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A B S T R A C T

In this work the investigation results of harvesting the RF energy of a 2.4 GHz Wi-Fi signal for 
supply of smart home leak sensors network are presented. The collected RF energy has been used 
as an additional source to power the sensors. The main goal of the work was to conduct research 
on determining the limit values of the RF signal source power and the limit distances between the 
RF energy harvesting system and the RF signal source, at which it is possible to harvest the RF 
energy and charge the energy storage capacitor. The PCB-based Yagi-Uda type antenna for RF 
signal receiving and a suitable RF energy harvesting system was designed for this purpose. The 
hardware model of the harvesting system was investigated with the designed antenna, as well as 
with other antennas using a signal generator and Wi-Fi router as a sources of RF signal. The 
obtained results demonstrate that at typical Wi-Fi router transmitting power, which is 10–17 
dBm, RF energy can only be collected when the router is several tens of centimeters away from 
the harvesting antenna. When a router with a maximum allowed power of 20dBm is used, the 
distance at which it is possible to collect the RF energy, reaches 120 cm just in the case when both 
the transmitting and receiving antennas are Yagi-Uda directional antennas.

1. Introduction

The density of ambient radio signals, which are commonly called RF (Radio Fre-quency) signals, is constantly increasing due to the 
increasingly widespread use of Wi-Fi internet and other means of RF communication [1–6]. On the other hand, with the development 
of semiconductor technologies, there are produced more and more various purpose very low-power integrated circuits [3,7,8]. For this 
reason, it becomes promising to use energy of ambient RF signals to supply very low-power electronic devices. Compared to other 
alternative power sources such as vibration energy or photovoltaic energy, the disadvantage of RF is the low energy density, which 
usually does not exceed 1 μW/cm2 [9]. Meanwhile, the density of vibration energy can reach 200 μW/cm2, and the photovoltaic 
energy in the presence of the sun - 100mW/cm2 [9]. However, Wi-Fi RF signal energy has an important advantage - it exists all the time 
and especially in smart buildings [10,11]. Therefore, it seems that the energy of the Wi-Fi RF signal can be efficiently used if the 
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electronic device consumes little power and needs it for a short time. For example, in sensors for monitoring room parameters, when 
data needs to be sent only when parameters measured go outside the permissible limits. Then the device can be practically all the time 
in sleep mode, during which the power supply current is minimal. The same applies to the cases when the monitored room parameter 
changes slowly and the transmitting frequency of its value can be low, and the transmitting duration is short.

Since usually it is not enough of harvested RF energy for power supply, RF can be used as an additional source to extend the life of 
the electronic device’s power battery [1]. As a result, the battery needs to be replaced less often.

A typical ambient RF energy harvesting system includes [3]: an antenna for receiving RF signals; an impedance matching circuit for 
matching the impedances of the antenna with the impedance of the rectifier; a rectifier for converting the RF signal to DC; a power 
management circuit and a battery or capacitor that stores the harvested energy (antenna with a matching circuit and rectifier is usually 
called rectenna). Industry offers commercially available integrated circuits for harvested power management [12], and new integrated 
circuits for such purpose are also being developed [13]. As the use of Wi-Fi, which operates continuously, is rapidly increasing with the 

Fig. 1. Block diagram of the water leak protection system.

Fig. 2. Home Assistant user interface presentencing measurements of developed sensor.
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rise of IoT application, the focus is on harvesting RF energy in the 2.4 GHz band [14–16].
The analysis of the literature shows that there are few studies that provide data on how far from the Wi-Fi router it is possible to 

collect energy, e.g. Ref. [17,18]. However, research is usually carried out with one type of antenna. The originality of this work is that it 
has been comprehensively investigated at what distance from the Wi-Fi 2.4 GHz frequency source it is possible to harvest RF energy 

Fig. 3. Microwave energy density radiated by router with omnidirectional antenna (a) and directional antenna (b).

