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Abstract – The paper addresses the impact of peak-to-average 

power ratio (PAPR) and spectrum of the waveform, as well as load 

resistance on the performance of low-power harvesting device in a 

real-life wireless power transfer (WPT) scenario. In the current 

study, a combination of the classic voltage doubler circuit for RF-

DC conversion and premanufactured device for DC-DC 

conversion is used. For the investigation of conversion efficiency 

and harvesting device performance, three types of waveforms are 

used: single tone, multicarrier signals with low PAPR and 

multicarrier signal with high PAPR. In order to generate high-

PAPR signal, subcarriers with the same amplitude and phase are 

summed, whereas for generation of low PAPR signal the phases of 

the subcarriers are chosen pseudo-randomly. Over-the-air 

transmission in 865 MHz ISM band is made using directional 

antennas and all multicarrier waveforms have equal 5 MHz 

bandwidth. To evaluate the performance of harvesting device and 

conversion efficiency, the average voltages at the input and output 

of the RF-DC converter as well as at the output of the DC-DC 

converter with corresponding input and load impedance are 

measured. The experiments have shown that the employed 

multicarrier signals can greatly improve the performance of 

harvesting device during WPT under certain conditions, which are 

discussed in the paper. 
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I. INTRODUCTION 

Extensive development of new wireless communication 

technologies in conjunction with the rapid evolution of 

microelectronics, leading to the highly reduced power 

consumption of embedded systems, has allowed for the 

widespread implementation of wireless sensor networks. This, 

consecutively, has formed the basis for the integration of 

Internet of Things (IoT) technologies into agriculture, 

transportation, healthcare and other areas. 

One of the challenges on the way to the robust exploitation 

of sensor networks is to ensure the completely autonomous 

operation of nodes without the need to replace or manually 

recharge the batteries. One of the possible solutions to the 

problem is the use of radio frequency (RF) electromagnetic 

radiation for simultaneous sensor node powering and 

information transfer [1]. A widely used signal waveform for 

WPT is single-carrier transmission, due to multipath 
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propagation inherent for in-door, and city application certain 

frequencies could be sufficiently attenuated, which can lead to 

WPT performance degradation. Thus, multi-tone signals 

potentially have advantage in a multi-path propagation case [2]. 

Furthermore, multipath propagation allows using time-

reversal for delivery of the energy to the intended receiver only 

[3]. In that case, all the available multipaths serve as virtual 

antennas. 

Only few studies considered the methodology of optimal 

waveform design for the most efficient RF WPT. It has been 

shown theoretically in [4], [5] that the utilisation of broadband 

multi-tone signals with a high peak-to-average ratio (PAPR) 

can provide a significant boost in power transfer and conversion 

efficiency in comparison with traditional single-tone 

sinewaves. The problems of frequency-selective radio channel 

and non-linear receiver were addressed in [6], where the 

proposed analytical model of rectenna allowed for the design of 

new multi-tone waveforms. Another team of researchers [7] 

developed the state-of-the-art simplified methodology for the 

design of channel-adaptive WPT waveforms. In research [8], 

the problem of waveform design in WPT system with multiple 

receivers was addressed, whereas in paper [9] a complete model 

of WPT system with steerable energy beams between beacon 

and sensor nodes was proposed. 

An increase in the number of in-phase subcarriers could 

potentially lead to the increase in the RF-to-DC conversion 

efficiency. However, research [10] demonstrates that a too high 

PAPR level in the experimental setup enhances degradation of 

power transfer efficiency. Moreover, these results have also 

been used for the next research [11], where authors show that 

the optimal resistance of the load depends on the PAPR level of 

the received RF signal. The research [12] gave theoretical 

simulations and calculations of the power conversion efficiency 

representing the sensitivity of the power conversion efficiency 

to the PAPR level (number of subcarriers summed in phase) of 

the employed RF signal. 

In turn, our experimental study results given in [13] and [14] 

present advantages of an optimal PAPR level of multicarrier 

signal where subcarriers are summed in-phase for certain load 

resistance and input power levels. However, impact of load 

impedance in the case of low PAPR multicarrier signal, where 

specially selected phases for subcarriers with the same 
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amplitude are used, still has not been sufficiently investigated. 

Moreover, the influence of the boost converter employment on 

the harvesting performance is also the field of interest for the 

application in WPT. 

