy harvesting for IoT application.

The matching impedance between antenna and rectifier has been analyzed. In case of very low incident power, the conjugate matching and the 50-Ω matching impedance impose the same effect on the input voltage of the Schottky diode. The diode will still operate in off-state and lead to very low-efficiency RF-to-DC conversion. As a result, the 50-Ω matching interface was chosen in order to ease the design and the characterization process.

However, the low efficiency of each rectifier requires combining sources in order to increase harvested power. The diversity rectenna is one of the solutions that can boost not only the harvested power but also the probability of receiving high power. Different topologies of diversity antenna were analyzed and were compared. The spatial dive rsity technique has demonstrated its superiority in a more realistic indoor environment.

Measurement results of patch antenna diversity strongly suggest that by using this technique, we prevent the fading of received signals across random points in space. Additionally, the probability of harvested power larger than 100 nW was drastically increased, from 16% by using 1 antenna to 52% by using 4 antennas in different directions in the ambient environment.

To meet the requirement of one high gain antenna diversity on the flexible substrate, the design process of flexible diversity rectenna was presented. In addition, to overcome the drawbacks of the substrate itself, a technique to decrease mutual coupling was also proposed. The mutual coupling between antennas decreases from -6 dB to about -30 dB with minor adjustment and the gain in each direction reaches about 6 dBi. The connection with rectifier circuits was investigated with two configurations: on the same PET substrate or on a separate Rogers substrate. The simulation and measurement results are in good agreement. The flexible rectenna in diversity conception increased the probability of harvested power higher than 200 nW from 1.5% in the conventional patch with one antenna to 35%. The results have shown the effectiveness of the proposed system in term of received power and practicableness of its form as a system packaging.

Rectenna

Probability of harvested power (HP) higher than 200 nW @ 0. 

Conclusion and perspectives

Conclusion

This work focused on the antenna design on flexible substrates in regards to the integrated electronic and the efficiency in a realistic environment. The main contributions of this thesis are conformable antennas design to adapt to various situations of system packaging as long as various applications. In the approach of designing an antenna suitable for various dimensions of packaging, two types of the antenna were investigated: dipole-based antenna and coplanar-based antenna. Both designed antennas are multi-band antennas, operated at suitable frequencies for ambient energy harvesting. The dipole-based antenna was designed on the high-loss paper substrate and can be suitable for sticking on packaging with size varying from 76 x 4 x 25 mm 3 to 48 x 18 x 2 mm 3 . This antenna has omnidirectional radiation pattern and operates at GSM frequency 1800 MHz, UMTS frequency 2100 MHz and Wi-Fi frequencies 2.45 GHz and 5.2 GHz. The gain varies from 1 dBi to 3 dBi and can be degraded from 0.1 dB to 1.2 dB up to the folding configuration.

In order to increase the antenna gain, a version of the coplanar-based antenna has been developed on PET substrate. This antenna also operates in multi-frequency bands: GSM 900 MHz, GSM 1800 MHz, and LTE 2.6 GHz. The realized gain varies from 1.37 dBi at lowest frequency to 6.15 dBi at the highest frequency. The bending and folding affection have been analyzed. The antenna can be folded from the flat position to a configuration of 77 x 30 x 28.5 mm 3 or can be bent toward a cylindrical form with radius down to 14 mm, without changing the resonant frequencies.

The flat size of this antenna is 87 x 77 mm 2 , which corresponds to 0.37 λg x 0.33 λg. A study to compare this proposed antenna with other multi-band, flexible coplanar antenna in recent literature shows that our antenna has the best performance in term of the trade-off between antenna gain and size.

While engaging with a flexible substrate, the high-loss characteristic of the paper substrate is one of the major problems to take into account in order to enhance antenna performances. We discussed this problem and a solution based on suspended plate technique was used to design the antennas on high loss paper substrate, a loss tangent of 0.125 was observed for the paper. Two prototypes have been designed, fabricated and characterized. The miniature version of the suspended patch antenna has a gain increase of about 10 dB compared to conventional patch antenna at Wi-Fi frequency 2.45 GHz. The suspended multi-band antenna was designed and has similar performance with a realized gain of about 7 dBi.
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 1617 Fig. 1-6 Schematic of the proposed circuit in [41]
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 1 Fig.1-8 Antenna-rectifier circuit interface[START_REF] Stoopman | Codesign of Electrically Short Antenna-Electronics Interfaces in the Receiving Mode[END_REF] 
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 19 Fig. 1-9 Prototyped rectenna (a) 50-Ω matched; (b) complex conjugately matched[START_REF] Briand | [END_REF] 
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 1 Fig. 1-10 Power conversion efficiency (PCE) of the rectennas show in Fig. 1-9 as a function of RL, at f=868 MHz and Pin=-10 dBm.[48]

  Fig. 1-11 Structures of multi-frequency solutions for RF energy harvesting

Mavaddat

  et al. proposed in[START_REF] Mavaddat | Millimeter-Wave Energy Harvesting Using 4x4 Microstrip Patch Antenna Array[END_REF] a 4x4 microstrip patch antenna array for millimeter-wave energy harvesting (Fig.1-12). A step-impedance low-pass filter is used between the antenna and rectifier to suppress second-order harmonics generated by the diode. A GaAs Schottky diode MAE1317 was used in shunt topology as a half-wave rectifier. The antenna array has a gain of 19 dBi and the maximum RF-to-DC conversion efficiency was 67% at 35.7 GHz with an input power of 7mW. b.
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 1 Fig. 1-12 Photo of the fabricated rectenna array in RF-combiner configuration [50]
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 1 Fig.1-13 Picture of the fabricated RF power harvester: Antenna array and rectifier array[START_REF] Olgun | Design of an efficient ambient WiFi energy harvesting system[END_REF] 
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 1 Fig. 1-14 Schematic of the rectifier in DCcombiner configuration [51]
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 1 Fig. 1-15(a) Top view of radiating patch; (b) Bottom view of rectifier circuit [54]

  d.Multi-frequency: Multiple single-band antennas and single-tone rectifiersThe structure of multiple single-band antenna and single-band rectifiers has been used to implement efficient ambient RF energy harvesters from different available bands in ambiance.Pinuela et al. have presented multiple rectenna structures with individual and shared power management modules (PMMs) in[START_REF] Pinuela | Ambient RF energy harvesting in urban and semiurban environments[END_REF]. This structure consists of four wire antennas operated at a frequency of GSM 900 MHz, GSM 1800 MHz, 3G 2100 MHz and DTV from 470 MHz to 610 MHz.Powers from all signals are then combined in parallel array architectures.
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 1 Fig. 1-16 DTV, GSM 900, GSM 1800 and 3Gcopper wire antennas[START_REF] Pinuela | Ambient RF energy harvesting in urban and semiurban environments[END_REF] 
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 1 Fig.1-18 Multiband rectenna with wideband antenna and multiple single-tone rectifiers[START_REF] Kuhn | A multi-band stacked RF energy harvester with RF-to-DC efficiency up to 84%[END_REF] 