Fig. 4. Layout (a) and photo (b) of designed PCB-based Yagi-Uda type antenna for 2.4 GHz frequency.

Table 1 
The dimensions of designed 2.4 GHz antenna.

Element Width w, mm Length L, mm Distance d, mm

Feeder Wf 4.0 d0 22.5 ​ ​
Vibrator W0 16.0 L0 40.0 ​ ​
Reflector Wr 5.0 Lr 60.0 d0 22.5
Director 1 W1 8.0 L1 32.5 d1 18.0
Director 2 W2 4.0 L2 36.5 d2 26.0
Director 3 W3 8.0 L3 32.5 d3 23.5
Director 4 W4 4.0 L4 36.5 d4 26.0
Director 5 W5 4.0 L5 36.5 d5 24.0
Director 6 W6 4.0 L6 36.5 d6 24.0
Director 7 W7 4.0 L7 36.5 d7 24.0
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using various antennas at various Wi-Fi transmitting powers. The practical application of harvested Wi-Fi energy for power supply of 
the particular network of smart water leak sensors was studied as well. These sensors are used in the water leak protection system. The 
collected RF energy is planned to be used as an additional source to power the sensors in this network. The directional PCB-based 
Yagi-Uda type antenna for RF signal receiving was designed to increase the efficiency of energy harvesting and a suitable RF en
ergy harvesting system was adapted. The hardware model of the harvesting system was tested with the designed antenna, as well as 
with other 2 antenna types using a signal generator and Wi-Fi router as a sources of RF signal.

2. The structure of the leak protection system

The RF energy harvesting system was developed for smart water leak sensors of the water leak protection system. The block di
agram of the water leak protection system is presented in Fig. 1. It consists of network of sensors. The 860 MHz RF link is used for the 
communication between sensors and central unit, while central unit operates as the device of IoT and can be accessed using Wi-Fi link. 
Every water leak sensor includes RF energy harvesting syste,m for 2.4 GHz Wi-Fi frequency band. It consists of antenna RF energy 

Fig. 5. Directivity diagrams: (a) in logarithmic scale, (b) in linear scale.

Fig. 6. Simulated with CST 3D directivity diagram of optimized Yagi_Uda antenna for Wi-Fi 2.45 GHz application.
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Fig. 7. Results of Yagi-Uda antenna |S11|measurements and simulations.

Fig. 8. Results of Yagi-Uda antenna impedance |Z|simulations.

Table 2 
Received power at 2m distance, 2.4 GHz frequency, when Wi-Fi router with 1W output power is applied.

Antennas used GR, dBi GT, dBi PR, mW

two monopoles 5 5 0.24
monopole + Yagi-Uda 5 8.5 0.52
two Yagi-Uda 8.5 8.5 1.14

Table 3 
Comparison of different antennas types suitable for 2.45 GHz frequency.

Description Frequency range, GHz Gain, dBi Dimensions, mm Remarks

Fork-Shaped 8 port [22] 0.95–2.90 3.2–7.6 220 × 220 Multiband
Microstrip patch [23] 2.15 5.6 58 × 54 Narrow band
Quasi-Yagi-Uda [27] 1.3–2.2 10.9–13.3 380 × 190 Two band
Quasi-Yagi-Uda [28] 1.8, 2.4 3.5 50 × 50 Two band
Star-shaped Yagi-Uda [33] 2.4 7.4 220 × 220 × 250 Spatial configuration
Ideal monopole [34] 2.45 6.6 76 × 10 × 10 Ideal η = 1.0
Yagi-Uda (this design) 2.3–2.6 8.4 200 × 60 Narrow band
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harvesting evaluation board [19] based on AEM30940 integrated circuit [20,21] and capacitor for the saving of the harvested energy. 
The power management circuit receives DC voltage from the rectifier and charges the energy-harvesting capacitor with it. When the 
capacitor is charged, the output of the power management circuit starts supplying power to the sensor. The charging time of the 
capacitor is determined by the power of the received RF signal and the capacity of the capacitor. The duration for which the accu
mulated energy will be enough to power the sensor depends on the capacity of the capacitor and the current used by the sensor.

