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Abstract

The paper presents the concept of a battery-free alarm indicator with a Radio-Frequency Identification (RFID)
interface, intended for Internet of Things (10T) applications, particularly in supply chain networks. The signal-
ing device is powered by energy harvested from the electromagnetic field emitted by an RFID read/write device
(RWD). The energy accumulated in the internal capacitor is insufficient for continuous operation outside the
interrogation zone (1Z). To overcome this limitation, the negative energy balance can be addressed by employ-
ing a physical trigger switch, which activates the power supply circuit upon the occurrence of a guarded phys-
ical quantity. This feature is crucial, as it bridges the gap between fully passive RFID tags, which remain inac-
tive outside the interrogation zone, and semi-passive tags, which rely on a built-in battery. The wireless and
automatic monitoring capability is especially beneficial for scenarios involving simultaneous reading of multi-
ple transponders.

Keywords: Radio-Frequency Identification RFID, Internet of Things 10T, supply chain network, battery-free
alarm indicator

1. Introduction

Alarm indicators are widely used, particularly in logistics, where they play a crucial role in moni-
toring shipping conditions [1, 2]. Their applications range from signalling potential risks or malfunctions
in supply chains to highlighting deviations from planned operational parameters. Structures that change
their appearance in a manner perceptible to the human eye in response to exceeding a predefined thresh-
old of a monitored physical quantity can remain active virtually indefinitely. Owing to their passive
nature, standard indicators do not require an external power supply, which make them highly reliable in
long-term standby operation. Their compact dimensions facilitate easy integration with various types of
goods or packaging, while their measurement accuracy is sufficient for most practical implementations
in logistics. In addition, both single-use and reusable products are encountered in the market [3, 4]. The
main limitation of such indicators is that they merely detect the fact of exceeding the monitored thresh-
old, however, they do not provide any information regarding the duration of the deviation state or the
actual values of the monitored parameters, and they must be visually inspected by operators, couriers or
receivers. Therefore, on addition to typical chemo-mechanical standard protective devices (i.e., thermal
fuses [3], bimetallic components [5], inertial [6] or tilt ball switches [7], humidity actuator [8]), RFID
transponders equipped with so-called tamper loops are increasingly being employed [9-11]. In cases
where a shipment needs to be protected against unauthorised opening, the integrity of parcels can be
monitored using passive tags with an integrated tamper-detection mechanism. If the seal, and conse-
quently the antenna or tamper loop is broken, the inventory procedure in the RFID system cannot be
carried out. The primary advantage of this approach is the possibility of performing the inspection wire-
lessly and automatically.
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In this logistics domain, there is significant potential for the use of RFID transponders equipped
with enhanced capabilities [12-14], such as storing data acquired from embedded sensors [15-17] or
logging selected operational parameters of the tag [18, 19]. It should be noted that such tasks are already
implemented in battery-assisted active or semi-passive tags [20], which are commercially available from
numerous vendors [21, 22]. However, in lower-cost passive transponders, these functions are less com-
mon due to the lack of a sustained power source. Despite their many advantages, the use of batteries
introduces substantial maintenance issues and raises concerns related to environmental pollution. Thus,
an attractive alternative is to power the system with energy harvested from the electromagnetic field of
an RFID read/write device (RWD) or even from a mobile phone using near field communication (NFC)
[23, 24]. For this purpose, it is necessary to employ an RFID chip with an output that provides access to
a portion of the harvested energy [25-28]. A connected, ultra-low-power measurement circuit can then
be properly supplied when the transponder is located within the interrogation zone (1Z) [11]. The key to
the effective operation of such a solution is the development of an electronic circuit with extremely low
current consumption and a work scenario that limits energy use. The literature reports numerous exam-
ples of sensors or multi-sensor platforms with RFID or NFC interface that operate in a battery-less
regime [29]. In [30] and [31], passive temperature sensors based on the AMS SL900A chip were imple-
