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Abstract: The results of measurements of the efficiency of energy harvesting from commonly available
general-purpose telecommunications systems, divided into typical bands available under European
conditions, have been presented in this paper. Specially designed harvesters were used, dedicated to
powering autonomous semi-passive Radio Frequency Identification (RFID) tags. For the assumed
resistive loads, the achievable output voltage values of the harvesters were measured across a
wide spectrum of electromagnetic field strengths, simulating real conditions. The performance and
dynamics of the energy storage process with fixed parameters were studied at an intermediate stage,
before the energy conditioning process. The harvesters were treated as typical energy sources with
unknown but variable parameters, so their dynamic parameters and instantaneous energy supply
were also analyzed. These activities will enable the final development of a power supply system with
parameters acceptable for the planned applications and whose efficiency will be maximized under
the given conditions. For this purpose, the energy harvesting systems were designed, a suitable
laboratory stand was built, and the elaborated circuits were measured to determine the expected
parameters of energy harvesting.

Keywords: energy harvesting; RFID systems; telecommunication systems

1. Introduction

Currently, there is a global increase in the number of various radio and television
communication systems, which is driven by technological development. The operation
of these systems is inseparable from the conscious emission of electromagnetic energy
carrying useful information (radio, television, data communication transmitters, etc.).
Today, with the significant burden on the natural electromagnetic environment, the issue of
electromagnetic smog has become a serious concern, particularly in large cities [1]. This
degree of overloading the environment with electromagnetic energy both from intentional
and nonintentional systems enabled the realization of the theory formulated at the end of
the last century regarding supplying sensors or electronic biomedical components [2–7].

The Internet of Things (IoT) has also become a rapidly growing field, where energy
harvesting and storage systems have also found their possible applications [8–10].

According to the concept of harvesting, energy can be extracted, stored, and reused to
power a selected class of electronic circuits, especially those which require minimal energy
for proper operation. This type of energy can be considered in the frequency domain. In the
dedicated frequency bands used by Information and Communication Technologies (ICT)
systems, the energy concentration of about −25 dBm/m2 allows for its harvesting. The
energy for harvesting can be obtained mainly from mobile phone (GSM) systems, wireless
network systems (WiFi), terrestrial TV systems, and from radio broadcast systems [11,12].
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Modern mobile phone systems represent a potential source of energy harvesting. The
energy harvesting possibilities are strongly dependent on the power of their transmitters.
This parameter along with adequate frequency are defined in the standards of particular
GSM systems. The extent of electromagnetic fields with threshold values around mobile
base station antennas is determined by the power fed into these antennas and their radiation
properties. In the vicinity around standard mobile telephony base stations, electromagnetic
fields with threshold values are present within a few tens of meters from the antennas and
at their installation height. This distance of several tens of meters is relevant only along the
axes of the main radiation beams of the antennas [13–16].

In the electromagnetic environment, terrestrial television systems (currently primarily
digital) play an important role. To achieve the maximum possible range, antenna masts
are usually erected at significant height relative to ground level (up to 50 m), often using
natural hills. The strengths of the permissible electromagnetic field in the vicinity of
radiocommunication equipment depend on the frequency of operation of equipment, the
radiation characteristics of antennas, the height of their suspension, and, most importantly
on the power [17].

WiFi data networks operating on the IEEE 802.11 standard [18] could serve as another
potential source for energy harvesting. This standard includes several variations (the most
popular being 802.11a, b, g, n, and ac). The 802.11.ac version has data transmission rates as
low as 1 Gbps. This standard uses publicly available frequencies, ranging from 2.4 GHz
(in 802.11b and 802.11g) to 5.2 GHz (in 802.11a), which results in specific restrictions on
the permissible power values of the transmitted signals. Wireless local area networks are
most often designed within buildings; wave propagation in such an environment is quite
specific due to the numerous barriers present along the propagation path [19].

The multitude of potential sources of recoverable energy from the electromagnetic
environment has attracted significant interest from commercial companies specializing
in harvester systems and energy storage methods. However, realistically, few companies
offer ready-made, commercial solutions. The biggest player in the RF harvester market
is PowerCast, which supplies ready-to-use modules. Another company is e-Pass, which
offers the AEM30940 module for harvesting energy from the electromagnetic environment.
Other companies offering various solutions for IoT and using harvested energy from the
environment include Energous, GuRu, and Ossia. A comprehensive study of commercially
available harvester systems together with the developed simulation models can be found
in [20].

As part of this study, the harvester circuit of the P21XXCSR evaluation kit developed
by PowerCast Corporation was tested. The circuit was designed by the authors as the main
component responsible for extracting energy from common telecommunication systems
for a semi-passive RFID tag [21]. The capabilities of the circuit were investigated in
terms of achievable output voltages for different field strength levels and sample antennas
with different characteristics. Load resistances were determined based on source–receiver
matching and maximizing the power received from the harvester system. The influence of
signal frequency on energy recovery was also examined within the specified parameters. In
the next stage, tests were conducted to determine the time parameters of the energy storage
process, such as capacitances of storage capacitors and the dynamics of this process (for
example, capacitances of 10 µF, 100 µF, and 1000 µF). The resulting data, obtained under
conditions corresponding to the real environment, allowed for the selection of parameters
for the energy conditioning and storage systems to maximize the amount of energy obtained
in the energy recovery process.