Developed water leak protection system consists of single master device based on the Raspberry PI microcontroller platform and up 
to 32 leakage sensors (slave devices) connected over 860 MHz radio frequency interface. Master device broadcasts data over radio 
frequency interface only during pairing process. During normal operation transmission is omnidirectional, each slave device transmits 

Fig. 9. Block diagram of the RF energy harvesting system.

Fig. 10. Water leak sensor with the RF energy harvesting system and master of the sensor network based on the Raspberry PI.
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its status three times a day (every 8 h). In case leakage is detected slave transmits emergency sequence immediately. Master device 
consists of main operating system: Linux based main system which serves as container for two subsystems: a local MQTT (Message 
Queue Telemetry Transport) broker and Home Assistant. Control of all hardware interfaces, Wi-Fi and RF communications is 
implemented in main operating system, local MQTT broker serves for data exchange between main operating system and Home As
sistant, which is employed as user interface (Fig. 2)

3. Development of PCB – based Yagi-Uda type antenna

The antenna is important component of RF energy harvesting system. The efficiency of energy harvesting depends on the directivity 
and efficiency of applied antenna. The Wi-Fi router monopole antennas that usually are used provide omnidirectional radiation and 
transmission. Therefore, the microwave density is scattered uniformly in surrounding space and results a low microwave power 
density. When the Wi-Fi router is applied in the configuration of energy harvesting system as energy source, the energy harvesting node 
is illuminated with directed energy beam and has to be located in a narrow spot of microwave radiation as illustrated in Fig. 3a. 
Replacing the omnidirectional antenna with high directivity antenna in the Wi-Fi router (Fig. 3b) allows to increase the power density 
of radiation. Employment of directional antenna in the RF energy harvesting system for receiving of RF signal allows to increase the 
received power as well.

Currently, PCB technology-based directional antennas for the harvesting of RF energy are popular. There are many publications 
devoted to such antennas. Publication [22] offers a 8-port broadband fork-shaped microstrip antenna for the frequency band 
0.95–2.90 GHz with the gain 3.2 to 7.6 dBi. The dimensions of antenna are (220x220) mm. Microstrip patch antenna for the 2.15 GHz 
frequency is proposed in Ref. [23]. The gain of antenna is 5.6 dBi and dimensions (58x54) mm. Similar PCB-based patch antennas are 
described in works [24–26]. Another popular type of directional antennas for RF harvesting is the Yagi-Uda type antennas. Publication 
[27] proposes broadband quasi-Yagi type antenna array for frequency range 1.8–2.2 GHz. The gain of antenna 10.9 to 13.3 dBi. The 
dimensions of antenna array is 380x190 mm. The classic quasi-Yagi type antenna is described in Ref. [28]. It consists of two antennas 
that operate at 1.8 GHz (for GSM band) and 2.4 GHz (for Wi-Fi band) frequency, the gain is about 3.5 dBi, the dimensions of every 
antenna are about (50x50) mm. The publications ([29]; Y.-S. [30–33]) offers antenna systems consisting of multiple Yagi-Uda type 
antennas that form star-shaped configurations with individual antennas oriented to various directions. Such a Yagi-Uda type antenna 

Fig. 11. The block diagram (a) and photo (b) of workbench for the investigation of ambient RF energy harvesting system.
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systems have a high gain (around 7.4 dBi) for Wi-Fi signals coming from various directions. However, they are large, e.g. the antenna 
presented in Ref. [33] is spatial, the volume it occupies is 220x220x250 mm.

In the project, there was a requirement that the antenna has to be small and would have a high gain. Therefore, a single Yagi-Uda 
type antenna was designed to implement the harvesting system for each sensor of the sensor network. The antenna includes one 
reflector and 7 directing strip elements fabricated on the FR4 as printed pattern adopted for the Wi-Fi router operating on 2.4 GHz 
frequency as shown in Fig. 4. Dimensions of elements were calculated according wavelength. The dimensions of designed antenna are 
presented in Table 1.