mented, operating exclusively within the 1Z. Expanding functionality, [32] proposed a smart sensor
patch integrating strain transducers and a printed temperature-sensitive component with the tag
RF430FRL154H, enabling semi-quantitative measurement powered entirely by an NFC-enabled mobile
phone. However, continuous operation remains challenging due to limited energy availability. In [33],
a sensor combining a Farsens Rocky100 RFID chip with a 3-axis ADXL362 accelerometer was devel-
oped; energy stored in a supercapacitor allowed only brief activity outside the 1Z, mainly due to the
relatively large quiescent current. These exemplary studies highlight the trade-offs between functional-
ity, energy supply, and operational duration, emphasizing the need for ultra-low-power designs and ef-
ficient energy management in battery-less RFID tags.
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Fig. 1. Conception of smart alarm indicator based on RFID technology; key elements: Trigger — chemo-mechanical compo-
nent for triggering measurement system, e.g., thermal fuses, bimetallic components, inertial or tilt ball switches, humidity
actuator, tamper loops, any other Micro-Electro-Mechanical Systems (MEMS); Energy Storage — capacitor or supercapacitor;
Active Circuit — contains system for measuring a selected physical quantity, either on-chip or implemented using discrete low
power electronics
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The potential of RFID technology for creating battery-less measurement systems is demonstrated
in the paper through an alarm indicator designed for use in logistics to monitor exceedances of selected
environmental parameters (Fig. 1). It should be emphasised that data from the transponder, obtained via
the passive front-end, can be read remotely by an RWD even several days after the monitored parameter
has exceeded the predefined maximum allowable value, including cases where the device’s power
source is completely depleted or damaged. Furthermore, it should be noted that in many modern intelli-
gent digital integrated circuits, including RFID chips, the temperature sensor is built into a semiconduc-
tor structure. As an illustrative example, a sensor indicating possible exceedance of a set temperature
threshold is selected. Nevertheless, even based on commercially available products (e.g., AMS SL900A
or ASYGN AS321X — a modern family of UHF RFID sensor chips [34]), it is possible to develop an
energy-efficient system capable of monitoring virtually any physical quantity. It is also crucial to ensure
the possibility of storing the supply energy, for example in a supercapacitor (Energy Storage in Fig. 1),
and to balance the energy budget throughout all stages of operation. The supply energy is available only
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during preparation of the RFID-based indicator for shipping, when it is located within the interrogation
zone. Unfortunately, permanent powering of the measurement circuit outside the 1Z is not feasible due
to the limited energy capacity of small capacitors, including supercapacitors, that can be integrated into
RFID tags. The challenge of a negative energy balance can be addressed by employing a physical trigger
switch (Trigger in Fig. 1). Although the switch is unpowered, changes in its structure can activate an
electrical circuit, for example to supply voltage to measurement or data acquisition unit. Such triggers,
realized in highly miniaturized forms, have attracted significant attention in experimental and develop-
mental research, as evidenced by numerous scientific publications. These efforts have enabled their in-
tegration into compact, low-power monitoring systems, including RFID tags, where they can reliably
respond to environmental or mechanical stimuli. For example, miniature thermal fuses melt when
a critical temperature is exceeded, closing a power supply circuit [35]. Bimetallic components bend in
response to temperature changes, causing mechanical closure of electrical contacts [36, 37]. Inertial
transducers [38, 39] or tilt balls [40] close the circuit when subjected to motion, changes in orientation,
or deflection. Humidity actuators deform under specific moisture conditions, activating connected elec-
tronics [41]. Tamper loops also can be used to physically close a circuit, supplying power to a monitoring
system that records the conditions under which an event occurs. The change in the shape of the active
component may occurs permanently or temporarily under the influence of physical quantity. The design
of the trigger switch significantly affects the core parameters of the resulting indicator, including meas-
urement accuracy, reusability, device dimensions, maximum standby time (tmax) during transport, and
the quantity and type of information that can be collected.