The current research is dedicated to the experimental study 

of influence of the PAPR level and the spectral characteristics 

of the multi-carrier signal, as well as load resistance on the WPT 

performance of low-power harvesting device consisting of a 

classic voltage doubler circuit for RF-DC conversion and a DC-

DC boost converter. The comparison of the experimentally 

obtained results with theoretical ones given in [12], where 

impact of the load resistance and PAPR level on the RF-DC 

conversion performance are studied via simulation, is presented 

in conclusion part of the research. Thus, the paper consists of 

four sections, where the employed signals for WPT and their 

properties are discussed in part A of Section II; the design of 

low-power harvesting device is given in part B of Section II, 

while methodology and measurement performance are 

explained in part C of Section II. In turn, results of the 

experimental study are shown in Section III and, finally, 

conclusion part with generalisations of the obtained results is 

presented in Section IV. 

II. EXPERIMENTAL SETUP 

The current section presents the methodology of the research 

including properties of tested signals, the design of the low-

power harvester and work performance, employed 

experimental setup for wireless power transfer and RF-DC 

conversion testing modes. 

A. Signals and their Properties 

For evaluation of the signal impact on RF-DC conversion and 

efficiency in WPT, three types of signals were selected: 

multitone signal with high PAPR level, multitone signal with a 

low PAPR level as well as a single tone signal. The number of 

carriers in the multitone signal varied from 4 to 16 carriers. The 

PAPR levels of all employed signals are shown in Table I. 

While these levels for multicarrier signals with a high PAPR 

increase along with sub-carrier number growth, in case of low 

PAPR signals they do not vary for all observed sub-carrier 

numbers. The single tone signal has the lowest PAPR value. 

The waveforms of all employed multicarrier signals are 

presented in Fig. 1. Moreover, all signals have the same average 

power.  

For baseband signal generation, MATLAB/Simulink 

software was used, while for baseband signal transfer on carrier 

frequency and RF signal generation an SDR model USRP-B210 

was used. A license-free sub-gigahertz band was chosen for RF 

signal generation. 

In order to generate a multicarrier signal with a high PAPR, 

all subcarriers with the same amplitude were summed in phase. 

To generate signal with a low PAPR level, Zadoff-Chu 

sequences and an IFFT operation were employed and 

subcarriers with the same amplitude, but specially selected 

phases, were summed together. All performed multi-tone 

signals had the same spectrum bandwidth and carrier frequency: 

5 MHz and 865.5 MHz, correspondingly. The frequency of 

single tone signal was equal to the centre frequency of the 

selected frequency band. 

TABLE I 

PAPR LEVEL OF EMPLOYED SIGNALS    

Signal waveforms Subcarrier number PAPR, dB 

High PAPR 

signals 

4 10.09 

8 12.38 

16 15.84 

Low PAPR signals 

4 6.60 

8 6.06 

16 5.99 

Single tone 1 3 

 

 

Fig. 1. Waveforms of the employed multicarrier signals with average power of 

−10 dBm. 

B. Design of Low-Power Harvesting Device  

The selected harvesting device consists of simple RF-DC 

rectifier and DC-DC boost converter (see Fig. 2). The RF-DC 

rectifier is a voltage doubler with low-voltage drop Schottky 

diodes HSMS-285C. RF-DC voltage boosting to necessary 

voltage levels was performed by ultra-low-power boost 

converter BQ25504 from Texas Instruments [15]. In the latest 

revision, this converter started to function in “cold start” mode 

from 600 mV input voltage till it charged the storage capacitor 

to 1.8 V. Then it entered “normal mode”, where it could 

function with the minimal input voltage level of just 130 mV in 

addition to providing a minimum level of power for the IC to 

operate. This boost chip allows setting different thresholds and 

hysteresis voltage levels for the output, as well as undervoltage 

and overvoltage levels.  

The threshold levels can be adjusted for the use of 

rechargeable batteries or low-voltage supercapacitors in order 

to prevent energy storage element discharging below the 

threshold value or charging above the critical voltage value.  

The voltage threshold levels are set by external resistors. The 

use of a resistor with a high resistance value has been 

recommended to decrease the power consumption. In the 

current design, the external n-channel MOSFET transistor was 

used to connect the chip output to load, when the programmed 

output voltage levels were reached. This chip also employs the 
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maximum power point tracking (MPPT) feature for harvesting 

maximum power; however, it can be set only manually and for 

one user selected input voltage ratio level relative to open 

circuit value. This MPPT feature is not self-adapting; therefore, 

careful consideration for the MPPT level must be made. 

