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ABSTRACT

This paper presents the results of tests of a model semi-passive RFID identifier system from the point of view
of efficiency of energy harvesting from teletransmission systems. The previously developed assumptions and
guidelines for the concept of implementation of a harvester system applied in individual solutions, as well as the
structure of the identifier operation algorithm adopted in these solutions (otherwise known — in the broader mean-
ing of the term — as the scenario of operation of the identifier system) were taken into account in the conducted
research. The efficiency of energy recovery and conditioning from electromagnetic environment was verified for

the model RFID identifier.

Keywords: energy harvesting, telecommunication systems, energy storage.

INTRODUCTION

The problem of energy recovery from vari-
ous sources has been widely discussed in recent
literature. Initially, this concerned energy recov-
ery was based on mechanical phenomena [1, 2].
Nowadays, electromagnetic waves have also be-
come the subject of interest.

Currently, a worldwide increase in the num-
ber of various radio and television communica-
tion systems is observed, which is directly related
to technological progress. The operation of these
systems involves the deliberate emission of elec-
tromagnetic energy that transmits useful informa-
tion (e.g. radio transmitters, television transmit-
ters, data transmission systems, etc.). Nowadays,
with the natural electromagnetic environment
being heavily polluted, the problem of so-called
electromagnetic smog is becoming increasingly
important, especially in large urban areas [3].

Such a high level of electromagnetic wave satura-
tion in space has enabled the implementation of
a theory proposed at the end of the 20th century
concerning the power supply of sensors or elec-
tronic biomedical devices [4-9].

Mobile phone systems are a potential source
of energy for harvesting. In this context an im-
portant parameter characterising both base sta-
tions and mobile terminals is the maximum out-
put power of their transmitters. Parameters such
as power and emission frequency are precisely
defined in the technical specifications of the rel-
evant radio communication systems. The range of
electromagnetic fields with limit values generated
in the vicinity of base station antennas depends
on the power delivered to the antennas and their
characteristic of radiation. Under typical operat-
ing conditions, electromagnetic field strength lev-
els reaching limit values are observed at distances


https://orcid.org/0000-0001-7972-2636
https://orcid.org/0000-0002-4396-5262
https://orcid.org/0000-0003-2074-347X
https://orcid.org/0000-0001-8006-0246
https://orcid.org/0000-0002-9985-5898

Advances in Science and Technology Research Journal 2025, 19(9), 1-18

not exceeding several dozen metres from the an-
tennas, mainly in the plane of their installation.
This distance mainly applies to the area along the
main axis of the antennas’ radiation [10—13].

Terrestrial television systems, currently im-
plemented mainly in digital technology, are an
important part of the electromagnetic environ-
ment. In order to maximise the propagation range
of the signal, transmitting antennas are usually
installed on masts of considerable height above
ground level — often exceeding 50 metres — as
well as on natural elevations. The permissible
values of electromagnetic field strength in the
vicinity of radio communication equipment are
determined by a number of factors, including the
operating frequency of the system, the radiation
characteristics of the transmitting antennas, the
height of the antennas and, in particular, the ef-
fective radiated power (ERP) [14-16].

Another potential source of energy that can be
harvested are wireless Wi-Fi telecommunications
networks based on the IEEE 802.11 standard,
which represents numerous variants, including
the most commonly used ones: 802.11a, 802.11b,
802.11g, 802.11n and 802.11ac. The current im-
plementation of the 802.11ac standard enables
data transmission at speeds of up to 1 Gbps. This
technology uses frequency bands — 2.4 GHz (in
802.11b/g versions) and 5.2 GHz (in 802.11a
version) — which requires compliance with strict
restrictions on the maximum permissible trans-
mitted signal power. Wi-Fi wireless networks are
most often designed for indoor environments,
such as buildings, where radio wave propagation
is highly complex due to numerous physical ob-
stacles that significantly affect the range and qual-
ity of transmission [17-20].

In earlier papers by the authors [21, 22], the
results of preliminary studies aimed at under-
standing the properties of several energy harvest-
ing systems were discussed. There, they were
considered as potential energy sources and inves-
tigated in terms of their behaviour as a classical
power source. Parameters such as the maximum
current supplied to the load, source-receiver
impedance matching, charging rate and energy
conditioning efficiency were considered for po-
tential energy storage in the form of ordinary
capacitors and supercapacitors. Such a system
should ensure the operation of an identifier (or
other energy receiver with characteristics similar
to the model identifier, in particular in terms of
the time schedule of the energy storage — power

supply mode of the receiver) in terms of energy
acquisition and retention (under specified field
conditions) from common-use telecommunica-
tions systems available in the area with adequate
transmission and energy capabilities and a speci-
fied time-functional regime.

The results presented in this paper are an ex-
tension of the research undertaken in previous
stage, allowing the detailed configuration guide-
lines and the area of correct system operation to
be established under conditions connected with
the real one for the model demonstrators of semi-
passive identifiers. This required the determina-
tion and verification of the parameters and the
possibility of its interaction with the other system
components under the specific loading conditions
of'this specific energy source with a load of a very
unusual character. The determination and verifi-
cation of the parameters particularly concern the
quality of the energy conditioning process and the
possibility of storing energy within the optimal
range of efficiency and effectiveness of these pro-
cesses. Verification of the energy balance is an un-
equivocal criterion for the probability of ensuring
correct operation of the identifier under specific
environmental conditions, taking into account the
configuration of system parameters affecting this
balance (DC/DC converter thresholds, hysteresis
keys, system timing, etc.).