The paper is structured into six sections. Section 2 details the test circuits used
for investigations with focus on operational output parameters. Section 3 outlines the
methodology of measurements. Sections 4 and 5 analyze and discuss the obtained results.
Section 6 concludes with an outline of future work.
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2. Test Circuit

The P21XXCSR circuit was selected as the harvester circuit for the energy recovery
and storage system of the designed semi-passive identifier. This specially designed chip
operates within frequencies ranging from 824 to 2495 MHz across several sub-bands
(Table 1), allowing us to verify the harvester system parameters under real conditions
across a wide spectrum of potential energy recovery sources (GSM, DCS, UMTS, Wi-Fi
bands) available in European conditions. An overview of the system concept is presented
in Figure 1.

Table 1. Operating frequencies of the Powercast Corporation P21XXCSR harvester system [22].

Component Band Band (MHz) Center Frequency (MHz)

J1 GSM-850 uplink 824–849 836.5

J2 Europe RFID and
GSM-850 downlink 865–894 879.5

J3 GSM-900 and
EGSM-900 925–960 947.5

J4 GSM-1800 uplink 1710–1785 1747.5

J5 GSM-1800/LTE
downlink 1805–1825 1815

J6 WiFi 2.4 GHz (ETSI) 2400–2495 2442
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Figure 1. Block diagram of the P21XXCSR system from Powercast Corp. (a) and an illustration of the
operating principle of the energy storage charging inverter (b) [22].

The HF voltage from the antenna is directed to rectifiers built on Shottky diodes (RF to
DC CONVERTER). The rectified voltage recharges a capacitor placed at the rectifier output
connected to the VCAP output. The voltage in the capacitor is controlled by the voltage
detector circuit (VOLTAGE MONITOR). When the voltage exceeds a preset threshold, a
voltage converter (BOOST CONVERTER) is activated to ensure optimum performance of
the main energy storage, typically utilizing supercapacitors. The converter draws energy
from the capacitor connected to the VCAP output, regulates the maximum output voltage
of the circuit VMAX, and operates until the voltage drops below the minimum voltage
VMIN in the capacitor. The aforementioned energy storage can be optionally connected
to the output of the inverter, storing energy to supply external circuits. During testing,
the output voltages (VMAX and VMAX) of the converter can be adjusted. Under typical
operation conditions, the DC power output is monitored by one of three voltage detectors,
selectable at thresholds of 1.2 V, 0.9 V, or 0.7 V via JP3, JP4, or JP5, respectively. The storage
capacitor, chosen via JP1, charges up to the selected threshold voltage. When VCAP reaches
its maximum value (VMAX), INT is set high, the boost converter turns on, and VOUT is set
to the output voltage selected via S1 (4.2 V, 4.1 V, or default). The storage capacitor then
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discharges until VCAP reaches its minimum value (VMIN) and then sets INT low, shutting
off the boost converter until VCAP charges back up to its maximum value [22].

For testing purposes, it is also possible to change the capacitance of the capacitor at
the output VCAP and to disconnect the LEDs (D1–D6) in the individual harvester modules
(Figure 2). A general view of the development board is presented in Figure 3.
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Details of the Powercast Corp. P21XXCSR evaluation board can be found in the design
assumptions and technical specifications of the test module built for this study [22].

3. Methodology and Test Setup

Taking advantage of the field homogeneity in the measurement area of the anechoic
chamber, it was assumed that the measurement system could be significantly simplified
and work could be accelerated by leveraging the known characteristics and symmetry
of the antenna. As presented in Figure 4b, both the measurement probe and the device
under test (harvester) were symmetrically positioned along the main axis of the antenna
radiation. The distance from the axis was determined experimentally to ensure that the
field strength measured by the probe remained unaffected by the presence or absence of
the device under test. The symmetry of the antenna’s characteristics then ensured that the
signal level measured by the probe closely matches the signal level affecting the harvester,
thereby minimizing mutual interference [21].
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Figure 4. Measurement stand for the analysis of electric field strength distribution (power density)
in an anechoic chamber: (a) stand with HL223 antenna as the source of the electromagnetic field;
(b) adopted concept for the measurement of field distribution—principle of symmetry of antenna
radiation characteristics.

In the initial phase of the research, the output voltage of the P21XXCSR harvester
system was measured as a function of the electric field strength at the antenna location
of the receiver system. The measurements were conducted without overloading the en-
ergy recovery system output and with selected loads that provided useful output currents
without overloading the harvester system and with an appropriate value of the output
voltage. At that stage, the primary focus was to maximize the output voltage. The con-
ducted measurements allowed for correlating the output voltage with the current flowing
in the harvester’s output circuit identifying an optimal load for maximizing the efficiency
of the energy harvesting process. The data set were crucial for accurately determining
the system’s energy capabilities and establishing comprehensive and realistic scenarios
of the semi-passive identifier model system. Additionally, the impact of the design and
characteristics of the antenna itself, suitable for the band, was also considered.

The experiments were conducted in the TDK anechoic chamber, located within the
Electromagnetic Compatibility Laboratory at the Department of Electronic and Telecom-
munications Systems of Rzeszów University of Technology (Poland). The choice of this
test environment was driven by its suitability for testing energy acquisition model systems
operating within frequency ranges commonly used by telecommunications systems, where
field strengths can reach up to 5 V/m. Operating outside such controlled conditions of an
anechoic chamber to generate electromagnetic fields within these frequency ranges and
required strengths would violate regulatory standards. A range of equipment, including a
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set of apparatus for the generation of electromagnetic fields for susceptibility tests, probes
for measuring strength of these fields, and equipment for remote measurement of relevant
test parameters were also used for this research. The view of the complete test setup
in the anechoic chamber is presented in Figure 4. The chamber floor was lined with a
set of absorbers to minimize the radiation reflected from this area and enhance the field
uniformity around the tested systems, thereby mitigating the effects of multipath signal
propagation from the antenna.