2. Conception of smart alarm indicators with RFID interface

In the design of the smart alarm indicator with the RFID interface intended for logistics applica-
tions, it is crucial to meet the requirement of multiple use over an unlimited period of time. This require-
ment is particularly important due to the higher production costs compared with non-electronic products.
Such requirements can be met using passive transponders, which are activated only for the duration
necessary to exchange data with the RWD device. The energy required to power the internal structure
of a passive chip is supplied via the electromagnetic field, thereby eliminating the need for an additional
power source to read or write its memory. However, in the case of the considered alarm indicator with
built-in internal intelligence and with the RFID support, it is necessary to activate the system also outside
the interrogation zone. Using a battery to power the structure significantly increases the cost of the
device, raises maintenance expenses, and generates challenges related to the disposal of chemical cells.
Nevertheless, several RFID-based solutions exist that allow for the development of unconventional de-
signs free from the aforementioned drawbacks (Fig. 2).

RFID CHIP SPI MICROCONTROLLER

ATMEGA 328P-PU

TRIGGER SWITCH

: VOLTAGE MAINTENANCE SYSTEM

Fig. 2. Practical implementation of smart alarm indicator based on RFID technology
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Primarily, there are RFID chips (e.g., STM ST25DV family [25], NXP Semiconductors:
NT3H2111_ 2211 [26], Infineon: NGC1081 [27], AMS SL900A [28]) that employ the energy harvested
from the electromagnetic field not only to power the radiofrequency front-end but also to provide
a portion of this energy at an external terminal (Fig. 2). Therefore, it is possible to charge a capacitor (or
even a supercapacitor) and use it as a power source for external measurement circuits. It should be
emphasized that such a source can supply energy only for a relatively short period, most often just long
enough to enable the recording of the measured values in the memory of the RFID chip. The remaining
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issue is the activation of the tag at an undefined future moment, coinciding with the occurrence of an
exposure event. As a switch, one of the well-known chemo-mechanical structures can be applied, de-
pending on the type of monitored physical quantity. For example, to detect the exceeding of a maximum
temperature, a bimetallic element can be used. The deformation of its shape can serve to temporarily or
permanently close the electrical circuit, thereby activating the entire data acquisition and processing
system. While a single memory write operation is sufficient to record the fact of exceeding a predefined
threshold value, more advanced scenarios may also be considered. These include the measurement of
multiple physical parameters at specific time intervals, continuing until the stored energy is depleted or
the power supply circuit is disconnected. In such a case, it becomes necessary to perform an appropriate
energy balance of the designed device.

3. Design of demonstrator

The demonstrator of the smart alarm indicator (Fig. 3) is based on an RFID tag with built-in antenna
and an SL900A chip operating in the UHF band (860-960 MHz) [28]. The applied chip includes an
internal temperature sensor as well as a serial SPI interface that enables writing measured data from an
external sensing circuit into the EEPROM memory. The pin providing Veos voltage is also available,
which makes it possible to build a power circuit harvesting energy from the electromagnetic field gen-
erated by the read/write device. Due to expected short activity time of the electronic circuit, a standard
capacitor C (Fig. 2) can be used as the rectified energy storage element. Additionally, a diode (e.g.,
Zener or Schottky) should be included to prevent reverse current flow towards the RFID chip, thus
avoiding capacitor discharge during standby.

During the read/write operation of the RFID chip, when it is located within the interrogation zone,
a voltage of up to 3.4 V appears between the Vpos and Vss terminals. This voltage depends, among other
factors, on the electromagnetic field strength at a given point in the 1Z. During shipment, when the
permissible threshold for the monitored quantity is exceeded, the state of the trigger switch changes.
This results in closing the circuit and connecting the capacitor to the Vcc and Vsar supply pins. As
a consequence, for several tens of milliseconds both the microcontroller and the SL900A chip are pow-
ered. The duration of this activity depends on the actual capacitor voltage V¢, capacitance of the energy
storage, and current consumption. In this time window, it is possible to read the temperature status using
the internal sensor of the SL900A chip and to write selected information into the EEPROM memory via
the SPI interface.