MATERIALS AND METHODS

Test setup

In the solution developed and tested as part
of the work (Figure 1), which is an integrated
semi-passive identifier, the key system to en-
sure its autonomy is the electromagnetic field
harvesting module. To establish the operating
conditions, it was assumed that GSM900 would
be used as the test telecommunications system.
This is still the most popular and generally
available mobile phone standard, operating si-
multaneously in frequency bands with relatively
good propagation conditions. In the course of
the investigation, a number of test versions of
the model identifier system with the power sup-
ply under test were verified, the configuration of
which was modified as the research progressed.
Each solution includes an external or integrated
harvester antenna with an operating bandwidth
from 930 to 975 MHz.
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Figure 1. View of one of the test versions of the
semi-passive identifier demonstrator (concept 1 —
version without solder mask) on the test stand

Depending on the version, the P2110B chip
from Powercast or the P21XXCSR developed by
the authors in collaboration with Powercast was
used as the harvester circuit in the energy recov-
ery and storage system, as discussed in earlier
studies. It is a universal chip designed to operate
at frequencies from 824 to 2495 MHz in several
sub-bands (Table 1), which allows the parameters
of the harvester system to be verified in real con-
ditions also in a wide range of potential energy
harvesting sources (GSM, DCS, UMTS, Wi-Fi
bands). In version 2 it is attached to the system
as an additional external module. Both test mod-
ules are equipped with additional circuit solutions
implementing alternative mechanisms to improve
the efficiency of the main inverter.

The demonstrator circuit was designed on
the basis of the analyses and solutions proposed,
performed and studied in the previous research,
considered in relation to the electronic design
of the identifier circuit. To facilitate the analy-
sis of the obtained results, the proposed block-
functional diagram of the identifier is presented
in Figure 2.

The energy extracted from the harvesters is
stored in a CP capacitor. The electronic circuits
are protected against an uncontrolled voltage in-
crease on this capacitor above 4.1 V, which could
be dangerous for some semiconductor circuits.
For a voltage V ,, of less than 2.4 V, the current
leakage is of the order of 300 pA (generated by
the TS12001 protection comparator circuits).
This represents a negligible load and allows en-
ergy to be stored efficiently from sources with
even minimal efficiency. If the voltage value on
the capacitor V, exceeds 1.9V, it is possible to
supply the RFID interface and harvester operat-
ing circuit — M24LR16E and correct communi-
cation with the reader-programmer appears. This
can appear very quickly due to the negligible
power consumption of the other circuits of the
identifier. A further increase of V, beyond 2.4 V
will cause comparator 1 to switch on and energy
will flow to the CRTC capacitor until V , drops
to 1.9 V and the comparator 2 circuit goes into
an off state. In order to avoid feedback of energy
from the capacitor (and not to use the additional
diode shown symbolically in the block diagram,
causing significant energy loss in the circuit), an
additional switch circuit was used with a DG4157
key, controlled by the above-mentioned compara-
tor. The low turn-on resistance of the key causes
negligible losses and almost all energy is trans-
ferred to the CRTC capacitor. When it is switched
off, the very low leakage current of its output ef-
fectively limits unwanted energy drain from this
capacitor and extends the operating time of the
RTC itself. By appropriately selecting the capaci-
tance of the CP and CRTC, it is possible, as a re-
sult of a single charge to the CRTC capacitor, to
obtain enough voltage on it to run the RTC circuit
and the control microcontroller.

If the recovered energy is sufficiently high,
the voltage on the CP capacitor will increase de-
spite the 2 V comparator circuit being switched

Table 1. Operating frequencies of Powercast Corporation’s P21XXCSR harvester system, developed in

collaboration with Elmak Corp. (concept 2)

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 2. Simplified block diagram of the energy conversion and power system
of the systems in the model identifier (concepts 1 and 2)

on. This has been anticipated and, once the volt-
age reaches 2.5 V, comparator circuit 1 will be
switched on. Adequate capacitance at the input
allows the TS3310-based Boost converter to start
easily and begin charging the supercapacitors
with the excess energy recovered. The C g, su-
percapacitors are the main energy storage. The
authors’ experience shows that using a higher
voltage capacitor bank allows the stored energy
to be more easily managed, so the circuit uses
a series connection of two supercapacitors. The
maximum voltage is 5.2 V. To ensure that the two
stores are charged evenly and to avoid the use
of a so-called balancer, the model uses a circuit
to prevent the voltage rising above a safe value
on the individual supercapacitors, built using
2.7 V comparator circuits on each supercapaci-
tor. Minimising the switching hysteresis of the
TS12001 circuits from the original value of 0.5 V
to around 0.1 V significantly reduces the indi-
vidual supercapacitor discharge due to exceeding
the maximum voltage.