The primary equipment utilized in the tests was the Rohde & Schwarz EMS_1GHz
system (Munich, Germany). The majority of the equipment is housed in a measurement
rack, which is permanently stationed in the amplifier room adjacent to the anechoic chamber.
This system comprises an SMB 100A generator, a BBA 100 power amplifier, an NRP2 power
meter equipped with NRP-Z11 measuring probes from Rohde & Schwarz (refer to Figure 5),
and an HL223 antenna positioned within the chamber (refer to Figure 4a).
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of electromagnetic fields at the required intensities and frequencies during operation.

To measure the strength of the generated electromagnetic fields, the ETS-Lindgren
HI6005 probe was used, focusing on measuring the electric field. While the isotropic probe
method employed for field measurements (utilizing the Rohde & Schwarz TS-EMF System
for radiated electromagnetic field measurement, accessible at the EMC Laboratory of PRz)
is recognized for its precision in determining electric field levels in the analyzed space, it
is characterized by extended measurement durations. Therefore, the decision was made
to utilize the HI6005 probe with slightly reduced sensitivity but with the capability of
simultaneous and significantly faster measurement of all electromagnetic field components.
This probe is capable of measuring electric field strength within the frequency range of
100 kHz to 6 GHz, with dynamic range spanning from 0.5 V/m to 800 V/m.
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This probe offers rapid measurement capabilities (acquisition rate: one measurement
of all components per second) and simultaneous analysis of all three electromagnetic field
components. Its optical data exchange interface and energy system powered by laser light
flux help minimize the probe’s influence on measurement results.

Several antennas have been employed in the tests to analyze the impact of various
characteristics of this crucial element in the energy harvesting system circuit. Powercast
kits typically include two standard antenna versions, with the flexibility to attach other
similarly designed devices, custom-made to meet specific specifications, using an SMA
connector. Details regarding the parameters and antennas pattern utilized in the tests are
provided in Table 2.

Table 2. The main parameters of the antennas tested from the Powercast Corp. P1110 harvester
evaluation system.

A1 A2

915 MHz dipole antenna Layer antenna 915 MHz

Omnidirectional characteristic: 360◦
Directional characteristics:

122◦—azimuth
68◦—elevation

Vertical Polarization V Vertical Polarization V

Energy gain: 1.25 (1.0 dBi) Energy gain: 4.1 (6.1 dBi)

Standard evaluation kit antenna Standard evaluation kit antenna
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The evaluation board enables flexible configuration of the harvester under test, fa-
cilitating convenient testing of the harvester system in all operating modes provided by
the supplier. Eventually, the harvester system will be integrated into the structure of the
designed system’s energy acquisition and storage system. However, during the testing
phase, the adopted solution offers enhanced flexibility and allows for rapid modifications
to the measurement system. Externally, the necessary components such as capacitors, load
resistors, voltage and current measurement points, etc., were connected to the system under



Electronics 2024, 13, 3111 9 of 29

test on a suitable prototype board. This setup is clearly visible in the final measurement
system (refer to Figure 6).
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Figure 6. View of Powercast Corp.’s P21XXCSR evaluation system, prepared for testing, with the A3
type antenna installed. A test board with a set of capacitors to store recovered energy is visible in
the background.

Voltage and current measurements at the test points were conducted using NI 9222
four-channel remote analog measurement data acquisition modules from National Instru-
ments, which feature a sampling frequency of 500 ks/s and a resolution of 16 bits. The
modules were housed in a shielded box within the chamber, and control and data retrieval
were executed via an optical USB connection to minimize any potential adverse effects
on measurement accuracy. Data were conveniently recorded using NI’s SignalExpress
application, facilitating processing and analysis of the measurement results.

4. Measurement Results

Based on of these measurements, several important assumptions were formulated
to guide further work developing a detailed mode of operation for energy recovery sys-
tems as well as energy conditioning and storage. All described tests were conducted with
consideration of the anticipated field strengths in future application areas, occasionally
adjusted to gather additional data on the harvester system itself. This included varying
ranges of electric field strengths (or energy densities, closely related parameters of the
electromagnetic environment for steady-state conditions in the far field) adopted in indi-
vidual measurements. The experimental data, referenced in [20] and obtained using the
FSL analyzer and RFEX software (ver. 3.2.0) from Rohde & Schwarz, provide information
on both the maximum measured electric field strength (power density) and the average
value of this parameter over the analyzed time period.

During the measurements, the required field strengths for the tested band were set
using the EMS_1GHz and EMS_6GHz kit software. Continuous feedback obtained from
the HI6005 probe coupled with control over the output power level feeding the HL223
antenna system and checking the current standing wave ratio VSWR enabled automation
of the entire process and enhanced precision of the obtained results [23]. The achieved
field strengths were adequate for the system under test, while ensuring consistent and
reproducible measurement conditions. The SAC chamber was previously also attenuated
with absorbers with suitable characteristics.

The results of the measurements for the individual bands (at different loads and
selected field strengths) are presented in Figures 7–24.



Electronics 2024, 13, 3111 10 of 29

Electronics 2024, 13, x FOR PEER REVIEW 10 of 29 
 

 

 
Figure 7. Results of unloaded harvester output voltage measurements for 2.4 GHz (WiFi) as a func-
tion of field strength changes for antenna A3. 

 
Figure 8. Results of harvester output voltage measurements with a 15 kΩ load for the 2.4 GHz band 
(WiFi) as a function of changes in field strength for antenna A3. 

