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ABSTRACT: This article presents an innovative UHF RFID tag sensor featuring a flexible ring resonator dipole integrated with a fluidic
channel. Leveraging the unique characteristics of the resonator dipole, the sensor demonstrates high sensitivity in detecting the dielec-
tric properties of various liquids. The RFID integration facilitates wireless communication and remote monitoring, enabling real-time,
continuous measurement of sensor data. The proposed RFID sensor design allows for easy attachment on the PLA fluid channel, enhanc-
ing its practical utility. Experimental results show a strong correlation with reference measurements obtained with traditional laboratory
methods using VNA. The sensor achieves effective impedance matching up to 1 GHz, even without the presence of a liquid in the channel.
Moreover, confining liquids with high dielectric constants within the channel broadens the operational range across the UHF RFID band,
spanning 865 MHz to 928 MHz, and the wireless RFID tag sensor is well suited for applications requiring real-time analysis and contin-
uous monitoring. The proposed flexible ring resonator dipole UHF RFID tag sensor, coupled with fluidic channel-based tuning, offers
significant potential for applications such as chemical analysis of liquids. Its unique blend of flexibility, wireless data communication,
and accurate dielectric characterization opens new avenues for noninvasive and remote sensing in liquid-based system.

1. INTRODUCTION

he growing interest in flexible electronics and the Internet
Tof Things (I0T) has spurred the development of innovative,
miniaturized sensors that are both portable and adaptable to var-
ious environments [1]. Among them, Radio Frequency Identi-
fication (RFID) technology has gained attention due to its wire-
less communication capabilities, ease of integration, and poten-
tial for passive operation without the need for an internal power
source [2,3]. RFID-based sensors, particularly those operating
in the Ultra High Frequency (UHF) range, offer significant ad-
vantages for remote sensing applications, including long read
ranges and the ability to embed sensors into flexible substrates.
Accurate detection of liquid solutions, such as sugar, ethanol,
and acetic acid, is an important area of research. Several meth-
ods have been developed for measuring the concentration of
aqueous liquids, with recent focus shifting toward RF and mi-
crowave sensors due to their advantages over traditional tech-
niques. For instance, Wiltshire et al. [5] introduced a passive
split-ring resonator tag configuration for RFID-based wireless
permittivity sensing, while Vélez et al. [6] developed highly
sensitive microwave sensors using open complementary split-
ring resonators (OCSRRs) for dielectric characterization and
solute concentration measurement in liquids. Additionally,
Seo et al. [7] proposed a microfluidic eighth-mode substrate-
integrated waveguide (EMSIW) antenna for compact ethanol
chemical sensing. However, except for the work developed
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in [4], most of these methods rely on expensive equipment such
as network analyzers and require specialized training, making
them costly, complex, time-consuming, and dependent on di-
rect contact with the liquid or large sample volumes. There-
fore, there is a pressing need for new techniques that are cost-
effective, rapid, contactless, and well suited for lab-on-chip ap-
plications.

Several studies have demonstrated the effectiveness of RFID
tag antennas for liquid detection. For instance, a flexible tag
antenna-based sensor for detecting NaCl and sugar in water
was proposed in [4]. In [8], an RFID-based sensor was used
to detect different types of liquids by observing the shift in res-
onant frequency, while [9] explored the use of a fluidic channel
integrated with an RFID tag antenna for precise measurement
of liquid permittivity. These advancements underscore the po-
tential of RFID tag antennas as versatile and efficient tools for
liquid sensing, offering a combination of flexibility, sensitivity,
and wireless communication capabilities that are unmatched by
traditional sensing methods [10, 11].

Flexible RFID tag antennas, fabricated using materials such
as conductive inks on polymer substrates, offer additional ad-
vantages for liquid sensing. Their flexibility allows them to
conform to various surfaces, including curved or irregular ob-
jects, making them suitable for integration into wearable de-
vices or for embedding in non-planar structures [12, 13]. This
adaptability, combined with the wireless communication capa-
bilities of RFID technology, enables real-time and remote mon-
itoring of liquids in diverse environments, ranging from indus-
trial processes to healthcare applications [14]. Moreover, the
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FIGURE 1. Schematic diagram of the wireless sensor system for liquid
detection.

integration of RFID tag antennas with microfluidic or fluidic
systems presents a powerful approach to enhancing liquid de-
tection sensitivity and selectivity. Microfluidic channels can
precisely control the flow of liquids over the RFID antenna,
ensuring consistent interaction and improving the accuracy of
the dielectric characterization [15]. This integration allows for
miniaturized, portable, and cost-effective sensors that can be
used in various applications, including environmental monitor-
ing, chemical processing, and bioanalytical diagnostics [16].

In this work, we present a new method for characterizing lig-
uid dielectrics using a flexible polymer ring resonator dipole
UHF RFID tag sensor. This sensor has a built-in 3D fluid
channel that allows the fluid to interact directly with the res-
onant structure. The design enables real-time monitoring of the
fluid dielectric properties by exploiting the high sensitivity of
ring resonators to changes in the surrounding dielectric envi-
ronment. We discuss the design, fabrication, and experimen-
tal testing of the sensor and highlight its ability to effectively
characterize various liquid dielectrics. The results show that
the sensor can provide accurate, efficient, and wireless mea-
surements, making it a promising option for applications that
require portable and flexible sensing solutions.