Activation of the AB1815 real-time clock cir-
cuit will occur when the voltage value of 1.6 V
on capacitor C,. is exceeded. This circuit deter-
mines the operation of the identifier. Firstly, it de-
termines the moments when the microcontroller
is switched on and the defined tasks are execut-
ed (implementation of the operating scenario).

Secondly, if the voltage on C, . drops to a value
below 1.6 V (in the absence of recharging by the
energy acquisition circuits due to the need to per-
form/complete the tasks defined in the scenario),
it will initiate the process of recharging the C ..
capacitor with the energy stored in the energy
storage. The activation of the circuits associated
with the above-mentioned functions is performed
by an additional switch circuit with a DG4157
key. It is controlled via the corresponding output
of the RTC circuit. Its activation therefore charg-
es the capacitors connected to the main power
supply line (1.9 V) and starts the microcontroller.

The microcontroller chip (C8051F902)
is configured to operate from as low as 0.9 V
(thanks to the built-in step-up converter), allow-
ing it to operate correctly under such extreme
conditions of energy supply from the C, . ca-
pacitor. In parallel, an inverter (TS3310) config-
ured to obtain an output voltage of 5 V is acti-
vated, enabling, with a large energy supply, all
the identifier’s circuits and sensors to be pow-
ered. The use of comparators allows the switch-
ing voltages of the operation of the individual
branches to be accurately selected. The avail-
ability of control signals in the individual volt-
age ranges makes it possible to control the sleep
states of the converters. The control system also
constantly selects the most favourable ways of
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maintaining the required energy level in the C .
condenser, which supplies the RTC itself and is
key to the reliability of the entire system.

The microcontroller chip is only switched
on by the RTC clock according to a predeter-
mined schedule of system operation, known as
an identifier operating scenario. If the reason for
switching on the microcontroller was to perform
the relevant tasks, the microcontroller performs
certain configuration processes before this activ-
ity. Since each component of the system (sensors,
memories, etc.), powered via an appropriate key,
power consumption can be largely controlled by
switching on only the systems currently in use.
The power supply of the [2C serial bus pull-up re-
sistors, which are only switched on during trans-
mission, is also implemented in the same way.

According to these assumptions, a complete
electronic circuit for a demonstrator of an au-
tonomous RFID tag in the HF band with energy
harvesting from the electromagnetic field of the
RFID system, other telecommunication systems
(ambient energy) or the aforementioned alterna-
tive sources of energy harvesting was designed
and made. The system cooperates with a tempera-
ture and humidity sensor and has the possibility
of attaching another two sensors (meeting the re-
quirements of their integration into the board sys-
tem) of any physical or chemical quantities. This
increases the flexibility of the system and allows
the system to be tested for preferred individual
applications. Interestingly, for the purposes of
future tests under target conditions, a measuring
system has also been developed, which allows
autonomous measurements of selected values of
voltages and currents in the identifier system, in
order to facilitate testing of the system in the field,
without the need for specialised measuring equip-
ment. The measurement system, made in the form
of an overlay on the base module, is powered
from an additional external source and equipped
with an operator panel to facilitate measurements
and data acquisition outside the laboratory (the
mobile measurement overlay with display and
external power supply, placed on the board in
concept 2 — Figure 3).

Finally, a test stand was proposed to simu-
late the operation of an identifier operating with
a variable load attached from time to time (Fig-
ure 4). It consists of a model energy conversion
and storage system, a specially designed con-
trolled load, a USB 1608GX measurement card
from the Measurement Computing Corporation,

d

F

Figure 3. View of the complete demonstrator circuit
and the attached example of the external antenna
of the RFID system

a regulated power supply, a computer with
LabView software installed and a digital oscil-
loscope used to control the timing parameters.
A block diagram of the measurement system is
illustrated in Figure 5.

METHODOLOGY

Measurements were carried out in the TDK
anechoic chamber available at the Electromag-
netic Compatibility Laboratory of the Depart-
ment of Electronic and Telecommunications Sys-
tems of the Rzeszow University of Technology in
systems analogous to those discussed in earlier
studies [21, 22].

The study employed a collection of devices
designed to generate electromagnetic fields for
testing immunity to electromagnetic radiation,
along with probes to measure field strength, and
systems that facilitated the implementation and
automation of remote measurements of param-
eters critical to the research. A set of absorbers
was installed on the floor of the anechoic chamber
to capture radiation reflected from that part of the
room. For the measurements, a specially devel-
oped method was used to determine the electric
field strength, relying on the symmetry of the ra-
diation pattern of the transmitting antenna. This
approach enabled simultaneous measurement and
powering of the energy harvester system while
minimising any mutual interference affecting the
field strength readings.

Rohde and Schwarz’s EMS 1GHz and
EMS 6GHz system devices were used in the tests.
Most of the equipment is housed in measurement
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Figure 5. Block diagram of the test stand

racks, permanently placed in the amplifier room
next to the anechoic chamber. The 1 _GHz type
system consists of an SMB 100A generator, a
BBA 100 power amplifier, an NRP2 power meter
with NRP-Z11 measurement probes from Rohde
and Schwarz and an HL.233 antenna located in the
chamber. The second system is respectively com-
posed of an STLP9149 antenna, an SMF 100A
generator, an NRP2 power meter from Rohde and
Schwarz and a BLMA1060-100/100/50D ampli-
fier (from Bonn).