 
Figure 9. Results of harvester output voltage measurements with a 30 kΩ load for the 2.4 GHz band 
(WiFi) as a function of changes in field strength for antenna A3. 

Figure 7. Results of unloaded harvester output voltage measurements for 2.4 GHz (WiFi) as a function
of field strength changes for antenna A3.

Electronics 2024, 13, x FOR PEER REVIEW 10 of 29 
 

 

 
Figure 7. Results of unloaded harvester output voltage measurements for 2.4 GHz (WiFi) as a func-
tion of field strength changes for antenna A3. 

 
Figure 8. Results of harvester output voltage measurements with a 15 kΩ load for the 2.4 GHz band 
(WiFi) as a function of changes in field strength for antenna A3. 

 
Figure 9. Results of harvester output voltage measurements with a 30 kΩ load for the 2.4 GHz band 
(WiFi) as a function of changes in field strength for antenna A3. 

Figure 8. Results of harvester output voltage measurements with a 15 kΩ load for the 2.4 GHz band
(WiFi) as a function of changes in field strength for antenna A3.

Electronics 2024, 13, x FOR PEER REVIEW 10 of 29 
 

 

 
Figure 7. Results of unloaded harvester output voltage measurements for 2.4 GHz (WiFi) as a func-
tion of field strength changes for antenna A3. 

 
Figure 8. Results of harvester output voltage measurements with a 15 kΩ load for the 2.4 GHz band 
(WiFi) as a function of changes in field strength for antenna A3. 

 
Figure 9. Results of harvester output voltage measurements with a 30 kΩ load for the 2.4 GHz band 
(WiFi) as a function of changes in field strength for antenna A3. 

Figure 9. Results of harvester output voltage measurements with a 30 kΩ load for the 2.4 GHz band
(WiFi) as a function of changes in field strength for antenna A3.



Electronics 2024, 13, 3111 11 of 29

Electronics 2024, 13, x FOR PEER REVIEW 11 of 29 
 

 

 
Figure 10. Results of harvester output voltage measurements without load, with 15 kΩ load, and 
with 30 kΩ load for the 2.4 GHz band (WiFi) in 1.2 V/m electromagnetic field of 1.2 V/m for antenna 
A3. 

 
Figure 11. Results of harvester output voltage measurements without load, with 15 kΩ load, and 
with 30 kΩ load for the 2.4 GHz band (WiFi) in an electromagnetic field of 3 V/m for antenna A3. 

 
Figure 12. Results of harvester output voltage measurements without load, with 15 kΩ load, and 
with 30 kΩ load for the 2.4 GHz band (WiFi) in a 5 V/m electromagnetic field for antenna A3. 

Figure 10. Results of harvester output voltage measurements without load, with 15 kΩ load, and with
30 kΩ load for the 2.4 GHz band (WiFi) in 1.2 V/m electromagnetic field of 1.2 V/m for antenna A3.

Electronics 2024, 13, x FOR PEER REVIEW 11 of 29 
 

 

 
Figure 10. Results of harvester output voltage measurements without load, with 15 kΩ load, and 
with 30 kΩ load for the 2.4 GHz band (WiFi) in 1.2 V/m electromagnetic field of 1.2 V/m for antenna 
A3. 

 
Figure 11. Results of harvester output voltage measurements without load, with 15 kΩ load, and 
with 30 kΩ load for the 2.4 GHz band (WiFi) in an electromagnetic field of 3 V/m for antenna A3. 

 
Figure 12. Results of harvester output voltage measurements without load, with 15 kΩ load, and 
with 30 kΩ load for the 2.4 GHz band (WiFi) in a 5 V/m electromagnetic field for antenna A3. 

Figure 11. Results of harvester output voltage measurements without load, with 15 kΩ load, and
with 30 kΩ load for the 2.4 GHz band (WiFi) in an electromagnetic field of 3 V/m for antenna A3.

Electronics 2024, 13, x FOR PEER REVIEW 11 of 29 
 

 

 
Figure 10. Results of harvester output voltage measurements without load, with 15 kΩ load, and 
with 30 kΩ load for the 2.4 GHz band (WiFi) in 1.2 V/m electromagnetic field of 1.2 V/m for antenna 
A3. 

 
Figure 11. Results of harvester output voltage measurements without load, with 15 kΩ load, and 
with 30 kΩ load for the 2.4 GHz band (WiFi) in an electromagnetic field of 3 V/m for antenna A3. 

 
Figure 12. Results of harvester output voltage measurements without load, with 15 kΩ load, and 
with 30 kΩ load for the 2.4 GHz band (WiFi) in a 5 V/m electromagnetic field for antenna A3. 

Figure 12. Results of harvester output voltage measurements without load, with 15 kΩ load, and
with 30 kΩ load for the 2.4 GHz band (WiFi) in a 5 V/m electromagnetic field for antenna A3.



Electronics 2024, 13, 3111 12 of 29

Electronics 2024, 13, x FOR PEER REVIEW 12 of 29 
 

 

 
Figure 13. Results of unloaded harvester output voltage measurements for the GSM1800 band (up-
link) as a function of changes in field strength for antenna A5. 

 
Figure 14. Results of harvester output voltage measurements with 15 kΩ load for the GSM1800 band 
(uplink) as a function of changes in field strength for antenna A5. 

 
Figure 15. Results of harvester output voltage measurements with 30 kΩ load for the GSM1800 band 
(uplink) as a function of changes in field strength for antenna A5. 