  proposed a dual-band rectifier in simultaneous mode[START_REF] Liu | Enhanced Dual-Band Ambient RF Energy Harvesting With Ultra-Wide Power Range[END_REF]. The rectifier consists of a zero-bias Schottky diode HSMS2850 and a GaAs pHEMT ATF34143 in order to have a low threshold voltage and high reverse breakdown (Fig.[1][2][3][4][5][6][7][START_REF] Franciscatto | Conception et réalisation d'un nouveau transpondeur DSRC à faible consommation[END_REF][START_REF] Kharrat | Modélisation et réalisation d ' un système de récupération d'énergie imprimé Caractérisation hyperfréquence des matériaux papiers utilisés[END_REF][START_REF] Adami | Optimisation de la récupération d ' énergie dans les applications de rectenna[END_REF][START_REF] Starner | Human-powered wearable computing[END_REF][START_REF] Shenck | Energy scavenging with shoe-mounted piezoelectrics[END_REF][START_REF] Morais | Sun, wind and water flow as energy supply for small stationary data acquisition platforms[END_REF][START_REF] Muetze | Ocean Wave Energy Conversion -A Survey[END_REF][START_REF] Roundy | Micro-electrostatic vibration-to-electricity converters[END_REF][START_REF] Chalasani | A survey of energy harvesting sources for embedded systems[END_REF][START_REF] Kurs | Wireless Power Transfer via Strongly Coupled Magnetic Resonances[END_REF][START_REF] Tan | Energy Harvesting Autonomous Sensor Systems: Design, Analysis and Practical Implementation[END_REF][START_REF] Icnirp | Icnirp Guidelines for Limiting Exposure To Time -Varying Guidelines for Limiting Exposure To Time-Varying[END_REF][START_REF]IEEE Standard for Safety Levels with Respect to Human Exposure to Radio Frequency Electromagnetic Fields[END_REF]. This design allows extending the operating power range of the rectifier. This work has achieved an RF-to-DC conversion efficiency of 20% at -20 dBm.
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 1 Fig. 1-20 Schematic (a) and fabricated circuit (b) of the multitone rectifier with EPR [59]
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 1 Fig.1-21 Antenna bent around bending gauge with 75 mm diameter[START_REF] Locher | Design and Characterization of Purely Textile Patch Antennas[END_REF] 
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 1 Fig. 1-22 Embroidered textile AMF antenna on organza fabric [65]
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 1 Fig.1-23 Different way of folding antenna[START_REF] Radonić | Flexible Sierpinski carpet fractal antenna on a Hilbert slot patterned ground[END_REF] 
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 1 Fig.1-25 Fabricated antenna with the integration of a Fresnel lens[START_REF] Farooqui | 3D Inkjet Printed Helical Antenna with Integrated Lens[END_REF] 
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 1 Fig.1-26 Antenna with ground-backed FSSs design[START_REF] Cook | Utilizing wideband AMC structures for high-gain inkjet-printed antennas on lossy paper substrate[END_REF] 
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 1 Fig.1-27 Proposed SIW cavity-backed slot antenna with integrated solar harvester[START_REF] Lemey | Dual-band substrate integrated waveguide textile antenna with integrated solar harvester[END_REF] 
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 1 Fig. 1-29 Parylene interposer as thin flexible 3-D packaging enabler for wireless applications [84]

Chapter 1 )

 1 are multiform and tend to integrate on hybrid energy harvesting system in considering other sources such as solar energy [82] [83]. Many techniques has been applied in antenna design on flexible substrate, such as dipole/monopole-based antenna [83][68][80][86][81],
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 21 Fig. 2-1 Configuration of the proposed antenna
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 2 Fig. 2-2 3-D structure of the proposed antenna
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 2 Fig. 2-3 presents a photo of the realized prototypes. The antenna was constructed by printing metal on one side of the substrate and thickness of metal is 0.017 mm. The conductor parts in two sides of the antenna were linked with the main part by two sections of metal tape.
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 23224 Fig. 2-3 Fabricated 3-D antenna
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 26 Fig. 2-6, Fig. 2-7, Fig. 2-8, Fig. 2-9 illustrate the simulated and measured radiation patterns of 2 planes ϕ=0°and ϕ=90° at resonant frequencies 1800 MHz, 2100 MHz, 2.45 GHz and 5.2 GHz, respectively.
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 25262728 Fig. 2-5 Simulated far-field pattern of the antenna at 1800MHz

  same design of dipole-based antenna above is applied on the flexible substrate to study the influence of the substrate and the flexible limitation of the structure. The flexible substrate used in this study is a standard commercial paper with a thickness of 0.23 mm. Screen printing technology is used to create an ink layer of a conductor made by silver nanoparticle with a thickness of 0.02 mm. The used substrate has a relative permittivity ε = 3.359 and very high loss tangent tanδ = 0.125. The dimensions of the antenna, therefore, were adapted to the new substrate.Because of the flexible feature, a unified piece of the antenna can be fabricated and then be folded in order to meet the requirement of packaging. The flat structure (Fig.2-10) has many different folding possibilities corresponding to the box's specification. With this structure, the length and width of the box packaging are not limited to fixed dimensions. Instead of an immovable form of the first prototype, the antenna is possible to fit with various sizes and therefore can increase the applicability. The antenna has the planar size of 84x25 mm 2 .
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 2 Fig. 2-10 Foldable structure of proposed paper antenna
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 2 12 presents a photo of the realized prototype. Fig.2-13 presents prototypes of the folded antenna with different heights.
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 222 Fig. 2-12 Prototype of proposed paper antenna
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 2 Fig. 2-14 Simulation and measurement reflection coefficient of the paper substrate antenna in flat and folded configuration (h=0 mm and h=18 mm)
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 2 Fig. 2-15 Configuration of the proposed co-planar antenna
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 22 Fig.2-16a presents the simulated reflection coefficient of proposed antenna. The antenna has a simulated gain of 1.73 dBi, 4.29 dBi, and 6.67 dBi at frequencies 900 MHz, 1800 MHz and 2.6 GHz, respectively (Fig.2-16b,c,d). The total size of the antenna is 87 x 77 mm 2 .
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 2222 Fig. 2-17 (a) Bending antenna in function of radius rbend; (b)folding antenna in function of length u; (c) folding antenna in function of width v

Fig. 2 -Fig. 2 - 23 .

 2223 Fig. 2-23. It is observed that good agreements between measurement and simulation are achieved and the antenna is matched at the resonant frequencies.
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 222 Fig. 2-21 Fabricated antenna in flat, folding and bending configurations
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 2622 Fig. 2-24 Radiation pattern of the antenna in flat configuration(a) at (b) 900 MHz; (c) 1800 MHz; (d) 2.6 GHz
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 2 Fig. 2-27 (a) Conventional microstrip patch antenna using high-loss substrate; (b) simulated surface current of conventional patch at 1800 MHz; (c) simulated results of reflection coefficient; (d) simulated results of E-plane radiation pattern at 1800 MHz
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 2 Fig. 2-28 Configuration of inverse suspended patch antenna.
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 22 Fig. 2-29 Configuration of antenna before miniaturizing
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 222 Fig. 2-31 Photo of fabricated prototype using adhesive copper: (a) Antenna before miniature (ANT1); (b) Antenna after miniature (ANT2); (c) Radiating element of miniaturized antenna (ANT2)
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 22 Fig. 2-34 Configuration of multi-band patch antenna (a) Flat antenna-top view; (b) Folded antennatop view; (c) Folded antenna with suspended ground -side view
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 2 Fig. 2-36 Photo of fabricated suspended multi-band antenna using adhesive copper (a) top view before folded;(b) top view after folded; (c) side view.
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 22 Fig. 2-37 Simulated and measured of reflection coefficient of multi-band suspended antenna
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 2 Fig. 2-39 shows the configuration of the proposed structure with the antenna, the cover box, the feed network.
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 2 Fig. 2-39 Configuration of proposed circuit (a) Antenna; (b) Cover box; (c) Feed network; (d) Side view
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 2 Fig. 2-40 Parameters of proposed antenna for (a) GSM 1800 MHz; (b) GSM 1900 MHz; (c) UMTS 2100 MHz; (d) WLAN 2.4 GHz
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 2 Fig. 2-44 (a) Configuration of basic planar-printed quasi-Yagi structure; (b) Top view; (c) Bottom view
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 22 Fig. 2-45 Fabricated high gain antenna on flexible substrate