The directivity, S11, and impedance of Yagi-Uda antenna were simulated with CST, and measured. The measured and simulated 

Fig. 12. Photos of designed PCB-based Yagi-Uda type antenna (a), monopole Teltonika WiFi antenna (b) and monopole D-link WiFi antenna (c).

Fig. 13. The dependence of signal detector output voltage (U, V) on 2.4 GHz RF signal power.
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directivity diagrams of designed PCB-based Yagi-Uda type antenna at 2.4 GHz frequency are presented in Fig. 5, the 3D view of 
simulated directivity diagram is presented in Fig. 6.

Experimental investigations of designed antenna demonstrate that measured gain on 2.4 GHz frequency is 8.4 dBi. From the 
directivity diagram of antenna shown in Fig. 5b, one can be concluded that angle span of radiating beam on -3dB level in horizontal 
plane αH = 600 and vertical plane αV = 500. Considering that spot of radiation is close to oval, from the directivity diagram, knowing 
angles αH and αV , antenna directivity D can be calculated using following equation: 

D=
16π

αHαV
=

16 • 1802

παH[
◦αV[

◦ . (1) 

From equation (1) and the values of αH and αV estimated using directivity diagram, the calculated directivity of antenna D = 55 (17.4 
dB). The antenna gain G is defined as product of efficiency η and directivity D: 

Fig. 14. The dependences of the output voltage of the RF signal detector connected to the receiving antenna on the distance between the trans
mitting and receiving antennas: a) RF signal source - generator HP 8673C with various output power, transmitting and receiving antennas - Yagi 
-Uda type b) RF signal source - Teltonika RUT955 router with output power 100 mW, black - transmitting and receiving antennas Yagi-Uda type; 
blue – transmitting Teltonika WiFi antenna, receiving D-Link WiFi antenna; red - transmitting and receiving antennas Teltonika WiFi antennas. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 15. Transients of capacitor charging voltage (UC) and power management circuit output voltage (Uout) used for sensor supply. The RF signal 
source – generator HP 8673C, power 11 dBm (12.6 mW), transmitting and receiving antennas – Yagi-Uda. Distance between antennas: a) 2 cm; b) 
5 cm.
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G=D • η. (2) 

From equation (2) and measured value of G it can be concluded that antenna efficiency is just η = 0.12. Sometimes it happens 
because of bad matching of the antenna with microwave port. The antenna matching was investigated, and |S11| was measured in 
1.5–4.0 GHz frequency range. The results of |S11| measurements are presented in Fig. 7. It can be seen that designed Yagi-Uda type 
antenna is well matched in frequency range 2.4–2.6 GHz, where |S11| is below − 10dB. Because the Q factor of fabricated antenna was 
less than in case of simulations, the frequency range of fabricated was wider than simulated. It can be concluded that low efficiency is 
caused by microwave losses in FR-4 PCB substrate used for the fabrication of antenna.

The impedance of simulated antenna is presented in Fig. 8. It can be noticed that it variates in the range of 30–60 Ω in the Wi-Fi 
2.45 GHz frequency range.

Available on market Wi-Fi routers are equipped with monopole antennas. Theoretically at the best case, the gain of 5/8λ length 
monopole antennas with infinitive grounding plane G ≤ 6.6 dBi [34]. Practically, because of loses in material of substrate it is below 5 

Fig. 16. Transients of capacitor charging voltage (UC) and power management circuit output voltage (Uout) used for sensor supply. The RF signal 
source – generator HP 8673C, power 12 dBm (15.8 mW), transmitting and receiving antennas – Yagi-Uda. Distance between antennas: a) 2 cm; b) 5 
cm; c) 10 cm.
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dBi or even lower [35]. The power PR that is received by receiver can be calculated applying the following equation: 

PR =PTGTGR

(
λ

4πR

)2

(3) 

where GR is receiving antenna gain, R is the distance from antenna to router transmitter, which transmits the microwave with power 
PT, GT is transmitter antenna gain, λ is wavelength of microwave carrier frequency.