St e e )

Fig. 3. Demonstrator of smart alarm indicatEr based Z)n RFID technology: a) RWD; b) RFID transponder;
c) voltage maintenance system; d) trigger switch; e) microcontroller

The main monitoring circuit was implemented on a simple ATmega328P-PU 8-bit microcontroller
[42]. The microcontroller operates only within the short activation window triggered by the threshold
crossing of the monitored physical quantity and performs exclusively essential operations with compli-
ance with the stringent energy constraints. These operations include initiating the measurement, acquir-
ing the sensor data, transferring result to the non-volatile memory of the RFID chip and subsequently
returning to a deep sleep mode until the next measurement event, if such an event is scheduled in the
work scenario of the smart indicator. The entire activation cycle has been subjected to rigorous time
optimization, ensuring that each step is executed in the shortest possible duration. Nevertheless, alter-
native operational schemes could also be conceived that fulfils assumed scenario in comparable manner.
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However, it should always be borne in mind that shorter execution times for measurement, data acqui-
sition, and processing directly translate into reduced energy demand for powering the active circuit (Fig.
1) and therefore time-efficient software routines play a critical role in maintaining the energy balance in
the smart alarm indicator.

The total active time of the microcontroller is approximately 25 ms, which is consistent with the
timing requirements of the system components. The majority of this interval, about 20 ms, is occupied
by the SPI-triggered temperature conversion performed by the SL900A, in accordance with its internal
ADC conversion time as specified in the datasheet [28]. The remaining ~5 ms is allocated to essential
microcontroller operations, including wake-up from deep sleep, minimal data processing as well as
transfer of the measurement result to the non-volatile memory of the RFID chip. Each of these tasks is
inherently brief: microcontroller wake-up and peripheral initialization require less than 1 ms, data pro-
cessing is completed within in a fraction of a millisecond, and EEPROM writing combined with SPI
communication can be accomplished within 3-5 ms. This carefully optimized sequence ensures that all
critical operations are completed within the 25 ms activation window, while minimizing energy con-
sumption and allowing the microcontroller to promptly return to deep sleep until the next measurement
event.

Communication and data retrieval at sequential stages of the logistics workflow are handled by the
RF front-end during remote readout, using energy harvested directly from the RFID system. For reading
the data from the memory of the RFID chip, and at the same time charging the C capacitor, an RWD ID
ISC.MRMU102-A [43] was used. This device operates in the UHF frequency band compliant with the
EPC Class 1 Gen. 2 ISO 18000-6-C standard. The RWD device was controlled from a computer using
the ISOStart software [44].

4. Energy balance

A characteristic feature of the proposed power circuit, based on the charged capacitor, is the gradual
decay of the voltage V¢ over time. At the moment the trigger switch closes, connecting the processing
block, this voltage undergoes a rapid drop. To properly select the capacitance C, it is necessary to de-
termine the average current consumption of the alarm indicator at the moment when the permissible
threshold of the monitored quantity is exceeded.

According to the information provided by the manufacturer, the supply current of the
ATmega328P-PU microcontroller depends on the Vcc voltage and the clock frequency [42]. At the min-
imum Vcc value of 1.8 V, the Icc varies from approximately 0.01 to 0.22 mA as the clock frequency
increases from 0.1 to 1 MHz. The capacitor voltage Vc may vary from 0 to 3.4 V [28], thus the Icc ranges
from about 0.22 mA @ 1.8 V to 0.45 mA @ 3.4 V at the maximum clock frequency of 1 MHz. In
practice, some minor deviations should be expected due to temperature effects or processing tasks. How-
ever, these potential variations can be neglected, as the difference of 0.23 mA in Icc due to the V¢ drop
is far more dominant in determining the system behaviour. It should be emphasised that other micro-
controllers exhibit a similar dependence of energy consumption on clock frequency, supply voltage, and
variations in other operating parameters. In the case of the SL900A chip, the minimum operating voltage
is lower and equals 1.2 V [28]. Moreover, the manufacturer does not provide information regarding
variations in load current for battery-powered operations, but only specifies constant values of 50 pA
for communication via the SPI interface, and 280 pA for EEPROM writing and temperature conversion.