  applications are GSM 1800 MHz to GSM 1900 MHz, UMTS 2100 and WLAN 2.4 GHz. The test results correlate well with simulation results. The proposed structure has the advantages of compactness, lightweight, adjustability and convenient to use in different radiated frequency environments.
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 32 Fig. 3-2 Equivalent circuit of the zero-bias Schottky diode
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 3 Fig. 3-3 shows the measured and analytical curve of a diode HSMS-2860 at small V . Extracted parameters: Is=2.4e-8 A and n=1.08.
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 37 Fig. 3-7 Measured and simulated current in forward bias of diode HSMS 2860
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 38 Fig. 3-8 Diode model after step #1, "DC forward bias modeling"
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 39 Fig. 3-9 Simulated and measured current in DC forward bias of diode HSMS 2860 (a) from 0 to 1.2V; (b) zooming from 0 to 0.1 V
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 333 Fig. 3-10 Diode model after step #2, "DC reverse model"
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 3 Fig. 3-12 Diode model after step #3, "C-V model"
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 33 Fig. 3-14 Diode model at DC-OFF State (unbiased)
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 3 Fig. 3-16 Simulated and measured S-parameters (S11) DC-ON State of diode HSMS2850
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 33 Fig. 3-17 Three different types of diode packaging

Fig. 3 -

 3 Fig. 3-19 Proposed matching band-stop filter
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 3 Fig. 3-20 Simulation results of both filters as described in Fig. 3-19

Fig. 3 -

 3 Fig. 3-21 Simulated impedance of Filter 2
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 3 Fig. 3-22 Geometry of the diplexer: (a) Straight topology; (b) Meander topology
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 3 Fig. 3-23 Pictures of the fabricated circuits: (a) Filters; (b) Diplexer
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 3 Fig. 3-24 Simulated and measured reflection coefficient at common port
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 3 Fig. 3-25 Simulated and measured transmission coefficient at Port 2 and Port 3
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 3 Fig. 3-26 Simulated and measured reflection coefficient at Port 2 and Port 3

Fig. 3 -

 3 Fig. 3-27 Schematic of single stage voltage-doubler rectifier
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 33 Fig.3-28 Dimensions and construction of an ceramic chip capacitor extracted from[START_REF] Koa Speer Electronics Inc | Ceramic Chip Capacitors -Type NPO , X5R , X7R[END_REF] 
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 3 Fig. 3-29 Equivalent model of an SMD capacitor
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 3 Fig. 3-30 Equivalent model of a thick film resistor
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 3 Fig. 3-31 Rectifier schematic for HB simulation
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 3333 Fig. 3-32 Fabricated 1-input rectifier using diode HSMS 2850
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 43 Fig. 4-3 Input voltage versus resistance with = 2.4
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 4 Fig. 4-4 (a) Schematic model of the rectifier using diode SMS 7630; (b) Input impedance of diode SMS 7630 at Pin=0.32 μW; f=2.45 GHz; Load is optimized at maximum power point

Fig. 4 - 5

 45 Fig. 4-5 Input voltage versus resistance Rin with Pdeliver= 0.32 µW (f=2.45 GHz)

Fig. 4 -

 4 Fig. 4-6 (a) Planar array antenna; (b) Simulated radiation pattern of each antenna at 2.45 GHz; (c) Eplane of both four antennas at 2.45 GHz

Fig. 4 -

 4 Fig. 4-11 shows the simulation of output power versus the disparity of input power between branches of rectifier B, in comparison with rectifier A and rectifier B with only one input. Parameter DeltaP represents the difference between the highest input level and others at the input of Rectifier B. The results show that with the difference between the highest branch and others as being less than 5 dB, the structure would deliver better output power compared to a single input rectifier. The fabricated antennas and rectifiers are shown in Fig. 4-12.
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 44 Fig. 4-10 Structure of proposed rectifiers: (a) Rectifier A-Single input rectifier schematic; (b) Rectifier B-Multi-input rectifier schematic

Fig. 4 -

 4 Fig. 4-13 describes the measurement setup of the tests using two transmitter antennas in a realistic environment with office facilities around. Two identical commercial antennas for a Wi-Fi router with a gain of 5 dBi were used as transmission antennas. Transmission source A was set at 15 dBm, hence an equivalent isotropically radiated power (EIRP) of 100 mW, corresponding to the maximum transmission power of a conventional Wi-Fi router. The transmission source B was set at 12 dBm, which is equivalent to an EIRP of 50 mW. The elevation of two transmission antennas was fixed at 1.5 m and the elevation of the reception antennas was fixed at 0.8 m.
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 4 Fig. 4-13 Measurement setup
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 444 Fig. 4-14 Comparison of S-parameters between simulation and experimental results for both fabricated antennas.
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 444 Fig. 4-15 Measured output power versus input power of rectifier A and B
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 4 Fig. 4-18 Output voltage distribution of each antenna (mV): (a) Antenna 1; (b) Antenna 2; (c) Antenna 3 (d) Antenna 4; (e) Four Antennas
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 44 Fig. 4-19 Probability densities function of harvested power (nW) by various antennas.
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 44 Fig. 4-21 Design of feed-line to connect to common circuit (a) original solution; (b) Proposed configuration
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 4 Fig. 4-23 (a) Configuration of four antennas in the system packaging; (b) S-parameters of four antennas

Fig. 4 -

 4 24b shows the simulated mutual coupling between ANT1 and ANT2 in function of da. It can be seen that the longer da, the bigger sin(alpha) and the more of isolation between ports.
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 4 Fig. 4-24 (a) Detail of inclined position of driven and director element; (b) Mutual coupling in function of da
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 4 Fig. 4-25 Configuration of flat structure: (a) Top view; (b) Bottom view
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 4 Fig. 4-27 Structure of proposed diversity antenna: (a) Perspective view; (b) Bottom view

Fig. 4 -Fig. 4 -

 44 Fig. 4-29 describes the rectifier circuit in details and its implementation in the antenna diversity.
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 4 Fig. 4-31 Transition part between antenna and circuit: (a) Top view; (b) Side view

Fig. 4 -

 4 Fig. 4-32 Simulated S-parameters of the transition part

Fig. 4 -

 4 Fig.4-33a shows the photo of the prototype of one antenna attached to the ground plane. The comparison of simulation and experimental reflection coefficients of this prototype is shown in Fig.4-33b. The two resonance frequencies obtained in the simulation can be observed in measurement results. However, their levels of reflection are different. This difference can be explained by the way of using the end-launch connector in order to conduct the measurement as described in Fig.4-34. 