Figure 13. Results of unloaded harvester output voltage measurements for the GSM1800 band
(uplink) as a function of changes in field strength for antenna A5.

Electronics 2024, 13, x FOR PEER REVIEW 12 of 29 
 

 

 
Figure 13. Results of unloaded harvester output voltage measurements for the GSM1800 band (up-
link) as a function of changes in field strength for antenna A5. 

 
Figure 14. Results of harvester output voltage measurements with 15 kΩ load for the GSM1800 band 
(uplink) as a function of changes in field strength for antenna A5. 

 
Figure 15. Results of harvester output voltage measurements with 30 kΩ load for the GSM1800 band 
(uplink) as a function of changes in field strength for antenna A5. 

Figure 14. Results of harvester output voltage measurements with 15 kΩ load for the GSM1800 band
(uplink) as a function of changes in field strength for antenna A5.

Electronics 2024, 13, x FOR PEER REVIEW 12 of 29 
 

 

 
Figure 13. Results of unloaded harvester output voltage measurements for the GSM1800 band (up-
link) as a function of changes in field strength for antenna A5. 

 
Figure 14. Results of harvester output voltage measurements with 15 kΩ load for the GSM1800 band 
(uplink) as a function of changes in field strength for antenna A5. 

 
Figure 15. Results of harvester output voltage measurements with 30 kΩ load for the GSM1800 band 
(uplink) as a function of changes in field strength for antenna A5. 

Figure 15. Results of harvester output voltage measurements with 30 kΩ load for the GSM1800 band
(uplink) as a function of changes in field strength for antenna A5.



Electronics 2024, 13, 3111 13 of 29

Electronics 2024, 13, x FOR PEER REVIEW 13 of 29 
 

 

 
Figure 16. Results of harvester output voltage measurements without load, with 15 kΩ load, and 
with 30 kΩ load for the GSM1800 band (uplink) in a 1.2 V/m electromagnetic field for antenna A5. 

 
Figure 17. Harvester output voltage measurement results without load, with 15 kΩ load, and with 
30 kΩ load for GSM1800 band (uplink) in an electromagnetic field of 3 V/m for antenna A5. 

 
Figure 18. Harvester output voltage measurement results without load, with 15 kΩ load, and with 
30 kΩ load for the GSM1800 band (uplink) in a 5 V/m electromagnetic field for antenna A5. 

Figure 16. Results of harvester output voltage measurements without load, with 15 kΩ load, and
with 30 kΩ load for the GSM1800 band (uplink) in a 1.2 V/m electromagnetic field for antenna A5.

Electronics 2024, 13, x FOR PEER REVIEW 13 of 29 
 

 

 
Figure 16. Results of harvester output voltage measurements without load, with 15 kΩ load, and 
with 30 kΩ load for the GSM1800 band (uplink) in a 1.2 V/m electromagnetic field for antenna A5. 

 
Figure 17. Harvester output voltage measurement results without load, with 15 kΩ load, and with 
30 kΩ load for GSM1800 band (uplink) in an electromagnetic field of 3 V/m for antenna A5. 

 
Figure 18. Harvester output voltage measurement results without load, with 15 kΩ load, and with 
30 kΩ load for the GSM1800 band (uplink) in a 5 V/m electromagnetic field for antenna A5. 

Figure 17. Harvester output voltage measurement results without load, with 15 kΩ load, and with
30 kΩ load for GSM1800 band (uplink) in an electromagnetic field of 3 V/m for antenna A5.

Electronics 2024, 13, x FOR PEER REVIEW 13 of 29 
 

 

 
Figure 16. Results of harvester output voltage measurements without load, with 15 kΩ load, and 
with 30 kΩ load for the GSM1800 band (uplink) in a 1.2 V/m electromagnetic field for antenna A5. 

 
Figure 17. Harvester output voltage measurement results without load, with 15 kΩ load, and with 
30 kΩ load for GSM1800 band (uplink) in an electromagnetic field of 3 V/m for antenna A5. 

 
Figure 18. Harvester output voltage measurement results without load, with 15 kΩ load, and with 
30 kΩ load for the GSM1800 band (uplink) in a 5 V/m electromagnetic field for antenna A5. 

Figure 18. Harvester output voltage measurement results without load, with 15 kΩ load, and with
30 kΩ load for the GSM1800 band (uplink) in a 5 V/m electromagnetic field for antenna A5.



Electronics 2024, 13, 3111 14 of 29

Electronics 2024, 13, x FOR PEER REVIEW 14 of 29 
 

 

 
Figure 19. Results of unloaded harvester output voltage measurements for the Europe RFID/GSM 
850 band (downlink) as a function of changes in field strength for antenna A6. 

 
Figure 20. Results of harvester output voltage measurements with 15 kΩ load for the Europe 
RFID/GSM 850 band (downlink) as a function of changes in field strength for antenna A6. 

 
Figure 21. Results of harvester output voltage measurements with 30 kΩ load for Europe RFID/GSM 
850 band (downlink) as a function of changes in field strength for antenna A6. 

Figure 19. Results of unloaded harvester output voltage measurements for the Europe RFID/GSM
850 band (downlink) as a function of changes in field strength for antenna A6.

Electronics 2024, 13, x FOR PEER REVIEW 14 of 29 
 

 

 
Figure 19. Results of unloaded harvester output voltage measurements for the Europe RFID/GSM 
850 band (downlink) as a function of changes in field strength for antenna A6. 

 
Figure 20. Results of harvester output voltage measurements with 15 kΩ load for the Europe 
RFID/GSM 850 band (downlink) as a function of changes in field strength for antenna A6. 