According to the information given in the datasheet, the 

converter total efficiency is highly dependent on the selected 

output voltage level, as well as on the input voltage level. 

 

 

Fig. 2. Circuit of the employed low-power harvesting device with a DC-DC 

converter. 

C. Measurement Performance 

In the present study, the experiments were performed in 

multiple series to investigate the signal parameter impact on the 

RF-DC and DC-DC converter. The following experiments were 

conducted for the evaluation of the corresponding performance 

characteristic of converter performance:  

1) the influence of the signal waveform on the efficiency of 

RF-to-DC conversion during wired energy transfer in case of 

variable load resistance at the RF-DC converter output – the 

setup of the measurement is presented in Fig. 3; 

2) the influence of the signal waveform on the performance 

of the low-power harvesting device with an employed DC-DC 

converter in case of variable load at the DC-DC converter 

output – the setup of the measurement is given in Fig. 4; 

3) the impact of the signal waveform on the performance of 

the WPT for the proposed low-power harvesting device 

consisting of an RF-DC converter in conjunction with a DC-DC 

converter – the setup of the measurement is shown in Fig. 5. 

The multicarrier waveforms can be more advantageous due 

to its wideband nature in case of deep channel fading channel 

condition; this type of signal could provide less attenuation in 

comparison with the single tone signal when the channel fading 

happens in the transmitted signal frequency band.  The 

advantage of high PAPR signal employment could be used to 

enable low-power harvesting devices via higher peaks of the 

signal. Waveforms with a high PAPR level were employed in 

the current RF-DC and the DC-DC conversion studies with 

different load impedances.  

The maximum power of the RF-DC converter can be 

achieved, when the value of converter load impedance is the 

same as the output impedance.  

In order to evaluate the first experiment, the rectifier output 

power for the signals with different carrier number and peak-to-

average power ratio levels were measured at different load 

values. In these experiments, equipment consisted of a PC with 

MATLAB/Simulink software, software defined radio USRP 

B210, RF-DC converter and voltmeter GDM-8246, the load 

resistance value at the RF-DC converter output varied from 

1 kΩ to 200 kΩ. The signal generated from the software defined 

radio USRP B210 was directly fed to RF-DC converter through 

a coaxial cable. The average power level of generated signals 

was −10 dBm. The converter rectified voltage level on the 

output resistors was measured with the voltmeter GDM-8246. 

The converter open circuit voltage (VRF-DC OC) was also 

measured (see Table II). The test setup is shown in Fig. 3. The 

RF-DC converter output power level was calculated by 

squaring the output voltage VRF-DC and dividing it by the 

resistance RLOAD. 

 

Fig. 3. Test setup for the RF-DC conversion measurements in wired testing 

mode. 

In the second experiment, equipment consisted of a PC with 

MATLAB/Simulink software, SDR USRP B210, RF-DC and 

DC-DC converter, voltmeter GDM-8246, oscilloscope 

MSO5204B. The value of the RLOAD at the output of DC-DC 

converter also varied from 1 kΩ to 200 kΩ. The signal 

generated from the USRP B210 was directly fed to RF-DC 

converter through a coaxial cable. The output of RF-DC 

converter was connected to the input of DC-DC converter. The 

average power level of generated signals was −10 dBm. The test 

setup of this experiment is shown in Fig. 4. The DC-DC 

converter is required to boost the level of rectified voltage to a 

certain voltage level for the employed wireless sensor network 

node (e.g., LoRa) or other low power solution. 

 

Fig. 4. Test setup for the RF-DC-DC conversion measurements in wired testing 

mode. 

In these experiments, the DC-DC converter had a 4700 µF 

storage capacitor, which was used to store the energy and 

supply the voltage to the load resistors when the programmed 

voltage levels were reached. The output voltage varied in range 

from 3.4 V to 3.3 V when the capacitor was discharging. In 

order to precisely deliver the specified voltage to the load, 

external n-channel MOSFET transistor was used and the control 

signal from the converter was used to switch the transistor. This 

boost converter allows using MPPT feature, where the boost 

converter indirectly modulates the input impedance of the main 

boost charger by regulating the charger input voltage set by 
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resistor divider to VREF_SAMP input relative to an open-

circuit voltage level. 