The HI6005 probe from ETS-Lindgren was
used to measure the intensity of the generated
electromagnetic fields (electric field). This probe
is capable of measuring electric field strengths in
the frequency band from 100 kHz to 6 GHz with
a dynamic range of 0.5 V/m to 800 V/m.

The complete test stand in the anechoic
chamber and schematic diagram for adopted
concept of measuring field distribution are pre-
sented in Figure 6.

The operation of the system is controlled
by Rohde and Schwarz’s EMS32 application,
used in this case to set parameters and stabilise
the electric field. The HI 6105 probe is placed
in a feedback loop. The identifier under test is
placed symmetrically to the probe with respect
to the antenna axis. The test system, the field
strength can be simultaneously controlled and
the identifier parameters can be measured un-
der the set conditions. As standard, it is used
for tests performed in an EMC chamber, in ac-
cordance with the relevant standards [23]. After
appropriate modification of the settings of this
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Figure 6. Test stand for the analysis of the electric field strength distribution (power density)
in an anechoic chamber: a) stand with the HL233 antenna as the source of the electromagnetic field,
b) schematic diagram for adopted concept of measuring field distribution

package, it was possible to effectively conduct
the described tests with the possibility of au-
tomatic stabilisation of the set field strength,
regardless of the bandwidth, signal frequency
and antennas used [21, 22].

The test circuits were made with and without
a solder mask. LVH-900 Mechanic (UV Curing
Solder Mask Ink) was used as the solder mask.
It is worth noting that for research purposes, the
thickness of this layer was increased to 70 um
to determine the effect of this parameter on en-
ergy harvesting.

During testing of the version 1 demonstra-
tor system (in versions with and without solder
mask), different locations of the system relative to
the transmitting antenna were analysed to take into
account the polarisation and alignment of the main
harvester antenna beam relative to a potential RF
signal source. The demonstrator positions practi-
cally verified during the tests are shown in Figure 7.

V2 V1

Version 2 of the identifier chip was tested
together with an evaluation chip supplied by the
harvester manufacturer — Powercast Corporation.
This was possible because the identifier circuits
were designed as modules, attached to the har-
vester circuit in a sandwich type arrangement. Se-
lected parameters of the antenna used in the tests
are summarised in Table 2. It also allows possible
measurements to be made in all bands in which
the tested harvester system, and thus also the mod-
el identifier system, can operate.

Under laboratory conditions, the voltage and
currents at the test points were measured using a
four-channel remote analogue data acquisition
module type NI 9222 from National Instruments
with a sampling frequency of 500 kS/s and a reso-
lution of 16 bits. The module was placed in a cham-
ber in a suitably shielded box, and by using control
and data reading via an optical USB connection,
the influence of the measurement system on the
measurement results obtained was minimised.

V3

=

TESTED

TESTED
SYSTEM

SYSTEM

l TESTED

TESTED
SYSTEM
N SYSTEM

Figure 7. Schematic presentation of the positions of the demonstrator analysed
during the tests in relation to the transmitting antenna of the test system
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Table 2. View and electrical parameters of the PE5S1054 Pasternak antenna used in the testing of the

Powercast Corporation’s P21 XXCSR harvester [24]

Parameters:
Characteristics: directional
Vertical polarisation V
Frequency range:

806-960 MHz and 1710-2500 MHz
Energy gain: 7 dBi
Radiation angles:

Plane V: 47°
Plane H: 88 °©
VSWR: < 1.5:1

Sizes (W Hxx D): 210 x 180 x 44 mm

Weight: 470 g

RESULTS AND DISCUSSION

Experimental results

As a first step, version 1 of the demonstrator
system was tested. First, the voltage obtained in
the harvester system of the tested system was
checked for the selected electric field strength.
On the basis of previous measurements of real
field strengths around the transmitting stations
of general-purpose teletransmission systems,
a value of 3 V/m was selected to be obtained
continuously at least at selected fixed locations.
Since, by definition, the model system in this
version was intended to operate in the frequency
range of the GSM system bands, it was of most
interest to obtain an answer to the question of
whether the resultant operating frequency of the
antenna and the harvester system would reflect
the assumptions made during system design. An
additional element requiring examination was
the introduction of an additional technological
layer to the identifier in the form of a solder
mask with parameters significantly different
from those assumed (the influence of the tech-
nological process of the company making the
customised test circuit boards). Therefore, two
versions were tested: both the version with the
solder mask and the one without the protective
layer. The results of these tests are presented
in Figures 8 and 9. The designations V1 to V4
refer to the above-described placement of the
demonstrator relative to the test system’s trans-
mitting antenna. Comparing these waveforms
clearly shows a shift of the maxima in the solder

masked system towards frequencies outside the
bandwidth of the European version of the GSM
system, especially for the energetically attrac-
tive positions V3 and V4 of the demonstrator.
This raises the need for special care in terms of
the solder mask design and the care taken in the
execution of this PCB circuit layer in applica-
tions with harvester circuits, as is the case with
classical RF circuits.