 
Figure 21. Results of harvester output voltage measurements with 30 kΩ load for Europe RFID/GSM 
850 band (downlink) as a function of changes in field strength for antenna A6. 

Figure 20. Results of harvester output voltage measurements with 15 kΩ load for the Europe
RFID/GSM 850 band (downlink) as a function of changes in field strength for antenna A6.

Electronics 2024, 13, x FOR PEER REVIEW 14 of 29 
 

 

 
Figure 19. Results of unloaded harvester output voltage measurements for the Europe RFID/GSM 
850 band (downlink) as a function of changes in field strength for antenna A6. 

 
Figure 20. Results of harvester output voltage measurements with 15 kΩ load for the Europe 
RFID/GSM 850 band (downlink) as a function of changes in field strength for antenna A6. 

 
Figure 21. Results of harvester output voltage measurements with 30 kΩ load for Europe RFID/GSM 
850 band (downlink) as a function of changes in field strength for antenna A6. 

Figure 21. Results of harvester output voltage measurements with 30 kΩ load for Europe RFID/GSM
850 band (downlink) as a function of changes in field strength for antenna A6.



Electronics 2024, 13, 3111 15 of 29

Electronics 2024, 13, x FOR PEER REVIEW 15 of 29 
 

 

 
Figure 22. Results of harvester output voltage measurements without load, with 15 kΩ, and with 30 
kΩ load for the Europe RFID /GSM850 band (downlink) in 1.2 V/m electromagnetic field for A6 
antenna. 

 
Figure 23. Results of harvester output voltage measurements without load, with 15 kΩ, and with 30 
kΩ load for Europe RFID /GSM850 band (downlink) in 3 V/m electromagnetic field for A6 antenna. 

 
Figure 24. Results of harvester output voltage measurements without load, with 15 kΩ, and with 30 
kΩ load for the Europe RFID /GSM850 band (downlink) in a 5 V/m electromagnetic field for the A6 
antenna. 

Analyzing the test results, several conclusions can be drawn. Given the specifics of 
the operation of the harvester system in the target application system, which will hardly 
require a properly orientated directional antenna to the potential source of the recovered 

Figure 22. Results of harvester output voltage measurements without load, with 15 kΩ, and with
30 kΩ load for the Europe RFID/GSM850 band (downlink) in 1.2 V/m electromagnetic field for
A6 antenna.

Electronics 2024, 13, x FOR PEER REVIEW 15 of 29 
 

 

 
Figure 22. Results of harvester output voltage measurements without load, with 15 kΩ, and with 30 
kΩ load for the Europe RFID /GSM850 band (downlink) in 1.2 V/m electromagnetic field for A6 
antenna. 

 
Figure 23. Results of harvester output voltage measurements without load, with 15 kΩ, and with 30 
kΩ load for Europe RFID /GSM850 band (downlink) in 3 V/m electromagnetic field for A6 antenna. 

 
Figure 24. Results of harvester output voltage measurements without load, with 15 kΩ, and with 30 
kΩ load for the Europe RFID /GSM850 band (downlink) in a 5 V/m electromagnetic field for the A6 
antenna. 

Analyzing the test results, several conclusions can be drawn. Given the specifics of 
the operation of the harvester system in the target application system, which will hardly 
require a properly orientated directional antenna to the potential source of the recovered 

Figure 23. Results of harvester output voltage measurements without load, with 15 kΩ, and with
30 kΩ load for Europe RFID/GSM850 band (downlink) in 3 V/m electromagnetic field for A6 antenna.

Electronics 2024, 13, x FOR PEER REVIEW 15 of 29 
 

 

 
Figure 22. Results of harvester output voltage measurements without load, with 15 kΩ, and with 30 
kΩ load for the Europe RFID /GSM850 band (downlink) in 1.2 V/m electromagnetic field for A6 
antenna. 

 
Figure 23. Results of harvester output voltage measurements without load, with 15 kΩ, and with 30 
kΩ load for Europe RFID /GSM850 band (downlink) in 3 V/m electromagnetic field for A6 antenna. 

 
Figure 24. Results of harvester output voltage measurements without load, with 15 kΩ, and with 30 
kΩ load for the Europe RFID /GSM850 band (downlink) in a 5 V/m electromagnetic field for the A6 
antenna. 

Analyzing the test results, several conclusions can be drawn. Given the specifics of 
the operation of the harvester system in the target application system, which will hardly 
require a properly orientated directional antenna to the potential source of the recovered 

Figure 24. Results of harvester output voltage measurements without load, with 15 kΩ, and with
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A6 antenna.

Analyzing the test results, several conclusions can be drawn. Given the specifics of
the operation of the harvester system in the target application system, which will hardly
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require a properly orientated directional antenna to the potential source of the recovered
energy, a critical aspect in the design of the identifier system is the proper selection of the
antenna of the receiver system. This requires reconciling conflicting requirements: ensuring
that the antenna has the highest possible energy gain while maintaining its omnidirectional
characteristics. The second alternative is to configure each system of this type to operate
under specific field conditions. The results clearly underscore the importance of maintain-
ing optimal parameters for the energy recovery channel to achieve optimal output voltage,
which is similar to requirements in typical telecommunications channels.