The time required for temperature reading, computation, and data storage in the memory can be
approximately determined as 25 ms, of which 20 ms is taken by the SPI-triggered temperature conver-
sion. The remaining 5 ms is allocated to EEPROM writing, data processing, and microcontroller activa-
tion [28, 42]. This justifies the assumption that the current consumption of the RFID chip can be con-
sidered equal to 330 pA for the entire execution time of the microcontroller program. Consequently, the
average current consumption of the alarm indicator ranges from 0.55 to 0.78 mA, depending on the
actual supply voltage level.

Due to the very short duration of temperature measurement and data writing procedure, it is possi-
ble to briefly power the system using a charged supercapacitor or even a standard electrolytic capacitor.
Under ideal conditions, a capacitance of only a few tens of microfarads would be sufficient. However,
losses caused by leakage currents [45] must be taken into account. Assuming that at the start of the
shipment the capacitor is charged to a voltage Vp, the V¢ voltage at the moment of circuit activation is
certainly lower than Ve. The approximate dependence of Vemin 0On the applied capacitor C is shown in

Advances in IT and Electrical Engineering, vol. 32, 2026, 05-14 p-1SSN 3071-9003, e-ISSN 3071-9011



10 K. Skrobacz, M. Weglarski

figure 4, at the assumption Ve = 3.4 V, a maximum current consumption of 0.78 mA, and microcontroller
program execution time of 25 ms; Vemin CcOrresponds to the minimum voltage at which temperature can
be processed and data written to the EEPROM.
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Fig. 4. Dependence of minimum voltage Vemin 0N capacitor C, required at the stage of preparing transponder for operation vs.
capacitance C; at the assumption maximum current consumption of 0.78 mA, microcontroller program execution time of 25
ms

In determining the dependence Vemin(C) presented in figure 4, the minimum voltage required for
correct operation of the alarm indicator was assumed to be 1.8 V. In practice, however, a higher value
should be adopted, for example by an additional 100 mV, since the exact current consumption profile
in the electronic circuit is not known and the actual minimum operating voltage may differ from the
theoretical value. Assuming a very short activity time of the transponder after triggering, e.g., sufficient
to perform only a single measurement, the choice of the capacitor depends primarily on the expected
standby time of the device. Theoretically, the larger the capacitance, the longer it is possible to maintain
the required voltage level Vc (above Vemin) [46]. Exact values cannot be determined due to the occurrence
of various, often random, environmental conditions during shipment, including temperature variation,
component aging in the electronic circuit, adopted principle of switch triggering or operating scenario.
In addition, at the design stage, the type of capacitor used, its rated voltage, and, above all, the leakage
current resulting from dielectric resistance (which may vary) must be considered. The leakage current
is the main parameter responsible for the voltage drop when the trigger switch is not active (Fig. 5).

t[s]
Fig. 5. Change of capacitor voltage Vc as a function of time t (Ve =3.4 V, rated voltage Vn = 25 V, leakage current after one
minute from applying rated voltage: 0.03 C*V [47])