In order to choose the most beneficial MPPT point, for the 

used signal waveforms, the RF-DC converter performance was 

evaluated at different output voltage levels by using different 

values of RLOAD. The optimal RF-DC converter output voltage 

in respect to the open circuit voltage for the maximum power 

was calculated (see Fig. 6, where the x axis shows the rectifier 

output voltage against the open circuit voltage in percent, y axis 

shows the harvested power level). 

 

 

Fig. 5. Test setup for WPT performance measurement using the RF-DC-DC 

conversion. 

As it can be concluded from Fig. 6, the RF-DC rectifier 

harvests the maximum power, when the RF-DC converter 

output voltage is at 45–50 % of open circuit voltage for all the 

selected signal waveforms and number of carriers. Therefore, 

the MPPT level was set to 50 % of input open circuit voltage. 

 

Fig. 6. RF-DC conversion output power levels for different MPPT levels. 

During the measurements where RF-DC rectifier was 

operating with the DC-DC converter, the actual RF-DC 

converter voltage level was assessed to determine if the MPPT 

worked as intended. In the experiments where the RF signal is 

rectified and boosted using DC-DC converter, it is shown in 

Fig. 11, that the DC-DC converters load impudence value has 

little impact on the DC-DC converter efficiency. Therefore, in 

the following experiments the DC-DC converter performance 

was measured only at one impedance value, 10 kΩ.  

The measured voltages on RF-DC converter open circuit 

load, as well as with DC-DC converter as load impedance for 

different signals and carriers are shown in Table II. The results 

in Table II for the RF-DC with DC-DC converter were also 

measured with one 10 kΩ load value at the DC-DC converter 

output. 

As shown in Table II, high PAPR signal waveforms provide 

the highest open circuit voltage; it varies for different number 

of carriers – increases as the number of carriers increases. For 

the low PAPR signal, the rectifier open circuit voltage 

fluctuates, but stays around the same value. The rectifier open 

circuit voltage is 14 % higher in case of low PAPR signal 

waveforms compared to the single tone signal. 

TABLE II 

RF-DC CONVERTER OUTPUT VOLTAGE WITH DC-DC CONVERTER  

AND OPEN CIRCUIT OUTPUT 

Signal  

waveforms 

ONLY RF-DC  

converter 

RF-DC  

converter with DC-DC converter 

VRF-DC OC, V VRF-DC, V MPPT level 

Single tone 1.36 0.678 49.85 % 

HPAPR 4C 2.35 1.01 42.97 % 

HPAPR 8C 2.65 1.07 40.38 % 

HPAPR 16C 2.94 1.05 35.71 % 

LPAPR 4C 1.5 0.774 51.33 % 

LPAPR 8C 1.58 0.774 48.99 % 

LPAPR 16C 1.54 0.75 48.70 % 

 

After setting the MPPT point of the DC-DC converter to 

50 %, the RF-DC converter output voltage was measured again 

with the DC-DC converter as a load. For the signals with a low 

PAPR level and a single tone signal, the MPPT tracking works 

as intended. However, for the signals with a high PAPR level, 

the actual MPPT point shifts to lower voltage. For the carriers 

summed in-phase, the increase in PAPR level decreases the set 

MPPT point level. 

 

 

Fig. 7. DC-DC converter output voltage waveform with 10 kΩ load resistance 

with 4-subcarier multitone signals and sine signal. 

            

         
          
         

             

  

     
     
       

       
             

       
         

 

             

    

 

 

 

 
 
 
   
 

    

             

    

 

 

 

 
 
 
   
 

                 

             

    

 

 

 

 
 
 
   
 

                 



Electrical, Control and Communication Engineering 

________________________________________________________________________________________2019, vol. 15, no. 2 

100 

The output voltage of the DC-DC converter across the load 

resistors was measured with the oscilloscope; signal waveforms 

were saved and later processed in MATLAB. From the captured 

signal the average output power was calculated: one period was 

defined, signal was squared and divided by the load resistance, 

integrated over the selected period and then divided by the 

period. The example of the output voltage waveform of the DC-

DC converter is shown in Fig. 7. As it can be seen from the 

graph, the HPAPR signal for the RF-DC and DC-DC 

conversion allows charging the storage capacitor faster, thus 

delivering a higher average output power level. 