The power of Wi-Fi router transmitter can be in the range up to 1W (30 dBm). Assuming that router and microwave harvesting 
system are equipped with ordinary monopole antennas that are characterized by gains GT, GR = 5 dB, the received power at distance of 
2 m, when PT = 1W, calculated using equation (3), would be PR = 0.24 mW. When our designed PCB-based Yagi-Uda type antennas 
with GT, GR = 8.4 dB are applied the received power would be PR = 1.14 mW at the same distance. The summary of calculated values of 
the received power PR by the RF energy harvesting system for the three combinations of antennas, when PT = 1W and distance between 
sending and receiving antennas is 2m, are given in Table 2.

Fig. 17. Transients of capacitor charging voltage (UC) and power management circuit output voltage (Uout) used for sensor supply. The RF signal 
source – generator HP 8673C, power 13 dBm (20 mW), transmitting and receiving antennas – Yagi-Uda type. Distance between antennas: a) 2 cm; b) 
5 cm; c) 15 cm; d) 30 cm.

M. Sapurov et al.                                                                                                                                                                                                      Heliyon 10 (2024) e39862 

11 



From results presented in Table 2 it is evident that application of developed PCB –based Yagi-Uda type antenna allows to rise 5 
times the power received by the energy harvesting system in comparison with the case when monopole type antennas are used. 
Comparison of different antennas types suitable for 2.45 GHz frequency is presented in Table 3.

4. Ambient RF energy harvesting system for supply of leak sensors

There are numerous researches on wireless sensors completely or partly powered by harvested RF energy ([36]; Z. [37–45]). Main 
scope of this article is to investigate whether the RF energy harvesting system using the Wi-Fi 2.4 GHz microwave energy and designed 
PCB-based Yagi-Uda type antennas is suitable for partial powering of water leak protec-tion system sensors. The block diagram of 
developed ambient RF energy harvesting system for supply of leak sensors is presented in Fig. 9.

RF energy harvesting system (Fig. 9) consists of: RF energy source - WiFi router, antenna for receiving RF signals; evaluation board 
for energy harvesting [21], which includes an impedance matching circuit for matching the impedances of the antenna with the 
impedance of the rectifier, a rectifier for converting the RF signal to DC, a power management circuit AEM30940 and a capacitor C1 
that accumulates the harvested RF energy. After the capacitor is charged using the harvested RF energy, the output voltage is provided 
for the appropriate period by the power management circuit for the supply of the sensor. The duration when the voltage is supplied 
depends on the amount of energy accumulated in the capacitor and on the current consumed by the sensor. Power management circuit 
is capable of providing constant voltage of 1.8V–4.1V depending on the setup. Sensor itself is powered by long-life non chargeable 
soldered in LI SOCl2 battery, Schottky diode was incorporated in order to avoid current flow towards battery. Physical implementation 
of the RF energy harvesting system for the water leak sensor is presented in Fig. 10.

5. Investigation of ambient RF energy harvesting system

The operation of the RF energy harvesting system was investigated. The workbench for the investigation (Fig. 11) consists of RF 
signal sources - signal generator HP8673C and Wi-Fi router Teltonika RUT955 with antennas, energy harvesting board based on the 
power management circuit AEM30940 with antenna and oscilloscope. The high-frequency detector for the evaluation of the RF signal 
strength was developed as well.

The investigation was performed for the energy harvesting capacitor C1 with 200 μF capacitance, for the 10 kΩ resistor load (R1 in 
Fig. 11a) that served as a load whose cur-rent (180 μA) is equal to the supply current of the sensor. The results were obtained using as 
RF signal sources signal generator HP 8673C with output power up to 13 dBm and Wi-Fi router Teltonika RUT955 with output power 
100 mW (20 dBm). The investigation was performed using designed Yagi-Uda type antenna, Teltonika WiFi antenna and D-link WiFi 
antenna that are presented in Fig. 12. PicoScope type oscilloscope was used for the meassurements of the signals instead of con
ventional oscilloscope due to its a large-scale data logging capability, PC served as the main experiment control unit.