Fig. 4 -

 4 Fig. 4-33 (a) Prototype of one antenna attached to the ground plane: (b) Simulation and experimental of reflection coefficient
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 4 Fig. 4-35 Photo of fabricated rectenna before folding

Fig. 4 -

 4 Fig. 4-36b presents the comparison between simulation and experimental reflection coefficients at four ports. The results show the good matching for four antennas at the resonant frequency 2.45 GHz. The -10 dB impedance bandwidths of four antennas, which covers the band of WLAN 2.4 GHz, are provided in Table 4-5.
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 4 Fig. 4-36 (a) Details of the end launch connector in order to perform the measurement; (b) Simulation and measurement of reflection coefficient of four antennas in the diversity antenna system

Fig. 4 -

 4 Fig. 4-37 (a) Photo of 3D diversity antenna with end-launch connectors; (b) Mutual coupling between antenna ANT1 and others antennas (in dB)

Fig. 4 -

 4 Fig. 4-38 Simulation and measurement of E-plane radiation pattern of four antennas

Fig. 4 -

 4 Fig. 4-41 Probability density function (PDF) of harvested power (nW) from four rectennas
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	Introduction
	Internet-of-Things (IoT) and the growing development of inter-networking devices require
	exploiting all possible energy sources for energy-autonomous sensor. Ambient energy resources,
	especially those present in the human environment, that are generally renewable and/or "quasi-
	free", are limited but may be sufficient for different applications. Many generators can convert
	mechanical, thermal, photovoltaic, chemical, biological or radio frequency energy into electrical
	energy.

Table 1 -

 1 1 Available power density summary of ambient energy harvesting

	Class of resource		Source of energy	Power density
	Human body		Piezoelectric shoe inserts 5 W/(116 cm 2 x 52 kg) [11]
				~ 0.82 mW/cm 2 /kg
				Heel strike	0.98 W/kg [12]
	Natural energy (wind,	Airflow	1 W/cm 2 [4]
	water	flow,	ocean
	waves, solar energy)

Table 1 -

 1 2 Limited reference max level defined by ANRF[START_REF] National De Frequence | Tableau national de reparitition des bandes des frequences[END_REF] 

	Frequency bands (MHz)	Service	Electric field (V/m)	Magnetic field (A/m)	Power density S (W/m 2 )
	87.5-108	Radio FM	28	0.073	2
	174-223	Radio RNT	28	0.073	2
	380-470	PMR	28-29	0.073-0.08	2-2.3
	470-790	Digital TV band IV, V	29-39	0.08-0.1	2.3-4
	800	Mobile phone band	39	0.1	4
	921-960	GSM 900, UMTS 900, GSM-R	41	0.1	4.5
	1805-1880	GSM 1800	58	0.15	9
	2100-2170	UMTS 2100	61	0.16	10
	2450	WLAN	61	0.16	10
	2600	LTE band 2600	61	0.16	10
	3500	WiMAX	61	0.16	10
	5150	WLAN	61	0.16	10

Table 1 -

 1 3 Summary the overall analysis of the 2955 measurement results[START_REF] Anfr | Etude de l ' exposition du public aux ondes radioélectriques[END_REF] 

	Locations	Number of	50%	90%	99%	Max
		measures	(median)			
	Rural	472 (16%)	0.26 V/m	0.77 V/m	2.5 V/m	10.2 V/m
	Urban	2483 (84%)	0.43 V/m	1.5 V/m	5.5 V/m	15.7 V/m
	Indoor	1797 (61%)	0.31 V/m	1.3 V/m	4.7 V/m	10.4 V/m
	Outdoor	1158 (39%)	0.53 V/m	1.6 V/m	5.6 V/m	15.7 V/m
	TOTAL	2955	0.38 V/m	1.4 V/m	5 V/m	15.7 V/m
	From frequency point of view, results in [25] also show that in approximately 57% of cases the
	most important signals correspond to the maximum exposure fields of cellular base station
	antennas from mobile telephone frequency (800 MHz, 900 MHz, 1800 MHz and 2100 MHz). The
	mobile telephone is also dominant in 75% of cases in the outdoor environment.	

Table 1 -

 1 4 Summary of available power levels in ambient RF frequency (adapted from[START_REF] Adami | Optimisation de la récupération d ' énergie dans les applications de rectenna[END_REF],[START_REF] Copic | Diminution de l'exposition aux ondes électromagnétiques émises par les antennes relais de téléphonie mobile[END_REF]-[START_REF] Visser | Ambient RF energy scavenging: GSM and WLAN power density measurements[END_REF])

	Service	DTV	GSM900 GSM1800 UMTS 3G Wi-Fi
	Frequency (MHz)	400-800	900	1800	2100	2400
	Antenna's size	Large	Average	Small	Small	Small
	Energy					
	Main contributors outdoor [25]	9%		75%		1%
	Main contributors indoor [25]	16%		46%		11%
	Density power (nW/cm 2 )					
	[25] (median)	68	44	44	51	
	[26] (average)	0.89	36	84	12	0.18
	[27] (average)		13.5	5.1		
	[10] (maximal)					

Table 1 -

 1 

	Code of diode	HSMS-285x	HSMS-286x	SMS-7621	SMS-7630
	VBr (V)	3.8	7	3	2
	Cj (pF)	0.18	0.18	0.1	0.14
	VT (mV) for 1 mA 250	350	260	135
	RS (Ω)	25	5	12	20

5 

Main parameters of most popular Schottky diodes

[START_REF] Lyon | par : Focalisation des ondes électromagnétiques pour la transmission d †TM énergie sans l Table des matières[END_REF] 

Table 1 -

 1 

		High RS	Low RS
	Low VBr	Class-F	Inverse Class-E
	High VBr	Class-E	Inverse Class-F

6 

Most suitable rectification mode versus RS and VBr

[START_REF] Hagerty | Nonlinear Circuits and Antennas for Microwave Energy Conversion[END_REF] 

Table 1 -

 1 7 References of combining rectenna design

	Design	Number of	Antenna	Size	Operating	Antenna	RF-DC conversion	Harvested power
		rectifier			frequency	gain (dBi)	Efficiency	
					(GHz)			
	[50]	1	16 x patch	Rectenna:	35.7	19	67% at 7 mW (8.45 dBm)	
				22 x 42 mm2				
	[51]	9	9 x Koch fractal	Rectenna:	2.4	4.5	4.5% at -35 dBm	50 µA at indoor
			patch	90 x 90 x 10 mm 3				ambient (10.5 µW)
	[55]	4	4 x folded dipoles		0.5; 0.9; 1.8;	4.48-4.76	15% at -12 dBm	
					2.1		Single-tone: 40%	
							at -15 dBm	
	[56]	4	1 x wideband	Antenna:	0.9; 1.8; 2.1;		15% at -20 dBm	15 μW at outdoor
			dipole with	100 x 100 mm 2	2.4	6		ambient
			reflector plane					
	[57]	3	1 x log periodic cross dipole	Antenna: 160 x 160 mm 2	0.55; 0.75; 0.9; 1.85;	2.5-4	11% at -30 dBm 30% at -20 dBm	96 μW at outdoor ambient
					2.15; 2.45			
	[59]	1	-	23 x 37 mm 2	0.915; 1.8	-	20% at -20 dBm	-