2. RFID TAG SENSOR DESIGN AND METHODOLOGY

The proposed sensor system is depicted in Figure 1. It consists
of an RFID tag sensor integrating a fluidic channel, an RFID
reader, and a laptop for data processing. The fluidic channel is
positioned beneath the gap where the RFID chip is located, to
ensure greater interaction between the liquid and the RFID tag
antenna, as shown in Figure 2.

Figure 1 shows a wireless liquid detection system that utilizes
a flexible UHF RFID sensor embedded in a 3D printed liquid
channel. This system is designed for the detection and anal-
ysis of various liquids such as water, acetic acid and ethanol.
The flexible RFID sensor positioned in a Polylactic Acid (PLA)
3D printed channel interacts with the flowing fluids and allows
the detection of their properties based on changes in the dielec-
tric properties of the fluid. A reading antenna located 20 cm
from the sensor sends radio frequency (RF) signals to the RFID
sensor, which responds by modulating the signal according to

66

3D Printing Fluidic Channel

FIGURE 2. Configuration of the RFID tag sensor.

the specific liquid it encounters. The reader then captures this
modulated signal, which reflects the unique properties of the
liquid. This information is then transmitted via the reader to a
connected database, where the data is stored and analyzed over
time. The system is an advanced and precise remote fluid detec-
tion platform that combines the versatility of RFID technology
with the customizability of 3D printed fluid channels. It pro-
vides a flexible solution for monitoring and analyzing liquids
composition in a wide range of applications, including indus-
trial processes and laboratory research. The ability to store and
analyze data over time makes it a valuable tool for tracking fluid
behavior and ensuring process accuracy.

The antenna tag sensor design consists of two meandered
strips in an S-shaped configuration. These strips are positioned
symmetrically on either side of a centrally located ring res-
onator, ensuring balanced operation and effective impedance
matching with the IC-chip. The circular ring resonator plays a
crucial role in adjusting the resonant frequency of the antenna
tag and serves as the connection point for the meandered strips.
The chip is centrally mounted on the bottom of the ring res-
onator and communicates directly with the antenna to enable
efficient signal transmission and reception. The entire struc-
ture is mounted on a flexible green polyimide substrate, known
for its thin thickness, relative permittivity of 3.4, and loss factor
0.0025. The top layer of the antenna track is made of copper of
the thickness of 35 um. The overall size of the antenna struc-
ture is 49 x 39 mm, corresponding to 0.155A x 0.13\, where Ay
is the free space wavelength at 915 MHz. This RFID tag sensor
is designed to operate in the UHF RFID band of 868-928 MHz.
The design utilizes NXP UCODE G2XL IC chip [17], which re-
quires a minimum activation power of —18 dBm. In addition,
the system is enhanced with a 3D printed PLA liquid channel
integrated into the RFID tag antenna, forming a comprehensive
sensor assembly which is shown in Figure 2. The final opti-
mized geometric parameters were determined using Computer
Simulation Technology (CST) Microwave Studio and are listed
in Table 1.

The introduction of the ring into the RFID tag antenna serves
to achieve a more compact design and to enhance interaction
with the fluidic channel. Simulations show that a wider channel
strengthens electric field interaction, thereby increasing sensi-
tivity, while a narrower channel enhances field confinement,
reducing interaction with the tag. These insights optimize per-
formance for real-time liquid dielectric characterization.
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TABLE 1. Dimensions of RFID tag antenna [mm].

Parameter Dimension (mm)
Wub 39
Lsup 49
Wa 19.20
W 24
L, 34
Lb 3
R: 9
Ry 9.5
g 2

To ensure optimal operation of this sensor in the reactive
near field (RNF) of reading antenna, precise positioning of
both the UHF antenna tag and reading antenna is required, for
paramount importance is understanding the spatial extent of the
RNF, which typically encompasses a region extending up to ap-
proximately one wavelength from the antenna surface [18]. To
enable efficient power transfer and communication, UHF an-
tenna tags must be strategically placed in this region to max-
imize proximity to the reading antenna without causing inter-
ference from nearby metallic or conductive objects. Careful
adjustment of the distance between antennas is important to
optimize coupling while avoiding saturation effects. Addition-
ally, proper orientation to match polarization ensures maximum
signal transmission efficiency. Rigorous testing validates the
performance in the reactive near field and enables fine-tuning
of antenna positioning for optimal RFID tag sensor functional-
ity, for that the tag was positioned at a distance closer than the
Fraunhofer distance from the antenna (H; < Hy ~ 20 cm), as
shown in Equation (1):

(M

Furthermore, A symbolizes the wavelength of radiation at the
operating frequency. This wavelength is vital in understanding
the characteristics of the electromagnetic waves propagated by
the antenna and their interaction with the surrounding environ-
ment. The interplay among ¢, D, and A plays a pivotal role in
determining the behavior and performance of the antenna sys-
tem.