In order to measure the power received by the antennas of the RF energy harvesting system, a signal detector for the frequency of 
2.4 GHz was designed. It consists of a Schottky SMS-7630 high-frequency diode and a capacitor. An experimental calibration 
dependence of the detector output voltage on the power of the 2.4 GHz frequency signal was obtained. The signal to the detector was 
fed directly from the signal generator HP 8673C. The dependence is given in Fig. 13. Using the RF signal detector, the dependences of 
the output voltage of the detector connected to the receiving antenna on the distance between the transmitting and receiving antennas 

Fig. 18. Transients of capacitor charging voltage (UC), when the capacitor cannot be fully charged, and the power management circuit is not able to 
provide the output voltage UOUT, because the distance between the transmitting and receiving antennas is too long and, as a result the received RF 
power is too low.
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were investigated when the signal source was the signal generator HP 8673C and a Teltonika RUT955 router. The obtained results are 
presented in Fig. 14a and b. Using the curve presented in Fig. 14, from the curves presented in Fig. 14a and b, it can be determined the 
power of the signal received by the antenna. It is seen (Fig. 14a and b) that the dependences are non-monotonic, this is caused by signal 
reflections from various objects in the room, which is always the case in real conditions. For these reasons, as the distance increases, the 
detector signal does not follow the inverse proportional to square dependency on distance, because of low distances of antennas near 
field zone (compare the signal value in Fig. 14a for the distance of 22 cm and 32 cm) when the high directivity antenna is applied.

Energy harvesting was investigated for various types and power of the RF signal sources and distances between the transmitting and 
receiving antennas, using different antennas. The results of investigations for the case when our designed PSB-based Yagi-Uda type 
antenna was used are shown in Figs. 15–18. They present: the transition of voltage of the capacitor (UC), which accumulates the 
harvested energy and the output voltage of the power management circuit (UOUT) for powering the leak sensor using the energy 
accumulated in the capacitor.

The capacitance of capacitor C1 used for the energy harvesting was 200 μF and the load resistance was 10 kΩ (the load current IL =

180 μA). The charging time of the capacitor is 50 s and 60 s when the power of the RF signal source supplied to the transmitting 
antenna is 11 dBm and the distance between the transmitting and receiving antennas is 2 cm (Fig. 15a) and 5 cm (Fig. 15b), 
accordingly. It is seen (Fig. 15) that the accumulated energy is enough to supply voltage UOUT to the sensor for 0.78 s. This duration 

Fig. 19. Transients of capacitor charging voltage (UC) and power management circuit output voltage (Uout) used for sensor supply. The RF signal 
source – Teltonika RUT955 router (100 mW), transmitting and receiving antennas – Yagi-Uda. Distance between antennas: a) 15 cm; b) 30 cm; c) 60 
cm; d) 120 cm.
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depends on the capacity of the capacitor C1 that stores the harvested energy and on the current IL consumed by the sensor.
It is seen that the charging time of the capacitor is 20 s, 37 s, and 90 s when the power of the RF signal source supplied to the 

transmitting antenna is 12 dBm and the distance between the transmitting and receiving antennas is 2 cm (Fig. 16 a), 5 cm (Fig. 16b) 
and 10 cm (Fig. 16c), accordingly.

The results of the investigation performed at the maximum possible generator HP8673C output power of 13 dBm (20 mW) are 
presented in Fig. 17. The capacitor charging time decreased approximately by 40 % at 2, 5 and 10 cm distances between antennas as 
compared with the case when generator output power was 12 dBm (16 mW) (Fig. 16). However, at the distance of 30 cm, the charging 
time reached 150 s (Fig. 17d). and further increasing the distance between antennas did not always succeed in charging the capacitor. 
This shows that if the RF signal power is only a few tens of mW, the RF energy can be reliably collected only a few tens of centimeters 
from the signal source.