Table 1 -

 1 8 Comparison of the flexible antennas in literature

	Reference Frequency	Dielectric material		Conductive Material	Antenna	Size	Performance
		GHz	Material	ℎ		δ					(λ0 2 )	Gain	Efficiency
				(mm)									
	[63]	2.4	Textile (Woolen	3.5	1.45 0.02	Silver-copper-nickel	Rectangular	0.46x0.39	4.4	34.7%
			felt)				plated woven fabric	patch			
	[65]	0.6					Conductive E-fiber	Asymmetric	0.49x0.49	2	
							0.8 Ω/sq			meander			
										flare dipole			
	[64]	2.4	Cotton/Polyester 2.808 1.6	0.02	Flectron/Electrodag	Rectangular	0.54x0.35		49%
							conductive ink 0.1	patch			
							Ω/sq						
	[66]	2.4	polyurethane	3.55	1.19 0.003	Flectron 0.01 Ω/sq	Triangular	3.93x1.475 10	
			protective foam							patch			
		0.434	polyimide film	0.05	3.4		Copper 18 μm		Short-	0.02x0.007	-33	
			AP8525							circuited SIR	8		
	[68]	3.1-10.6	Ultralam 2000	1.5	2.5	0.0022	PEDOT:	7	μm,	Monopole	0.625x0.62	2	26.6%
							9Ω/sq				5		
	[68]	3.1-10.6	Ultralam 2000	1.5	2.5	0.0022	PPy:158 μm, 2.3	Monopole		2	79.2%
							Ω/sq						
	[71]	26-33	Ultralam 3650	0.1	2.9-	0.005	Silver nanoparticle	Series-fed	1.2x0.38	6.2	
					3.2					two dipole			

Table 1 -

 1 7 compares the state-of-the-art designs of rectenna systems, several designs were tested in the realistic environment while most of them were measured with controlled sources and environment. These state-of-the-art informs of a lack of measurements in the realistic environment by sectorization of the incident waves[START_REF] Kim | Multiaccess, mobility and teletraffic for wireless communications[END_REF]. Table1-8 gives the overall comparison of flexible antennas in literature. This summary shows the limitation in the use of this type of antenna for RF energy harvesting.

Table 2 -

 2 1 Designed parameters of the proposed antenna

	Symbol Length (mm) Symbol Length (mm) Symbol Length (mm)
	L1	54.8	Y1	5.7	W3	1
	L2	43	Y2	1	W4	3
	L3	42.6	Y3	5	W5	6
	h1	3	Y4	5	W6	1
	h2	5	W1	2.8	G	0.7
	h3	2	W2	4.5		

Table 2 -

 2 2 Comparison of reflection coefficient between simulation and measurement at targeted frequencies

	S11(dB)	GSM 1800MHz	UMTS 2100MHz	Wi-Fi 2.45GHz	Wi-Fi 5.2GHz
	Simulation	-18	-11	-20	-13
	Measurement	-15	-20	-15	-15

The measured -10 dB impedance bandwidths are 810 MHz (1.72-2.53 GHz) at the first band and 750 MHz (5.07-5.82 GHz) at the second band. The bandwidths cover not only the GSM 1800 MHz band and UMTS 2100 MHz band but also all the 2.4 GHz WLAN channels (from 2.40 GHz to 2.48 GHz) and 5 GHz WLAN channels (from 5.1 GHz to 5.8 GHz).

Table 2 -

 2 3 Comparison of performances between simulation and measurement at targeted frequencies

	Gain (dBi)	GSM 1800MHz	UMTS 2100MHz	Wi-Fi 2.45GHz	Wi-Fi 5.2GHz
	Simulation	2.09	2.08	2.33	4.4
	Measurement	1.66	1.62	2.7	5.84
	Efficiency (simulation)	96%	87%	96%	96%

Table 2 -

 2 4 Comparison of simulated gain between two prototypes

	Simulated gain (dBi)	GSM 1800MHz	UMTS 2100MHz	Wi-Fi 2.45GHz	Wi-Fi 5.2GHz
	Rogers 4003 antenna	2.09	2.08	2.33	4.4
	Paper antenna (flat)	1.74	1.33	1.1	3.35
	Paper antenna (folded, h=18)	1.45	1.22	0.96	2.01

Table 2

 2 

			-5 Influence of parameters of proposed antenna	
			f1		f2		f3
	Parameters	fresonant	Re(Zant) Img(Zant)	fresonant	Re(Zant) Img(Zant)	fresonant	Re(Zant) Img(Zant)
	xsub						

Table 2 -

 2 6 Optimized parameter values of the proposed antenna

	Symbol	Value (mm)	Symbol	Value (mm)	Symbol	Value (mm)
	xsub	87	xi2	45.5	xl2	0.4
	ysub	77	xf2	47.5	gx	0.3
	xpat	80	yi2	20	xc	1
	ypat	54	yf2	23	ym1	11.8
	xl	3	g1	1.2	g	0.3
	g	0.3	g2	1	xl	3
	The optimized design values for all parameters are obtained as given in Table 2-6. The antenna

has three resonant frequencies: GSM 900 MHz, GSM 1800 MHz, and LTE 2.6 GHz. All resonant frequencies can be controlled independently.

Table 2 -

 2 7 Simulated gain of proposed antenna at different configurations

	Simulated gain (dBi)	900 MHz	1800 MHz 2.6 GHz
	Flat structure	1.73	4.29	6.67
		rbend=14 mm	-0.46	1.933	4.17
		rbend=20 mm	1.15	2.79	4.9
	Bending	rbend=30 mm	1.67	3.64	5.87
		rbend=50 mm	1.34	4.18	6.36
		rbend=70 mm	1.38	4.29	6.43
		u=30 mm	1.52	2.83	4.82
	Folding	u=50 mm	1.3	3.97	5.39
		u=70 mm	1.68	4.49	6.67
		v=35 mm	-0.1	2.63	2.67
	Folding	v=45 mm v=50 mm	-0.1 -0.1	3.32 3.48	2.9 4.4
		v=65 mm	1.4	4.27	6.04

Table 2 -

 2 

[START_REF] Franciscatto | Conception et réalisation d'un nouveau transpondeur DSRC à faible consommation[END_REF]

. The proposed antenna has the best performances at flat configuration. The folded configuration gives a similar size to bent configurations but the performance is better.

Table 2 -

 2 8 Measured gain of proposed antenna at three configurations

	Measured gain (dBi)	900 MHz	1800 MHz 2.6 GHz
	Flat structure	1.37	4.16	6.15
	Bending rbend=14 mm	-0.57	2.23	4.39
	Folding u=30 mm	0.58	1.99	4.89

Table 2 -

 2 [START_REF] Kharrat | Modélisation et réalisation d ' un système de récupération d'énergie imprimé Caractérisation hyperfréquence des matériaux papiers utilisés[END_REF] Comparison between coplanar flexible antennas presented in the literature ( λg is guided wavelength at lowest resonant frequency)