2500
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Figure 8. Output voltage dependence of the
demonstrator harvester system version 1
for a system without solder mask (E =3 V/m)
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Figure 9. Output voltage dependence of the
demonstrator’s version 1 harvester system
for a solder masked system (E =3 V/m)
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Aware of the limitations of the frequency
range of the harvester-antenna system, the de-
pendence of the output voltage of this system as
a function of frequency was investigated for dif-
ferent electromagnetic field strengths. Only those
locations of the demonstrator system in relation
to the transmitting antenna, which appeared to be
the most favourable in terms of the output volt-
age, were selected for testing. The results of these
measurements are presented in Figures 10 to 13.

Based on the analysis of these data, it can be
seen that, in each case, the field strength of the
elctromagnetic field from a potential energy re-
covery source at the identifier location point must
be greater than 1.5 V/m when considering the
operation of the system in the frequency band
dedicated to the GSM system. Paradoxically, the
solder masked circuit board shows a higher en-
ergy harvesting efficiency, but unfortunately in
the band it offers it is difficult to expect possible
strong signal sources with a power density suf-
ficient to achieve the minimum required output
voltage level.

In order to ascertain the actual minimum field
strength to be ‘recovered’ to trigger the energy
conditioning and storage system, a series of fur-
ther tests were carried out.

For the operating band of the identifier in ver-
sion 1, the field strength of the source was altered
to achieve the effect of the input circuit inverter
starting up and ensuring continuous energy trans-
fer to the storage. It was assumed that continu-
ous, stable operation of the inverter would mean
achieving the required minimum field strength.
Figures 14 and 15 show the obtained results. As
can be seen from these figures, the minimum field
strength to maintain operation of the energy stor-
age system oscillates around a value of 2 V/m.
Interestingly, the most favourable result was
achieved at frequencies in the lower range of the
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Figure 10. Dependence of the output voltage of
the demonstrator’s version 1 harvester circuit on
frequency for a circuit without solder mask
and a V3-type arrangement
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of the demonstrator’s version 1 harvester circuit on
frequency for a circuit without solder mask
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Figure 12. Dependence of the output voltage

of the demonstrator harvester system version 1

on frequency for the system with solder mask
applied and type V3 arrangement
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Figure 13. Dependence of the output voltage
of the demonstrator’s version 1 harvester system
on frequency for the system with solder mask
applied and V4-type arrangement

GSM down-link band using location V1. From
950 MHz onwards, locations V3 and V4 already
perform more favourably.

At the end of this part of the research, an
attempt was also made to evaluate the perfor-
mance of the energy storage system and the time
required to reach a state where the actual iden-
tifier system could be activated and start work-
ing. Figures 16 and 17 present example results.
Analysing the case with the V1 location at a
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Figure 15. Minimum electromagnetic field strength
at the tag placement point for a solder masked chip

frequency of f = 925 MHz, which, according to
previous results, guaranteed the start of the con-
ditioning and energy storage system at the min-
imum field strength, it can be concluded that,
for a field strength of 3 V/m, the time to reach a
voltage of 2 V on the supercapacitor was about
3300 s for the solder masked system and about
3000 s for the system without solder mask. This
is interesting, as previous studies have shown a
difference in minimum field strength of approx-
imately 0.1 V/m

It should be stressed that this type of research
is very time-consuming and each measurement
cycle is counted in hours. This is due to the small
amount of energy that can be extracted in this way
and the enormous capacities of modern superca-
pacitors used as energy storage in model systems.

a)

03
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05
0s

2
04
03

02

01

0

As the electromagnetic field strength increases,

this time is reduced, but these changes are rela-

tively small and do not significantly reduce the
measurement cycle time.

For proper operation of the identifier system,
it is important to have stable conditions of ener-
gy extraction that can guarantee certainty of ac-
complishing the tasks assigned to such a system.
Therefore, the installation of an identifier in a
specific application should be preceded by at least
simplified measurements of the achievable ener-
gy densities (field strengths) and, if possible, an
indication of the most favourable antenna system
orientation in terms of energy.

In the second stage of the research, tests were
also carried out on version 2 of the identifier. The
main focus was on verifying the ability of the
energy harvesting system to feed the identifier
systems and to store energy in the internal stor-
age. The tests were carried out in a model system
fed from the wideband PE51054 antenna from
Pasternack used in the P21XXCSR harvester
tests for frequencies 836.5 MHz, §79.5 MHz and
947.5 MHz, which are the centre frequencies of
the bands operated by the above harvester system
in the range up to 1 GHz.