It should be noted that after stabilization, the voltage level V¢ remains above zero for a relatively
long time. The achieved value, approximately 1.2 V, represents the result for a theoretically worst-case
scenario, in which the capacitor is disconnected from the voltage charging source at the moment when
Ve = 3.4V (fully charged state). In practice, the energy harvesting circuit in RFID-based indicator re-
mains within the 1Z, typically for at least several seconds. To ensure that leakage current values (starting
from the moment of shipment begins) are minimized, the capacitor would need to be charged for several
minutes at each time it is prepared for shipment. It would be both inconvenient and, in most cases,
unnecessary. Therefore, a better solution is to assume a shorter, imprecise minimum standby time and
to charge the alarm indicator circuit for only a dozen or so seconds (expect for special cases, such as the
first use). To illustrate exemplary maximum values of standby time (tmax), the change of the capacitor
voltage V¢ over time was measured for four selected aluminium electrolytic capacitors charged for sev-
eral seconds (randomly between a few and a dozen). The results are summarized in Table 1 (Ve = 3.094
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V). The selected values of rated voltage Vn are higher than Ve, which does not have a negative impact,
since leakage current for Ve < Vy are smaller than in the case when Vp = V.

Table 1. Results of Vc measurement for selected capacitors for various rated voltage Vn and standby time t

C [mF] Vn [V] Ve [V] Vc [V] Vc [V] Ve [V] Ve [V]
t=2h) {t=6h) {t=13h) {t=20h) (t=24 1)
0.1 16 2.995 2.879 2.786 2.7 2.653
0.2 25 2.94 2.828 2.69 2.57 2.5
0.47 25 3.05 2.988 2.92 2.867 2.84
1 25 3.065 3.022 2.986 2.953 2.935

Based on the data presented in Table 2, it is possible to estimate the maximum operating time of
the alarm indicator including standby period fallowed by a short period of electronics activity. Consid-
ering the shape of the capacitor discharge curve, it can be assumed that the voltage drop for t > 24 h is
slower than for shorter time. This means that approximating V¢(t) with a linear function, based on two
consecutive measurement points (Tab. 2), the voltage obtained for t = tnax is not greater than in the real
scenario. To achieve more accurate results, the measurement points should be selected for the longest
possible times. The equations of V¢(t) for t > 24 h are presented in Table 2. They are determined on the
basis of the values V¢ (t =20 h) and V¢ (t = 24 h) (time t is calculated in h). The maximum standby time
for the selected capacitors were estimated using these equations together with the Vemin(C) characteristic
(Fig. 4). The results are summarized in Table 2.

Table 2. Estimated maximum standby time (tmax) for selected capacitors

C [mF] tmax [h] Vc(t) for open trigger switch
0.1 85 -0.011t+2.935
0.2 66 -0.017 t +2.92
0.47 210 -0.006 t + 3.002
1 280 -0.004 t +3.043

Finally, when the electrolytic capacitor is used as an energy buffer, the usable energy can be calcu-
lated as E = 0.5 C (Vimax >= Vmin 2). For capacitor values of 0.1 mF, 0.2 mF, 0.47 mF, and 1 mF, the
corresponding available energy is approximately 0.42 mJ, 0.85 mJ, 2 mJ, and 4.25 mJ (for Vmax = 3.4 V
and Vmin = 1.8 V). During the trigger event, the measurement system consumes approximately 0.049 mJ
energy, providing a substantial energy margin even for the smallest capacitor value. These results con-
firm that the proposed physical-trigger-based architecture enables reliable battery-free operation in rea-
sonable range of monitoring period. It should be noted that at the moment the monitored quantity ex-
ceeds the threshold, the active circuit is connected to the capacitor. Assuming scenario in which thresh-
old is exceeded for longer than 25 ms, after performing the measurement cycle, the chip and microcon-
troller remains powered and continues to draw current, even entered in a sleep mode. Since no further
measurements are planned in the basic scenario, the load on the energy source in this case is not critical.
Due to the significant quiescent current of the measurement system, the capacitor-based power source
would be depleted very quickly. In the case of a larger capacitor and assuming a short shipping time, it
is possible to consider brief post-triggering operation of the measurement circuit. The possibility of
performing multiple sequential measurements at reasonable intervals must be preceded by an analysis
of the energy requirements for the specific logistics implementation.