	Reference	Material (thickness, r,	Size (λg×λg) Frequencies	Gain	Bandwidth
		tanδ)		(GHz)	(dBi)	
	Proposed	PET (0.175 mm; 3.21;	0.37x0.33	0.9	1.37	3%
	antenna	0.0049)		1.8	4.16	23.6%
				2.6	6.15	13%
	[96]	Silicon (0.3 mm; 3.3;	0.07x0.06	2.45	-23	11.4%
		0.007)				
	[78]	Rogers5880 (0.127 mm;	0.35x0.29	1.574	3.57	2%
		2.2; 0.0009)				
	[77]	Rogers5880 (0.127 mm;	0.54x0.21	1.561	5.76	5%
		2.2; 0.0009)				
	[97]	Roger5880 (0.127 mm;	0.45x0.31	1.2	5.47	23.9%
		2.2; 0.0009)		2.4	5.88	8.5%
				3.5	1.97	4.3%
				5.2	3.56	7.1%
	[98]	Kapton (0.11 mm; 3.5;	0.42x0.42	1.2	-1.2	54.4%
		0.002)		2	0.6	14%
				2.6	2.1	23.5%
				3.4		17.2%
	[99]	Kapton (0.13 mm; 3.48;	0.50x0.35	1.9	-2.8	51%
		0.002)		5.4	0.9	60%
	[74]	PET (0.1 mm; 3; 0.008)	0.66x0.35	2.36	0.7	6.8%
				3.64	0.79	
	[100]	PTFE (0.127 mm; 2.2;	0.73x0.36	3.5	~2	5.7%
		0.0009)		9-11	~2	20%
	[101]	Kapton (0.58 mm; 3.4;	0.70x0.48	3	2	116%
		0.002)		7	4	35.7%
				13	5	38.4%
	[102]	RO4003C (0.2 mm; 3.38;	0.95x0.71	2.6	2.34	57.7%
		0.0027)		3.8	6.3	49.7%
	[103]	Felt fabric (1.1 mm; 1.38;	0.93x0.93	2.45	3.9 (6.4)	4%
		0.023)		5.8	5.2 (7.6)	16%
	[104]	Rogers3003 (0.5 mm; 3;	-	2.45	1.39	6.5%
		0.0013)				

Table 2 -

 2 9 provides a comparison of performance between the proposed antenna and others flexible antenna designs in the literature using the same coplanar waveguide technique, in ascending order of electrical size. It is found that the proposed antenna offers the best tradeoff in term of gain and dimensions.

Table 2 -

 2 10 Simulated and measured gain (dBi) at each frequency

	Gain (dBi)	1800 MHz	1900 MHz	2100 MHz	2.4 GHz
	Simulation	3.72	4.32	2.78	4.48
	Measured	3.52	4.09	2.87	4.12
	2.4.3 Conclusion				

The design and development of a novel antenna with adjustable frequency is presented. The addressed frequency bands for RF energy harvesting applications are GSM 1800 MHz to GSM 1900 MHz, UMTS 2100 MHz and WLAN 2.4 GHz. The test results correlate well with initial simulation results. The proposed structure has the advantages of compactness, lightweight, adjustability and convenient to use in different radiated frequency environments.

Table 3 -

 3 2 Extracted parameters of 3 different diodes

	Element	Parameter	SMS 7630	HSMS 2860	HSMS 285C
		Is (A)	4.06e-6	1.5e-8	3.51e-6
	Dmain				
		n	1.06	1.05	1.1
		Is (A)		1e-6	2.5e-7
	Dlow				
		n		1	5.3
		Is (A)	6.1e-3	0.85	0.02
	Dsat				
		n	0.1	0.89	0.5
		Is (A)	9.6e-6	1.01e-8	3.8e-6
	Drev				
		n	59	33	33
		Cj0 (pF)	0.14	0.15	0.20
		Vj0 (V)	0.35	0.45	0.35
	D_CV	M	0.06	0.04	0.06
		Is	1e-25	1e-25	1e-25
		n	2.22	1.8	2.20
	Cp (pF)		0.12-0.16	0.11-0.17	0.05-0.10
	Rs (Ω)		36.8	7	42
	Ls (nH)		0.7	0.7	0.6
	Rrev(Ω)		1.3e4	1.7e6	9e4
	Rtand(Ω)		0.3	0.65	0.3
	Cga (pF)		0.020	0.29	0.11
	Cgc (pF)		0.17	0.29	0.09

Table 3 -

 3 3 Parameters of two filters

		Filter 1	Filter 2		Filter 1	Filter 2
	Symbol	Value (mm)	Value (mm) Symbol	Value (mm) Value (mm)
	xline	20	25	G	0.3	0.3
	yline	0.7	0.3	Ge	0.3	0.3
	x1	3.9	3.1	W	0.3	0.3
	x2	2.2	3.3	Wf	2.8	4.6
	y1	0.7	0.6	Wt	0.3	0.3
	y2	0.3	0.9	N	6	6

Table 3 -

 3 4 provides a comparison of performance between the proposed diplexer and other designs in literature. It is found that the proposed diplexer offers a better trade-off between insertion losses and size in comparison with similar published studies. These specifications are very important especially in the case of RF energy harvesting.

Table 3

 3 

	-4 Comparison between proposed diplexer and references
		Insertion loss (dB)	Size
	Channel 1	Channel 2	(λg x λg)

Table 3 -

 3 5 Typical values of parasitic elements of SMD capacitor (C=1 pF) at 25 0 C, 2.45 GHz

	Packa ge	Typical ESR (Ω) NPO X7R	Typical ESL(nH)	Typical Rp (MΩ) NPO X7R
	0402	0.06	0.4	0.5	10	10
	0603	0.06	0.4	0.6	10	10
	0805	0.06	0.4	0.8	10	10
	1206	0.06	0.4	1.2	10	10

Table 3 -

 3 6 Typical value of parasitic elements in thick film resistor

	Package	Typical	(nH)	Typical	(pF)
	0603	0.8		0.09	
	0805	0.8		0.05	

Table 4 -

 4 2 Measurement scenarios

	Scenario	Antenna	Rectifier	Device	Points	Number of measurements
	M2.1	Each antenna	-	Power meter	98	4x98
	M2.2	Each antenna	Rectifier A	Voltmeter	98	4x98
	M2.3	Four antennas	Rectifier B	Voltmeter	98	98
			TOTAL			882

Table 4 -

 4 

	3 shows the comparison of rectenna's performance between two configurations: one
	antenna associated with rectifier A (Rectenna 1A) and four antennas associated with rectifier B
	(Rectenna 1B).

Table 4 -

 4 3 Comparison of harvested power (HP) between configurationsThis section has presented a study about antenna diversity for ambient RF energy scavenging operating in a more realistic indoor environment. Results illustrate the benefits of diversity antenna systems, especially at a low input power environment. Observations strongly suggest that by using this technique, we prevent the fading of received signals across random points in space.

		Probability of harvested	Median HP	Median ηrectenna
	Rectenna	power higher than 100 nW	(nW)	at 0.1 mW/m 2
	Rectenna 1A	16%	13	3.3%
	Rectenna 1B	52%	107	6.7%

Table 4 -

 4 4 Optimized width of the transmission line in the transition part

	Substrate	Value	Parameter	Value (mm)
	PET	= 3.21; thickness=0.175 mm	Wla	0.4
	Rogers 4003	= 3.55; thickness=0.83 mm	Wlc	1.7
	Transition		Wcom	0.3

Table 4 -

 4 5 Measured bandwidth of four antennas at 2.4 GHz

	Bandwidth	Antenna 1	Antenna 2	Antenna 3	Antenna 4
	Frequency (GHz)	2.35 -2.48	2.24-2.48	2.28-2.49	2.33-2.51
	MHz	130	240	210	180
	%	5.4	10	8.7	7.5

Table 4 -

 4 6 Comparison of S-parameters between simulation and measurement at 2.45 GHz

	Reflection coefficient (dB)	Simulation Measurement Isolation (dB) Simulation Measurement
	S11	-16.1	-24.1	S21	-21.5	-28.2
	S22	-16.2	-19.4	S31	-15.3	-19.5
	S33	-16	-31.3	S41	-23	-20.0
	S44	-16.1	-17.9			