Firstly, the influence of the electric field
strength of the analysed common-use teletrans-
mission system was studied for the adopted fre-
quencies. Voltages at four test points of the sys-
tem were monitored (see Figure 2):

e P1 - output voltage of the main inverter of the
identifier system, which is also the voltage at
the terminals of the main energy storage

e P2 —energy storage voltages of the RTC pow-
er supply;

e P3 — collective energy storage (capacitor) for
all energy harvesting systems;

[ 2000 4000 6000 8000 10000 12000 14000
s

Figure 16. Inverter operation (a) and energy storage charging curve (b) at 925 MHz and for an
electromagnetic field strength of 3 V/m in a solder masked system at location V1
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Figure 17. Inverter operation (a) and energy storage charging curve (b) at 925 MHz and for an
electromagnetic field strength of 3 V/m in a system without solder mask at location V1

e P4 — harvester system output voltage obtained
at the terminals of the harvester intermediate
energy store (capacitor limiting the frequency
of activation of the input converter).

As mentioned, the design was guided by
the idea of redundancy of the power path of the
microprocessor controlling the operation of the
identifier model, allowing it to be activated both
from the main energy storage (normal operation)
and on an ad hoc basis from the RTC clock stor-
age when triggered by this system in the absence
of sufficient energy in the main storage. Two solu-
tions were investigated in parallel: operation of
the identifier model’s built-in inverter fed directly
from the harvester’s output, or stand-alone opera-
tion of the Powercast module’s inverter — with the
aim of selecting a better — especially in terms of
conversion efficiency — inverter system.

Figures 18 to 27 show the results of testing the
model system in implementation 2 for frequen-
cies of 836.5 MHz, 879.5 MHz and 947.5 MHz.
For the frequency of 836.5 MHz, measurements
were performed for the two versions of the input
converters according to the above assumptions.

The results clearly indicate that it is more
efficient to use only the model-developed volt-
age converter. Comparing, for example, Figures
18-21, it can be seen that the Powercast inverter,
when operating at a much higher frequency re-
sulting from a smaller discrepancy in the oper-
ating voltage thresholds (e.g. 1-1.25 V), causes
a significant decrease in its conversion efficien-
cy. This results in a reduction in the voltages
obtained at individual points in the circuit, i.e. a
resultant drop in the efficiency of the entire iden-
tifier circuit. Similarly, this can be seen in other
cases (Figures 22-25), even for sufficiently high

electromagnetic field strengths. In the other cases,
trends similar to those observed for the harvest-
er system itself emerge from the measurements.
This is understandable insofar as the efficiency of
energy recovery as measured by the magnitude of
the output voltage depends mainly on the charac-
teristics of the antenna-harvester system (Figures

umww

—p1]

—P2
P3

—P4

Figure 18. Voltage waveforms at test points of the
demonstrator system at 836.5 MHz at a field strength
of 1.2 V/m — model system inverter

> —w]
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—P2
P3

—P4
0.5 —

Figure 19. Voltage waveforms at test points of
the demonstrator system for 836.5 MHz at a field
strength of 1.2 V/m — Powercast’s own inverter
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Figure 20. Voltage waveforms at test points
of the demonstrator system at 879.5 MHz
at a field strength of 1.2 V/m — model system inverter

uv

0.8

0.6 P3
/ —P4
0.4 /

0.2

Figure 21. Voltage waveforms at test points
of the demonstrator system at 947.5 MHz
at a field strength of 1.2 V/m — model system inverter
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Figure 22. Voltage waveforms at test points
of the demonstrator system at 836.5 MHz at a field
strength of 3 V/m — model identifier system inverter

26-29). In the analysed cases, voltages obtained
differ from those for the harvester alone due to
the actual loading of this system with a certain
internal impedance that varies with the oper-
ating conditions. It can be seen that for all test-
ed frequencies, the limit of correct operation of
the model identifier with the Pasternack antenna
is the electric field strength level of 3 V/m (the
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Figure 23. Voltage waveforms at test points
of the demonstrator system for 836.5 MHz at a
field strength of 3 V/m — Powercast’s own inverter
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Figure 24. Voltage waveforms at test points of the
demonstrator system at 879.5 MHz at a field strength
of 3 V/m — inverter of model identifier system
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Figure 25. Voltage waveforms at test pointsof the
demonstrator system at 947.5 MHz at a field strength
of 3 V/m — inverter of model identifier system

correct operation of the system was considered to
be the appearance of impulses charging the ener-
gy storage, which guarantee that after some time
the appropriate voltage is obtained at the main en-
ergy storage, or — alternatively — the voltage at the
hand-held RTC clock storage).

Figure 30 shows the charging curves of the
main energy storage obtained at 1200 s for the
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Figure 26. Voltage waveforms at test points of the
demonstrator system at 836.5 MHz at a field strength
of 5 V/m — inverter of model identifier system
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Figure 27. Voltage waveforms at test points of
the demonstrator system for 836.5 MHz at a field
strength of 5 V/m — Powercast’s own inverter

Figure 28. Voltage waveforms at test points of the
demonstrator system at 879.5 MHz at a field strength
of 5 V/m — inverter of model identifier system

alternative inverter case of the harvester system
discussed above. As can be seen, the system with
its own inverter obtained almost twice the voltage
on the main energy storage. This may be of con-
siderable importance in real-life applications of
the demonstrator system in cases of lower values
of available power density.