Despite the presence of several factors that may influence the calculated tmax Values, the obtained
results should not differ significantly from those presented in Table 2. Furthermore, any potential ex-
tension of the operating time (e.g., by selecting newer capacitors with lower leakage current) is unlikely
to pose a problem. The most important finding is that with the relatively small capacitance used (which
is relevant considering both charging time and the limited dimensions of the alarm indicator), correct
operation of the triggering circuit is possible for at least several tens of hours. Moreover, given the
relatively small voltage drop across the capacitor caused by a procedure of temperature measurement, it
is theoretically possible to modify the microcontroller program to allow multiple registrations of the
threshold exceedance under certain conditions.
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5. Summary

Exploiting the enhanced capabilities of RFID chips paves the way for developing battery-less alarm
indicators that improve shipment management by enabling the detection of whether a predefined tem-
perature threshold is exceeded. The design of such constructions may vary significantly in terms of their
parameters such as size, accuracy of triggering, standby time, etc., depending on the selected method of
recognizing and recording the occurring changes. This allows potential users to select the variant that
best meets their specific requirements. Regardless of the chosen option, the consistent advantage of
using RFID technology is the ability to check the status of the alarm indicator in a wireless and automatic
manner. This is particularly valuable in logistic and supply management, where multiple transponders
can be read simultaneously, significantly reducing time and labour costs.

The fundamental challenge in the typical design of reusable alarm indicators is the need to store
information about the exceedance of a permissible value. One possible solution is to record the relevant
information in the memory of the RFID chip. However, this requires providing an energy source for the
electronic circuit. Since the minimum time needed to perform computation and data writing is very short
(at most several dozen milliseconds), it is possible to harvest energy from electromagnetic field emitted
by the RWD and store it in an electrolytic capacitor up to the moment of a temperature threshold is
exceed initiating a short period of circuit activity. With this method, the minimum standby time is lim-
ited (due to leakage currents); however, depending on the selected capacitance, correct operation of the
indicator during shipment is possible for at least several tens of hours.

Table 3 compares the proposed construction with representative passive, semi-passive, and active
RFD-based sensing transponders.

Table 2. Positioning of the proposed trigger-based RFID transponder with respect to the state of the art

Feature

Passive sensor tags

Semi-passive (bat-
tery-assisted) sensor
tags

Active sensor tags

Proposed trigger-
based

Power source

RF from RWD only

Battery for sensor
RF from RWD for
RFID communication

Battery for sensor and
communication
RF from RWD for
RFID communication

RF-harvested energy
stored in capacitor

Operation outside 1Z

No

Limited
(battery-dependent)

Yes

Conditionally enabled
by physical trigger

Trigger modality

RF interrogation only

RF / timer / sensor

RF different commu-
nication systems /
timer / sensor

Physical trigger event
(threshold crossing)

Data logging capabil-

Very limited or none

Yes (continuous or

Yes (continuous)

Single or event-

ity periodic) driven logging
Standby energy con- Zero Battery self-discharge Continuous battery Near-zero (capacitor
sumption drain isolated)
Standby window None Days—months (bat- Months—years (bat- Hours—days (leakage-
tery-limited) tery-limited) limited, no battery)
Maintenance require- None Battery replacement Battery replacement None
ments
Cost Very low Medium High Low
Physical size Very small Larger (battery foot- Largest Small (no battery)
print)
Required infrastruc- Standard RWD RWD Dedicated RWD Standard RWD

ture Battery logistics Gateways
Typical applications Identification only Environmental moni- Asset tracking with Event-based condi-
toring environmental moni- | tion monitoring in lo-
toring gistics

Unlike fully passive tags, the presented approach enables event-driven sensing and data logging
outside the 1Z, while avoiding the use of battery. In contrast to semi-passive and active transponders,
the proposed architecture eliminates battery-related maintenance, cost, and lifetime limitations by em-
ploying a capacitor-based energy buffer that is activated only upon a physical trigger event. This unique
combination positions the proposed construction between passive and semi-passive devices, offering a
favourable trade-off between functionality, robustness, cost, and infrastructure requirements, particu-
larly for logistics and supply-chain monitoring applications.
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