5. Analysis of the Operation of the Harvester System as a Power Source

To conduct a more detailed analysis of the operation of the harvester system, numerous
factors would have to be considered, and this significantly complicates the issue. In the
simplest scenario, the system of the tested harvester can be modeled as a voltage source
E with series resistance RZR (Figure 25). The value of the voltage source E in this system
depends heavily on the environmental conditions, i.e., the strength and frequency of the
electromagnetic field. By recording results of voltage measurements of the tested harvester
operating under the same conditions with and without a load, the values of the internal
resistance of the source for the applied model of the harvester system can be determined. It
is also possible to determine the power dissipated at the attached loads and the impedance
matching of the power and load systems. It is important to note that the RZR of the harvester
is a highly nonlinear parameter, influenced by the system design, the energy supply, the
antenna used, and the load stage.
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Figure 25. Simplified model of the harvester system.

The selected characteristics of the variation in the resistance of the adopted surrogate
source and the power dissipated at the load of the tested harvester, considering changes
in the system operating frequency and the available electromagnetic field strength in the
surrounding environment, have been shown in Figures 26–40.
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values of the electromagnetic field strength of the identifier’s operating environment lead 
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recovery system, particularly in the estimating of the achievable power output, which is 
crucial in the design process of a model identifier system. However, they do not account 
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load (b) as a function of frequency from 2.4 to 2.495 GHz (WiFi) when operating in an electric field of
3 V/m using an A6 type antenna.
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load (b) as a function of frequency from 865 to 895 MHz (Europe RFID/GSM850 downlink) when
operating in an electric field of 5 V/m using an A6 type antenna.

A harvester is a system designed to supply energy extracted from the environment.
Based on the conducted analyses, it is evident that the determined values of the internal
resistance of such source vary significantly. This variability is influenced by several fac-
tors, primarily the frequency and intensity of the ambient electromagnetic field. Higher
values of the electromagnetic field strength of the identifier’s operating environment lead
to the higher amount of energy recovered and the lower values of the internal resistance
of the tested harvester. Conversely, lower field strength values lead to higher values of
the determined internal resistance of the source. Therefore, it is crucial under such con-
ditions to properly match the impedance of the identifier circuits to the output resistance
of the harvester to achieve maximum possible efficiency of the harvesting process. Addi-
tionally, selecting the appropriate harvester antenna for specific operating conditions is
equally important.

The issue of impedance matching can be analyzed using the frequency and electric
field strength dependence curves of the power dissipated at the load. One can observe
that only at certain frequencies can the maximum power output of the source be achieved.
The calculated internal resistances of the model source for the same field frequencies reach
minimum values. This proves the importance of properly tuning the energy harvesting
system to a specific frequency.
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The above analyses provide a detailed understanding of the behavior of the energy
recovery system, particularly in the estimating of the achievable power output, which is
crucial in the design process of a model identifier system. However, they do not account
for the behavior of the receiver system under dynamic conditions, given the concept
of the system requires conditioning for the parameters of the recovered energy and its
storage. This mode of operation will serve as the primary one for the harvester system
due to the dynamic variation in input parameters within the energy conditioning system’s
converter, which is primarily dependent on the converter’s input voltage and load current.
Additionally, the energy storage system, whether centralized or distributed, typically
includes capacitive elements such as capacitors and supercapacitors. Hence, the dynamic
parameters of the energy recovery system were also explored at this stage, including
the assessment of dynamic charging characteristics across different capacitor types and
capacitance values. This investigation aimed to ascertain the actual energy harvesting and
storage capabilities of the target system (including energy quantity and storage duration)
and to optimize the structure of the energy conditioning and retention system. Capacitors
of varying capacitances were sequentially connected to the harvester system’s output, and
the charging process was conducted under varying field strengths. Measurements were
conducted for capacitors with capacitances of 10 µF, 100 µF, and 1000 µF for the harvester
configuration cooperating with the A5 antenna for all tested bands (the broadband A5
antenna was treated as a reference antenna).

Examples of the dynamic results of the processes that occur when energy is stored in a
capacitor on the ete that mediates its transfer from the harvester to the inverter are shown
in Figures 41–49. The capacitance of this capacitor, as well as the voltage levels to which
it will be charged and discharged by the inverter, play a major part in the entire system’s
operation. Therefore, it is crucial to determine the principles of selecting such capacitor
and its voltage charge range, to ensure maximum efficiency of the entire energy harvesting
system. Powercast Corp.’s P21XXCSR harvester module, as designed, can charge the buffer
capacitor in one of three voltage ranges: 0.64–0.738 V, 0.9–0.945 V, and 1.02–1.25 V [18].
Tables 3–5 present the dynamic resistance values determined for these conditions based
on the waveforms of charging characteristics of various capacitors in the given ranges
of operating voltages (only for those parts of the characteristics where it was feasible to
determine the value of this parameter).
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Table 3. Dynamic resistance RD of the P21XXCSR harvester system operating in the voltage range
0.9–0.945 V when charging a capacitor of fixed capacitance for different field strength levels.

1.2 V/m 2.4 V/m 3.6 V/m

C, µF f, MHz RD, kΩ RD, kΩ RD, kΩ

10

836.5 1.29 0.86 0.22

879.5 1.72 0.86 0.22

947.5 0.65 0.65 0.65

1747.5 1.72 0.86 0.86

1815 1.72 0.86 0.43

2442 173.05 1.81 1.03

100

836.5 - - -

879.5 14.77 4.67 1.66

947.5 8.59 2.56 1.05

1747.5 17.63 4.37 1.96

1815 22.75 4.52 2.11

2442 - 12.91 4.82
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Table 3. Cont.