Figure 29. Voltage waveforms at test points of the
demonstrator system at 947.5 MHz at a field strength
of 5V/m — inverter of model identifier system

1.2 4 Model system inverter
——Powercast's own inverter

Figure 30. Example energy storage charging
curves for the harvester model system inverter and
Powercast’s own inverter in the demonstrator test
system for a frequency of 836.5 MHz
at a field strength of 3 V/m

The harvester systems (Powercast, RFID
HF and possibly others) charge the capacitor of
the main energy store with the acquired energy.
In the solution of the autonomous identifier
version 2, which cooperates with the Powercast
harvester circuit as its extension (overlay), it
is possible for the two circuits to cooperate in
yet another way. In the identifier circuit itself,
it is possible to directly measure the parameters
of the energy recovered from the selected fre-
quency band in the Powercast circuit (before
the inverter). In addition, a TS3310 inverter
circuit is implemented in the identifier circuit,
which can cooperate with the selected energy
harvesting circuit in the Powercast circuit. This
allows two frequency circuits of the Powercast
circuit (out of six available) to operate in paral-
lel — one circuit via the on-board inverter in the
Powercast circuit, the other via the TS3310 in-
verter implemented in the model. Both circuits

13



Advances in Science and Technology Research Journal 2025, 19(9), 1-18

charge the main energy storage capacitor with
the acquired energy.

The measurements carried out clearly con-
firmed the superior performance of the proposed
solution with respect to that offered by the em-
bedded converter circuit in the Powercast solu-
tion. It would be reasonable to use TS12001 cir-
cuits at a lower voltage than 1.7 V, which would
allow the converter to operate at a lower voltage
at the output of the Powercast rectifier circuit,
i.e. in a lower electromagnetic field, but, on the
other hand, a significant reduction in this voltage
leads to worse starting conditions for the con-
verter, which may reduce the efficiency of the
energy conversion.

Criteria for determining the operating
scenario of the system

A very important component of the identifier
circuit is the main energy storage (supercapaci-
tor), which is the main element responsible for
storing an adequate amount of energy. The use of
a supercapacitor seems to be a good solution due
to the long service life of this type of component.
Although this was not investigated in this study,
it is assumed that a typical supercapacitor should
withstand approximately 500,000 charge and dis-
charge cycles. This is a much better result than
conventional batteries. In order for the identifier
to operate correctly, it is important both to select
the supercapacitor properly, as well as to define
the conditions for its correct operation and to se-
lect the right circuits to use the stored energy in
the most efficient way possible. To this end, load
tests were carried out on the developed identifier,
taking into account the stabilisation of the super-
capacitor voltage at an assumed level, guarantee-
ing, on the one hand, the reliability and, on the
other, the safety of the system and the cooperat-
ing elements connected to it. Such elements may
be, for example, various types of sensors, which
are connected to the identifier from time to time
(in accordance with the assumed scenario and the
possibility of their power supply) and are also an
additional load for it.

When analysing the possible operating sce-
narios of an identifier with additional circuits at-
tached to it, a great many cases can be considered.
A special case occurs when the identifier with the
attached sensor can only operate using the energy
previously stored in its internal storage (superca-
pacitor). This is the worst case because operation
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of the system will only be possible until the ener-
gy stored in this storage is exhausted.

Before each measurement, a full charge of
the supercapacitor takes place. Once C,, has
been charged to its rated voltage, a cyclic load
is applied to the system under test. The storage
system and the effect of its load were tested with
both an integrated output converter and a linear
stabiliser with an output voltage of 1.9 V (see
Figure 2). The task of these circuits is to match
the voltage at the terminals of the supercapacitor
to a value suitable from the perspective of sup-
plying the output circuits.

The load was constructed using Vishay Sili-
conix’s SIP 32431 high-speed switches (Figure
31) and resistances with specific values attached
in parallel using these circuits (Figure 32). These
were selected in terms of the required values of
the currents flowing in the circuit depending on
the required operating conditions. The connec-
tion of the individual load branches to the cir-
cuit under test, according to a predetermined
sequence, was carried out using a Measurement
Computing USB 1608GX card. The measure-
ment card also made it possible to record the
measured values of the supercapacitor voltage
and the voltage on the load. The operation of the
USB-1608GX card and the acquisition of mea-
surement data was realised using an application
developed in the LabView environment.

Figure 31. SIP 32431 chip
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Figure 32. Diagram and control principle
of the configurable load system

A digital oscilloscope was used to check the
correct control waveform of the attached load.
Figure 33 shows an example of a load control
waveform. The segment marked t, (about 150 ms
long) is the time to switch on the RTC circuit and
wait until the voltage at the converter output after
the supercapacitor reaches at least 1.8 V (in the
case of tests using a linear stabiliser, this value was
1.7 V). Only then a load can be connected to the
circuit under test. If the voltage at the terminals of
the supercapacitor had values much higher than
1.8V, the waiting time for the load to be connect-
ed to the system t, _had small values, or the load
was immediately connected to the system. On the
other hand, when the voltage at the terminals of

==

| o200V CH2 200 M2Soms CH3 7 280V
CH3 200V  CH4 200V <10Hz

Figure 33. Control signal waveform
for simulated load

the supercapacitor was below 1.8 V, the time be-
fore the load was connected increased. This was
due to the need for the inverter to raise the voltage
to the required value. The time t, is responsible
for simulating the load, which in the real system
is the processor initiating the entire measurement
process, t, is the period during which the attached
sensor measures the given quantity, and t, is the
time for processing and storing the measurement
data in memory. Lastly, time t; is the time to wait
before switching off the RTC after the whole pro-
cess related to the task performed by the identifier
according to the scenario.