The third experiment consisted of a PC with 

MATLAB/Simulink software, software defined radio USRP 

B210, RF-DC and DC-DC converter, MSO5204B oscilloscope, 

directional antennas LP0410. The value of the load resistance 

of DC-DC converter was set to 10 kΩ. The signal generated 

from the software defined radio USRP B210 was fed to the 

transmitting antenna and the receiving antenna was connected 

to RF-DC converter. The RF-DC converter output was 

connected to the DC-DC converter input. The average power 

level of generated signals was 11.36 dBm. The test setup of this 

experiment is shown in Fig. 5. 

III. EXPERIMENTAL RESULTS 

The current section describes the experimental results of the 

influence of the waveform on the performance of a low-power 

harvesting device during WPT. The waveform impact has been 

studied for the standalone RF-DC converter and RF-DC 

converter in conjunction with a DC-DC converter. The wired 

and wireless energy transmission was studied in order to 

compare the influence of the waveform on RF-DC conversion 

in an ideal and real-life scenario. 

A. RF-to-DC Conversion in Case of Wired Power Transfer 

The impact of different signal waveforms and different 

PAPR levels on different parameters of the RF-DC converter 

with different load resistances in case of wired power transfer 

is shown in Figs. 8–10. The output voltages of RF-DC converter 

are shown in Fig. 8 and results depend on the load resistance. 

In case of high load resistance >30 kΩ signals with a high PAPR 

level show higher voltage, while in case of lower resistance 

higher voltage is obtained for low PAPR and single tone 

signals. Besides, for load resistance less than 30 kΩ carrier the 

number for low PAPR signals does not influence results. For 

high PAPR signals there is a slight difference in voltage levels 

between different numbers of carriers for all observed 

resistance values. Moreover, the maximum obtained voltage is 

up to 2.3 V for 16 subcarriers summed in phase and 200kΩ load, 

while single tone and low PAPR multi-tone signals provide 

only 1.3–1.5 V for the same load.   

The influence of load resistance on the RF-to-DC converter 

power is presented in Fig. 9. The maximum power level above 

50 μW is obtained for single tone and multi-tone signals with a 

low PAPR level at 7.5–10 kΩ load resistance and for 4 

subcarriers summed in-phase with a high PAPR level at  

20–30 kΩ load resistance. The maximum power levels and 

corresponding load resistance differ for each subcarrier number 

of the high PAPR signal – the increase in the number of 

subcarriers leads to the growth of the resistance and decrease of 

power level maximum. For low PAPR signals, maximum 

power level and corresponding resistance are almost constant 

for all subcarrier numbers and mainly correspond to the single 

tone results. Current experimental results show the same trend 

as it has been demonstrated in simulation study [12], presenting 

higher RF-to-DC conversion performance of multi-tone signals 

with a high PAPR level in the case of high load resistance. 

 

Fig. 8. RF-DC conversion output voltage for different load resistances and 

different signal waveforms. 

 

Fig. 9. RF-DC conversion output power levels for different load resistances and 

different signal waveforms. 

Fig. 10 gives additional information about the efficiency of 

RF-to-DC conversion during wired power transfer. It shows 

that the maximum conversion efficiency higher than 50 % is 

obtained for single tone and low PAPR multi-tone signals for 

the load of 7.5–10 kΩ, as well as for 4 subcarriers summed in-

phase in the case of 20–30 kΩ load resistance. 
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Fig. 10. RF-DC conversion efficiency for different load resistances and 

different signal waveforms. 

B. The Impact of DC-DC Converter on the Performance of 

Low-Power Harvesting Device  

The efficiency of the low-power harvesting device consisting 

of an RF-DC converter in conjunction with a DC-DC converter 

for different loads and signal waveforms is presented in Fig. 11. 

It is evident that the load resistance at DC-DC converter output 

does not influence the obtained power levels; the signal 

waveform has a high impact on the overall conversion 

performance of harvesting device. The highest efficiency – 

above 35 % – is shown by 4 subcarriers summed in-phase as 

well as 16 or 8 subcarriers with specially selected phases, while 

the efficiency level of 35 % presents a single-tone signal. The 

lowest efficiency level, around 25 %, is obtained in case of 16 

subcarriers summed in-phase. From results it can be seen that 

the number of subcarriers has direct impact on the conversion 

performance of the harvesting device with a DC-DC converter 

only in the case of high PAPR multicarrier signals.  