1.2 V/m 2.4 V/m 3.6 V/m

C, µF f, MHz RD, kΩ RD, kΩ RD, kΩ

1000

836.5 - 0.92 -

879.5 1.95 0.52 0.19

947.5 1.03 0.32 0.13

1747.5 2.07 0.48 0.19

1815 2.78 0.54 -

2442 - 1.59 0.59

Table 4. Dynamic resistance RD of the P21XXCSR harvester system operating in the voltage range of
1.02–1.25 V when charging a capacitor of fixed capacitance for different field strength levels.

1.2 V/m 2.4 V/m 3.6 V/m

C, µF f, MHz RD, kΩ RD, kΩ RD, kΩ

10

836.5 - - 0.08

879.5 0.86 0.22 0.22

947.5 0.43 0.43 0.43

1747.5 2.15 0.43 0.21

1815 2.80 0.22 0.22

2442 - - -

100

836.5 5.12 - 0.08

879.5 10.25 2.41 1.05

947.5 4.97 1.51 0.75

1747.5 14.46 2.26 1.36

1815 - 2.56 1.21

2442 - 14.12 2.76

1000

836.5 0.76 - 0.08

879.5 1.17 0.26 0.04

947.5 0.58 0.19 0.06

1747.5 0.43 0.32 0.13

1815 4.69 0.28 0.11

2442 - 1.83 0.35

Based on of the measurement data, it is evident that the most efficient operation
occurs when the harvester charges the capacitor in the voltage range of 0.9–0.945 V, as
this range corresponds to the lowest dynamic resistance values. The choice of buffering
capacitance depends on the electromagnetic field strength around the antenna and the
harvester. Analyzing the results further reveals that the lowest values of the dynamic
resistance of the harvester system occurred when the tested harvester was loaded with
1000 µF capacitance. Given the observed variability in the parameters of the harvester
treated as a power source, it is also worth considering the possibility of designing an
inverter with the function of optimizing the impedance matching of such source to the load
in the Maximum Power Point Tracking (MPPT) mode (similar to that used in photovoltaic
installations). However, definitive conclusions could only be drawn after testing a harvester
system integrated with an inverter capable of recharging the main energy storage such as
a supercapacitor.
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Table 5. Dynamic resistance RD of the P21XXCSR harvester system operating in the voltage range
1.02–1.25 V when charging a capacitor of constant capacitance for different field strength levels.

1.2 V/m 2.4 V/m 3.6 V/m

C, µF f, MHz RD, kΩ RD, kΩ RD, kΩ

10

836.5 - - -

879.5 8.39 1.72 0.86

947.5 1.51 1.51 1.51

1747.5 11.19 1.72 1.72

1815 - 1.94 1.51

2442 - - -

100

836.5 31.94 0.00 4.52

879.5 68.10 13.26 5.88

947.5 31.49 9.04 4.07

1747.5 123.70 14.31 6.93

1815 - 15.82 6.78

2442 - 156.01 19.11

1000

836.5 3.86 - 0.28

879.5 3.86 1.69 0.84

947.5 4.20 1.07 0.52

1747.5 14.88 1.84 0.87

1815 - 1.81 0.82

2442 - 23.38 2.34

6. Conclusions

The concept and the findings of comprehensive investigation of the performance of an
energy recovery system (harvester) developed in collaboration with Powercast Corp. are
presented in this paper. The harvester system was adapted to European conditions, enabling
utilization across a broad spectrum of radio bands commonly used in general-purpose
telecommunications systems. Particular emphasis was given to mapping the parameters
of the electromagnetic field in laboratory settings, aligning them with typical real-world
application scenarios and current regulatory standards. This is crucial for obtaining full
information about the energy harvesting capabilities under specific environmental, system,
and configuration conditions corresponding to the real world. The investigated harvesters
were treated as unconventional power supplies, which, despite unknown and dynamically
variable output parameters (voltage, power, internal resistance, etc.), aimed to ensure the
operation of the powered system according to the developed concept and scenario of its
operation. In this particular case, it was a model semi-passive RFID tag chip, but it could be
any other electronic circuit, e.g., an RFID tag, a wireless sensor, a sensor network element,
etc. This study includes a brief description of a new prototype harvester system with an
output voltage circuit, highlighting selected hardware parameter configurations for testing
and verifying its correct operation. This is an alternative, proprietary use of the system for
testing the immunity of equipment in the SAC chamber under the EMC directive, with the
detailed concept and test results to be addressed in a separate publication.

The concept of a harvester treated as a power supply was substantiated through
number of measurements, which serve as the primary sources of data for designing and
verifying the target harvester power supply required for selected applications. The voltage
performance characteristics of this source were determined for various load resistances. The
impact of the capacitance in the indirect energy storage, while directly loading the harvester,
on the dynamics and efficiency of energy harvesting was investigated. Furthermore, the
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internal resistance of the equivalent source was determined as a function of the frequency
and electric field strength feeding the harvester system. The question of matching the
load of the harvester under study with its internal resistance in order to maximize the
amount of energy harvested was also considered. The detailed results of this study enable
us the determine the output voltage dependence of the harvester system under specific
application conditions, identification of the minimum power density levels of the target
environment to enable the operation of the harvester system, the necessity for proper tuning
of the receiver to the frequencies in the band covered by the energy recovery process, and
the influence of different types of antennas on the properties and parameters of the system.

Ultimately, these findings facilitate the successful realization of a system for the
recovery and storing of energy from the electromagnetic field of general-purpose telecom-
munications systems. This system aims to power the system of the semi-passive RFID tag
under development, or any other system operating under similar conditions based on any
other system.

All findings will contribute to a subsequent study focusing on the concept of a har-
vester with an energy conditioning system, allowing the characteristics of such a system to be
universally shaped depending on the requirements and needs of the system being supplied.
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