The times were determined during the exe-
cution of the measurements and t, = 150 ms, t, =
2 ms, t, = 15, t, = 4 ms and t, = 2, respectively.
The resistance values placed in each branch of
the circuit were, correspondingly: 5 kQ, 20 kQ
and 2.2 kQ.

Tests were carried out for several cases. The
frequency at which the load was attached to the
system under test was considered, as well as the
type of supercapacitor energy conversion into us-
able form used. The load was attached to the sys-
tem under test every 100 ms and every 1000 ms.

Figure 34 shows the characteristics of the
discharge process of the supercapacitor used as
a potential power source for the identifier in the
assumed operating configurations. Based on the
measurement results, it can be concluded that the
use of a linear stabiliser as an intermediate stage
to match the supercapacitor voltage to the useful
value of the supply voltage of the systems con-
nected to the identifier is not a very good solu-
tion. Despite the circuit simplicity, this results in
high energy losses throughout the circuit. This
affects the speed of the supercapacitor discharge
process. In addition, when the voltage at the ter-
minals of the supercapacitor drops below the
stabilisation voltage, it is not possible to obtain
a suitable output voltage value. These disadvan-
tages are not present in a system equipped with a
suitable voltage converter.

Figures 35a and 35b show the recorded volt-
age waveforms on the load when connected to
the circuit every 100 ms and every 1000 ms, us-
ing an inverter and a linear stabiliser. It can be
observed that the expected operating scenario of
the system is only achievable under certain con-
ditions and taking into account, on the one hand,
the energy supply and, on the other, the spectrum
of sensors used and their activation frequency.
Ultimately, the autonomy of the operation of
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Figure 34. Voltage waveforms on a supercapacitor attached to the circuit
with load connection via an inverter and linear regulator
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Figure 35. Voltage waveforms on the load in a system: a) with an inverter, b) with a linear regulator (stabiliser)

such a system depends anyway on the applica-
tion area and the specifics of the environment
in terms of the type and parameters of the avail-
able energy sources and the expectations the
intensity and frequency of the system’s opera-
tion. An extreme alternative, but one that may
be acceptable in some situations, is to assume
that the system operates only at random intervals
depending on the current energy situation, ac-
cumulating energy until tripping becomes pos-
sible. It therefore becomes extremely important
in this class of system to determine the energy
balance of a complex system with assumptions
corresponding to the required application area
and to use storage with adequate capacity (the
need for energy conditioning systems to the re-
quired parameter range, as well as the elimina-
tion of parasitic leakage and other losses).
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CONCLUSIONS

This paper presents the results of measuring the
energy harvesting efficiency from teletransmission
systems of model autonomous semi-passive RFID
tags. The demonstrator made as part of the research
was tested two application versions. The model
systems were operated under conditions corre-
sponding to the real world, allowing these solutions
to be tested for their ability to perform the energy
recovery process under specific system and config-
uration conditions according to the developed con-
cept of operation of the model semi-passive identi-
fier. A suitable test stand, designed and built as part
of the previous tasks, was used, allowing the tests
in question to be carried out with the possibility
of automatically obtaining field parameters of the
electromagnetic environment close to the real one.
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The detailed test results enable the characteri-
sation of the output voltage behaviour of the har-
vester system under defined application conditions,
including specific operational scenarios and spatial
positioning relative to the electromagnetic field
source utilised for energy harvesting. Additionally,
they facilitate the identification of the minimum
required power density levels within the intended
operational environment. The measurements vali-
date the critical importance of precise receiver tun-
ing to the frequencies within the energy harvesting
band and demonstrate the significant impact of the
antenna — particularly its orientation and place-
ment relative to the field source — on the system’s
performance and operating parameters.

A test stand has also been designed and built
to test the identifiers for loading. On the basis of
results of measurements it can be concluded that
a more effective way of stabilising the superca-
pacitor voltage to power the identifier circuits is
to use a voltage converter. It enables both higher
efficiency of the entire system and allows the sys-
tem to operate at much lower voltage levels a on
the primary and secondary energy stores.

Finally, the obtained results make it possible
to select the parameters of the identifier model
system and, in particular, its operating scenario
in such a way that the system for harvesting and
storing energy from the electromagnetic field of
common-use telecommunications systems is able
to guarantee correct operation of the identifier for
the desired duty cycle and expected time interval.

The identifier model system also provides for
the possibility of using other additional sources of
energy harvesting, such as reader-programmers of
the RFID system or other sources. One of the fu-
ture directions of our research in aforementioned
scientific area will be investigation of the heat
flux sensor module (e.g. Hukseflux FHFO5SC se-
ries self-calibrating heat flux sensors with heat-
ers) as additional source of energy harvesting.
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