In cases when the power of the RF signal source is 11 dBm and distance is 10 cm (Fig. 18a) or the power of the RF signal source is 13 
dBm but the distance is 50 cm (Fig. 18b), the capacitor cannot be fully charged, so a power management circuit is not able to provide 
the output voltage UOUT because it is not enough the harvested energy to power the sensor.

Further, RF energy harvesting investigations were conducted using a more powerful RF signal source - the router Teltonika RUT955 
with the output signal power of 20dBm (100 mW). The results of RF energy harvesting using our designed Yagi-Uda type antenna are 
presented in Fig. 19. It is seen (Fig. 19a) that when the distance between the transmitting and receiving antennas is 15 cm, the power 
management circuit supplies voltage to the load practically all the time, i.e., in this case, the collected RF energy is sufficient for 
continuous power supply of the sensor. The maximum distance at which it was still possible to harvest enough RF energy to power the 
sensor was 120 cm (Fig. 19d). In this case, the capacitor is charged in 160 s, and the accumulated energy is enough to power the sensor 
for 0.78 s.

The resulting dependences of capacitor C1 charging time on distance between transmitting and receiving antennas are presented in 
Fig. 20. Dependencies were obtained for the case when the signal generator HP 8673C serves as the RF source and the designed PCB- 
based Yagi-Uda type antennas were used for transmission and receiving are presented in Fig. 20a. Analogous dependencies when RF 
signal source was router Teltonika RUT955, obtained using designed Yagi-Uda type and Teltonika antennas are presented in Fig. 20b. 
The resulting curves show that it is possible to harvest enough 2.4 GHz RF signal energy to power the sensor briefly, but the energy 
harvesting system has to be close to the RF signal source. Energy can be harvested from a greater distance when designed Yagi-Uda 
type antennas are used for transmitting and receiving the RF signal. The maximum distance when it was still possible to harvest 
enough energy was 120 cm, when the RF source was a Teltonika router RUT955 with output power 100 mW.

6. Conclusions

The contribution of this work is that it experimentally investigates energy harvesting possibility in IoT applications under the actual 
environmental conditions determining the limit values of the RF signal source power and the limit distances between the RF energy 
harvesting system and source, at which it is possible to harvest the RF energy in dedicated sensor networks.

The obtained results show that application of designed directional PCB-based Yagi-Uda type antenna in the Wi-Fi router and RF 
energy harvesting system at 2.4 Ghz frequency increases the power received by the harvesting system up to 5 times in comparison with 

Fig. 20. The dependences of the energy harvesting capacitor C1 charging time: a) RF signal source - generator HP 8673C with various output 
power, transmitting and receiving antennas – Yagi-Uda type; b) RF signal source - Teltonika RUT955 router with output power 100 mW: black - 
transmitting and receiving antennas – Yagi-Uda type; blue – transmitting Teltonika WiFi antenna, receiving D-Link WiFi antenna; red - transmiting 
and receiving antennas Tetonika WiFi antennas. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web 
version of this article.)
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the case when monopole antennas are used. The maximum distance when it is still possible to harvest energy was 120 cm, when the RF 
signal source was a Teltonika router RUT955 (output power 100 mW) and designed Yagi-Uda type antennas were used in the router 
and in the RF signal energy harvesting system. However, the obtained results demonstrate that at typical Wi-Fi router transmitting 
power, which is 10–17 dBm, RF energy can only be collected when the router is several tens of centimeters away from the harvesting 
antenna. Therefore, such an energy source could serve as an additional source for the battery in individual cases.

The limitation of this work is that it was dedicated just for Wi-Fi 2.45 GHz frequency. In order to overcome this limitations har
vesting possibilities for dedicated sensor networks for other RF frequencies should be investigated in future research.
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