The matching of the RF-DC converter was performed with 

the DC-DC converter for a single-tone signal, since the selected 

MPPT ratio sets up reasonably good matching (equivalent load) 

for the RF-DC converter. The RF-DC converter with an input 

power level of –10 dBm produced an output power of 52.59 μW 

at 0.628 V for 7.5 kΩ load, when the DC-DC converter was 

loading the RF-DC circuit, the voltage at the output of RF-DC 

converter was kept at 0.678 V, producing 52.45 μW of power 

and thus working close to maximum power conditions. 

C. Performance of Low-Power Harvesting Device during 

WPT under Real-Life Scenario 

The results of performance evaluation of WPT measured for 

different distances in real-life conditions for the proposed low-

power harvesting device (consisting of the RF-DC and DC-DC 

converters) is shown in Fig. 12 as received power levels and 

converted power levels (levels at the output of harvesting 

device). The average received power in the antenna was 

measured using oscilloscope with 50 Ω input, as the impedance 

of the antenna was also 50 Ω. The converted average power 

levels were calculated from the voltage across the load 

impedance at the output of the DC-DC converter.  

 

Fig. 11. RF-DC conversion efficiency of the harvesting device for different 

signal waveforms and different loads at the DC-DC converter output. 

 

Fig. 12. Received average power level on antenna output and DC-DC 

converters average output power level. 

As can be seen, the difference between the received power 

levels for different waveforms is not discernibly different, while 

the harvested and converted power levels depend not only on 

distance of energy transfer, but also on the waveform of the 

transmitted signal. Especially, this is evident for distance of 1m, 

where the difference between harvested power levels is around 

9 %. In turn, for converted power levels it is around 50 %. The 

highest converted power level of 59 μW is obtained for 4 carrier 

signals with a high PAPR level, a lower level shows 8 

subcarriers summed in phase and multicarrier signals with a low 

PAPR level, while the single tone provides the lowest results of 

37 μW.  

The similarity in the received signal power levels could be 

explained by the same channel characteristic for carrier 

frequency of 865.5 MHz and for bandwidth of 863–868 MHz 

as a directional antenna was used during the experiment.   
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IV. CONCLUSION 

The impact of signal spectral characteristics and PAPR level 

of the signal on the performance of the low-power harvesting 

device as well as the optimal load resistance during wireless 

power transfer (WPT) has been experimentally investigated. As 

the proposed low-power harvesting device consists of RF-DC 

rectifier and DC-DC boost converter, the efficiency of RF-to-

DC conversion and of the full harvesting device has been 

studied via controlled energy transfer and then validated under 

a real-life scenario in a typical office environment. 

The RF-to-DC power conversion results show that the PAPR 

level and load resistance have a high impact on the conversion 

efficiency. Multicarrier signals with a low PAPR level show 

approximately the same results as the single tone, providing 

higher conversion efficiency at lower load resistance values. 

The multicarrier signal with high PAPR gives higher efficiency 

for higher values of load resistance. It has been shown that in 

case of a multi-tone signal with low PAPR the number of 

subcarriers does not have impact on the performance. However, 

in case of a high PAPR signal the growth of the number of 

subcarriers increases the value of optimal load resistance 

required to reach the maximal efficiency. The performed 

experiments justify the theoretical simulation results obtained 

in research [12]. 

If the RF-DC rectifier is used in conjunction with the DC-DC 

boost converter, the load resistance at the output of harvesting 

device does not impact the total performance of power 

conversion. However, the waveform itself has great influence 

on harvester performance. The same trend was also obtained 

during WPT study under a real-life scenario. Even if all signals 

are received with the same average power level, the conversion 

results differ up to 50 %.  

The performed research complements previous studies with 

experimental results of the influence of the load resistance on 

RF-DC conversion efficiency, as well as for the case of 

connection of RF-DC rectifier and DC-DC boost converter. 

Moreover, the impact of multicarrier signals with different 

PAPR levels has been investigated showing that the use of 

multicarrier signals can improve the performance of harvesting 

device during WPT under certain conditions. The potential 

future research areas include the simulation and creation of the 

rectifier, which is matched to the HPAPR waveform. Yet 

another problem to overcome is miniaturisation of receiver 

antennas. One of the solutions would be the employment of 

miniature printed graphene antennas [16]. In this case, matching 

circuitry and waveforms must be elaborated even further.      
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