Table 4 -

 4 7 Comparison of performance between configurations
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0.40 at 1.8 GHz 0.42 at 2.45 GHz 0.29 x 0.33 [START_REF] Guo | Wideband superconducting diplexer with steppedimpedance cross-structure[END_REF] 0.32 at 2.9 GHz 0.33 at 5.8 GHz 0.64 x 0.38 [START_REF] Srisathit | High isolation and compact size microstrip hairpin diplexer[END_REF] 0.4 at 0.9 GHz 0.5 at 1.8 GHz 0.29 x 0.29 [START_REF] Fu | Compact and high isolation microstrip diplexer for GPS and UWB application[END_REF] 0.5 at 1.575 GHz 0.5 at 4 GHz 0.156 x 0.107 [START_REF] Deng | Design of Microstrip Lowpass-Bandpass Diplexer[END_REF] 0.25 at 1.5 GHz 2.42 at 2.4 GHz 1.69 x 1.03 [START_REF] Yang | Compact quarter-wave resonator and its applications to miniaturized diplexer and triplexer[END_REF] 1.34 at 1.8 GHz 1.44 at 2.35 GHz 0.12 x 0.23 [START_REF] Zeng | Planar diplexer using composite right-/ lefthanded transmission line under balanced condition[END_REF] 1.95 at 3.5 GHz 1.97 at 4 GHz 1.13 x 0.92 [START_REF] Yang | High isolation and compact diplexer using the hybrid resonators[END_REF] 2.15 at 1.8 GHz 2.17 at 2.45 GHz 0.13x 0.2

Radiation characteristics of the proposed antenna were also studied. The simulated far-field radiation pattern of the antenna with four frequency bands is shown in Fig. 2-41. The radiation patterns of the antenna are directional and the maximum simulated gain is 4.5 dBi at 2.4 GHz, the simulated efficiency is around 80%. The antenna with optimal dimensions was then realized using RO4003 substrate for the inside component and using PET substrate for the outside component. 

GHz

The measurement of reflection coefficient was performed by using an Agilent Vector Network Analyzer (VNA) 8720ES over the frequency range 1 GHz to 3 GHz. Fig. 2-43a presents the simulated and measured reflection coefficient in dB of the proposed antenna for each working frequency. A good agreement is observed for all the resonant frequencies. The radiation characteristic was characterized in an anechoic chamber. The E-plane radiation is presented in Fig. 2-43b. The simulated and measured gain is also provided in Table 2-10.

Extraction of Rs

Fig. 3-4 shows the measured and analytical curve of the diode HSMS-2860 at higher V . The extracted R is 4.9 Ω.

Fig. 3-4 versus current I for diode HSMS-2860

Extraction of Rj

The junction resistance Rj can be determined by (3.2), so from the I-V curve of the diode, we obtain Fig. 345. 

Discussion

Using the extracted parameters to simulate the diode model, we compare the provided I-V characteristics with the measured one (Fig. 3-6 and Fig. 34567). Design of rectifier with two inputs at 2.45 GHz

Harvesting from multiple sources can be achieved by stacking several rectenna and adding the DC output voltages to the same load. In this approach, several rectifier topologies exist to combine DC voltage such as series connection, parallel connection and cascade connection [START_REF] Shinohara | Dependence of dc output of a rectenna array on the method of interconnection of its array elements[END_REF].

In the case of only two inputs, the parallel configuration can be easily implemented (Fig. 3-34)

Fig. 3-34 Schematic of the two-input rectifier

The efficiency of each port η is calculated when there is only one source at one port with other source neutralized.

= (3.13)

The total efficiency of the two-input rectifier when there are two sources simultaneously is calculated as follows:

The rectifier is optimized similarly to the 1-input rectifier and fabricated using substrate Rogers 4003 (Fig. , considering the two ports have the same level of input power and using parasitic capacitance Cp=0.08 pF. The efficiency of the circuit is shown in Fig. 3-36. The efficiency while two ports are excited similarly is equivalent to the efficiency while one port is excited. This means the topology is more effective compared to a one-input rectifier. However, the Cp value used for optimization process (Cp=0.08pF) did not match the real Cp measured (about 0.06 pF). Therefore, the fabricated circuit did not reach the higher efficiency as simulated.

These results show that the parasitic capacitance has an important role in the diode model and the measurement of this value is needed when working with rectifier at very low incident input power. b.

Global system and measurements

In the previous section, the antenna for RF energy harvesting and the rectifier circuit have been discussed. In this section, the complete circuit of rectenna will be discussed and characterized.

There are many challenges that the design process has to face, including the antenna requirement, rectifier requirement and the co-design of these two circuits as described in Fig. 4-1.

Fig. 4-1 Design challenges of the system. This section will concentrate on the interface between antenna and rectifier in the condition of ambient RF energy (very low incident power). The complete solutions of combining sources for increasing harvested power on the flexible substrate are also proposed.

Co-design

In rectenna, the matching impedance is essential to assure the maximum power transfer between antenna and rectifier. The traditional 50-Ω impedance interface is not always optimal. Codesign allows reaching the complex conjugate matching without the need of a reference-matching network because the antenna is close to the rectifier and there is no wave propagation between the two elements, therefore it eliminates the loss and the noise that may occur in this network.

The objective of co-design is to define the optimum impedance in matching that provides the highest total efficiency, what completely depends on incident power, type of rectifier component 4.

To maximize P , while assuming that V and Z are fixed, we differentiate (4.2) with respect to the real and imaginary parts of Z and we have:

According to the maximum power theorem, to achieve maximum power delivered to the load, we need have conjugate matching condition between the antenna and the circuit, and it's crucial that the reactive components cancel each other.

To calculate the P , we need to consider the antenna model in the receiving mode under conjugate matching. The power delivered to the load of an antenna depends on the effective antenna aperture, A , and is defined as:

where λ is the free-space wavelength of the radiation (m)

G is realized gain of the antenna (dBi).

In the condition of conjugate matching, the power delivered to the load, P , is related to the free-space power density, P , by the effective antenna aperture A through equation (4.6).

The two figures P and P are the incident power density and the power transferred to the load, respectively. From the study of the available power density of electromagnetic waves at the mobile phone and Wi-Fi frequencies in Chapter 1, we can estimate the power delivered to the rectifier circuit as given in Table 4-1, and considering the antenna gain is from 2 to 3 dBi. Not all the power that is captured by the antenna is delivered to the load but it includes the part which is scattered and dissipated as heat by the antenna. The most that can be delivered to the

The conjugate matching has the advantage of eliminating of the matching circuit but the design process of antenna and rectifier are closely linked. The 50-Ω matching, on the other hand, has to take into account the matching circuit, but design processes are independent and easily integrated into the external system outside of the working scope.

Operation of spatial diversity rectenna in realistic environment

Numerous studies on rectenna design have been carried out, aiming to achieve a high efficiency and to increase the output power from very low input power [START_REF] Olgun | Design of an efficient ambient WiFi energy harvesting system[END_REF], [START_REF] Pinuela | Ambient RF energy harvesting in urban and semiurban environments[END_REF], [START_REF] Song | A Novel Six-Band Dual CP Rectenna Using Improved Impedance Matching Technique for Ambient RF Energy Harvesting[END_REF], [START_REF] Kimionis | 3D-Printed Origami Packaging With Inkjet-Printed Antennas for RF Harvesting Sensors[END_REF]. In a realistic environment, there is seldom a stationary position with a clear line-of-sight (LOS) between sources and scavenging systems. Further indoor ambiance creates a multipath environment where signals may be reflected, diffracted or scattered. Therefore, the received power depends on environmental obstructions as well as the source power and distance. This creates a design challenge for energy scavenging antenna, requiring robust versatility to accommodate an unknown location and unknown polarization of incident waves as long as a faded location. To overcome these difficulties, mobile communication technology integrates simultaneous multiantenna in a multiple-input-multiple-output (MIMO) approach into a single design. However, this approach of multi-antenna in RF energy scavenging has not been broadly studied. Authors in [START_REF] Olgun | Design of an efficient ambient WiFi energy harvesting system[END_REF] presented a 3x3 planar array antenna connected directly with 3x3 rectifier array in order to increase the harvested power and avoid complex feeds. As this design is planar, it can only capture energy in one direction. In [START_REF] Kimionis | 3D-Printed Origami Packaging With Inkjet-Printed Antennas for RF Harvesting Sensors[END_REF] a multi-direction RF energy harvester was developed but there are only two directions involved and no realistic measurement was conducted to verify the effectiveness of the principle. In current literature, some designs were validated by measurement in realistic indoor and outdoor environments but no details of the direction setup and analysis of the design's influence on random locations were presented, especially no multi-direction antenna harvester system operating in realistic scenarios was realized [START_REF] Pinuela | Ambient RF energy harvesting in urban and semiurban environments[END_REF], [START_REF] Song | A Novel Six-Band Dual CP Rectenna Using Improved Impedance Matching Technique for Ambient RF Energy Harvesting[END_REF], [START_REF] Van Hoang | Rectenna measurement in a realistic environment[END_REF].

This section proposes measurements of a multi-direction spatial diversity antenna system in an office-like environment for energy harvesting from the Wi-Fi access point of WLAN sources, at the frequency of 2.45 GHz. The objective of this study is to confirm the performance of the diversity antenna, under precise conditions with supportive results. The methodology used to achieve the high isolation across multiple antennas system is presented. Measurements will focus on comparing probability density functions of harvested power in different scenarios and the experimental results will be analyzed.

Diversity rectenna measurement in realistic environment

Two interfaces between antenna and rectifier were tested, one with on-flexible substrate rectifier and another with a separate rectifier (on Rogers 4003). The rectifier B in section 4.2.2 is used and the transition part is added to the circuit (Fig. 4-39a). The rectifier then connected with the diversity antenna to form the diversity rectenna as designed (Fig. 4-39b,c).

At the end, two prototypes of diversity rectenna in 3D-form, one with a separate rectifier c.

Another primary challenge to ambient energy harvesting approach is a multitude of different power levels and frequencies used in wireless systems. Indoor ambient and outdoor ambiances already encounter different dominant frequencies in term of power density, not taken into account the fact that mobile phone frequencies are not the same all around the world. In resolving this problem, an adjustable frequency antenna has been proposed. The antenna is designed to be used in the presence of the circuit case or system packaging. It includes one removable part based on flexible substrate and can be easily removed to change with others. The configuration with four antennas operates on four frequency bands: GSM 1800 MHz, GSM 1900 MHz, UMTS 2100 MHz and WLAN 2.4 GHz. The maximum gain is 4.12 dBi and the total size of the antenna is 60 x 43 mm 2 .

Concerning the interface between antenna and rectifier circuits, several Schottky diodes were characterized and realistic values of their parameters have been extracted in the frame of the new physical-based model. This diode model is the core of the RF-to-DC conversion and it helps to build more accurate rectenna circuits, especially the interface between antennas and integrated electronics. The detailed analysis of co-design has proved that with very low input power in the range of -40 dBm to -20 dBm, the interface impedance of 50-Ω has almost the same effect on RF-to-DC circuit efficiency of conjugate matching. Therefore, depending on the application, the appropriate impedance is chosen.

In order to combine sources at RF level, a low loss diplexer that operates at 1800 MHz and 2.45 GHz was designed. The diplexer has the size of 26 x 30 mm 2 and achieves a low insertion loss of 0.4 dB at working frequencies. This performance is proved better than other diplexer presented in the literature.

At the end, we have demonstrated a new approach for the design of combination rectenna in the very low power-density environment. The concept of diversity rectenna using basic patch antenna was tested and the experimental results prove that it has a superior effect on enhancing the probability of higher harvested power. The median harvested power while using a diversity of 4 antennas increased by 8 times compared to the use of a single antenna. The probability of harvested power larger than 100 nW in indoor ambient field drastically increases from 16% to 52%.

We have successfully designed this concept of diversity rectenna on PET flexible substrate, the thickness of 0.175 mm. The design using screen printing technology and allows printing at one time the whole diversity rectenna, which consists of 4 high gain antennas and 4-ports rectifier circuits. By using the folding technique, the final system has 3D-form and can easily immerse itself into system packaging. It occupies a volume of 65 x 65 x 65 mm 3 and allows having a gain of about 6 dBi for four perpendicular directions in space in a quasi-omnidirectional radiation pattern. The performance of this diversity rectenna was tested in a realistic environment and the results were presented in comparison with the conventional configuration. At the end, the median harvested power increases from 13 nW of the first design of rectenna with the conventional patch in one direction to 121 nW of the diversity on-flexible rectenna.

Perspectives

In this thesis, all the antenna designs concentrated on using system packaging to rely on and the study of bending and folding those antennas has been conducted. In the continuation of this work, many perspectives can be envisaged.

The support or system packaging material can be taken into account in the design. These materials/supports can alter the performances of the antenna but at the same time can decrease the size of the antenna because of the presence of material, which has permittivity higher than air in surrounding environment.

The support will be the subject of studies to select the most appropriate one not only from the point of view of a single layer but also in terms of structuration. It is indeed possible to find flexible materials made up of several layers, which opens possibilities that are more extensive to obtain the optimal operation of the antenna.

For the antenna design, the miniaturization of the proposed 3D antenna with the volumeefficient design is necessary for IoT applications.

For the rectifier design on a flexible substrate, that has thin substrate and high-loss, the alternative solution to increase the RF-to-DC efficiency needs to be considered. In addition, the integration of Power management systems for unbalanced rectifier on the flexible substrate can also be developed. 
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Abstract

Internet-of-Things means a growing development of interconnected objects that are likely to change many services within the industry as well as for the individual. Several barriers, including the energy autonomy of objects or production processes that are economically acceptable and respectful of the planet, hamper current developments. In this context, energy recovery is a widespread theme using a wide range of sources (mechanical, thermal, electromagnetic, etc.). This thesis is oriented towards the recovery of ambient electromagnetic energy. The second characteristic point of this thesis is to focus on flexible and, if possible, recyclable substrates. The challenge is to recover energy from an extremely low ambient electromagnetic field: this concerns the antenna, which must also meet a requirement for flexibility for its future integration with a flexible and deformable object, and the electronics of energy processing.

The work of this thesis conducted in three phases.

In the first phase, it was the study of the antenna structures compatible with frequency and power received with the energy harvesting application and a physical realization on flexible base (paper, textile, etc.). This phase allowed presenting the different approaches to combining the RF sources.

In the second phase, the study on the role of rectifying circuit in the system of recovering wireless energy was presented. Methods for extracting parameters were discussed by separating each element and its roles. Numerous measurements have been conducted to compare different models of the diode, taking into account also the actual impact of the manufacturing process and the measurement process.

A third phase allows the optimization of the antenna and electronic assembly (rectenna) for various scenarios and the monitoring of variability to keep the losses of the system at minima. The production of relevant demonstrators, test, and characterization were presented.

Keywords: antenna, RF energy harvesting, flexible material, 3D-antenna, diversity antenna