In addition to these factors, the distance between the tag and
the antenna, called Hy, is important. For the sensor to work cor-
rectly, H; should be less than R, following the Fresnel region
rules. By keeping this condition, the sensor operates within the
reactive near field of the reader antenna. In this area, the elec-
tric field (E-Field) and magnetic field (H-Field) are 90 degrees
out of sync with each other, as explained by Equation (2):

D3
=0.62 x \/ —
R =062/~

The simulation results in Figure 3 show electric field across
the RFID tag antenna at 915 MHz. The color gradient, from
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FIGURE 3. Electric field of the proposed RFID tag antenna.

blue to red, indicates different field strengths, with red repre-
senting areas of higher intensity. These high-intensity regions
are primarily located around the ring resonator and chip con-
nection points, extending into the fluidic channel, emphasizing
the role of these components in energy transfer and impedance
matching. The strong fields around the resonator highlight its
ability to concentrate electromagnetic energy, crucial for the
antenna resonant behavior and operating frequency. The mean-
dered S-shaped strips also show a balanced electric field distri-
bution, indicating their role in fine-tuning the proposed antenna
impedance and enhancing radiation efficiency. Additionally,
the interaction of the electric field with a flexible polyimide
substrate and fluidic channel underscores the importance of the
liquid properties entering the channel in controlling field dis-
tribution and reducing losses. Overall, the simulation confirms
that the antenna design is optimized for efficient energy con-
finement and effective radiation, ensuring strong performance
within the UHF RFID band.

From the simulation results, we can conclude that the ab-
sorption of electromagnetic waves in the reactive near-field re-
gion around the antenna is crucial for its reflection coefficient
and input impedance. The reflection and impedance proper-
ties of the antenna are strongly influenced by how sensitive the
near-field region is to electromagnetic absorption. The sensor
detects changes in the electromagnetic field around a passive
ring resonator when test materials are brought near it. The ring
resonator creates areas of high or low electric field strength de-
pending on how its gap is aligned with the antenna field. The
gap in the ring, the most sensitive part of the label, responds sig-
nificantly to changes in the permittivity or dielectric properties
of the surrounding material.

Figure 4 illustrates the reflection coefficient as a function
of frequency for various permittivity values ¢, of liquids in
fluid channel positioned under proposed RFID tag antenna. The
analysis shows a clear connection between the permittivity of
the liquid and the resonance frequency of the antenna. As the
permittivity increases from €, = 5 to £, = 85, a noticeable
shift in the resonance frequency towards higher values is ob-
served, moving from about 0.85 GHz to 1.02 GHz. This shift
is attributed to the influence of the liquids permittivity on the
effective dielectric constant of the antenna surroundings, with
higher permittivity materials increasing the propagation delay
of the electromagnetic wave, resulting in a shorter wavelength
and consequently a higher resonance frequency. Furthermore,
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FIGURE 4. Reflection coefficient of the RFID tag antenna sensor with
different dielectric constants into fluidic channel.

the minimum S;; values, which represent the point of maxi-
mum power transfer and minimum reflection, also vary slightly
between different permittivity levels. In particular, higher per-
mittivity led to deeper zeros, which suggests improved radia-
tion efficiency at the corresponding resonance frequencies [22].
The spread of the Sj; curves over a wider frequency range for
higher dielectric constants indicates an expansion of the an-
tenna operating bandwidth, allowing it to maintain efficient ra-
diation over a wider frequency range. This behavior highlights
the potential for fine-tuning the antenna performance by adjust-
ing the permittivity of the liquid. The spread of the Sj; curves
over a wider frequency range for higher dielectric constants in-
dicates an expansion of the antenna tag operating bandwidth, al-
lowing it to maintain efficient radiation over a wider frequency
range. This behavior highlights the potential for fine-tuning the
antenna performance by adjusting the permittivity of the liquid
in the fluid channel, making it possible to optimize the func-
tionality of the antenna tag for specific UHF applications.
From these results we can demonstrate a clear mechanism by
which the variation in the permittivity of liquids within a fluidic
channel beneath a UHF antenna tag can be utilized as a sensing
mechanism. As the permittivity of the liquid changes, there is a
corresponding shift in antenna tag resonant frequency, moving
from lower frequencies (around 0.85 GHz for €, = 5) to higher
frequencies (approximately 1.02 GHz for €, = 85). This fre-
quency shift is directly linked to the change in the dielectric
properties of the environment surrounding the antenna, where
higher permittivity values increase the effective dielectric con-
stant, resulting in a shorter wavelength and a higher resonant
frequency. The sensitivity of the resonant frequency to changes
in permittivity suggests that this variation can be exploited for
sensing applications. Specifically, by monitoring the resonant
frequency shift, the antenna tag can effectively detect and quan-
tify changes in the permittivity of the liquid in the channel,
which may correspond to variations in the composition, con-
centration, or type of liquid being analyzed. This mechanism
enables the antenna to function as a passive, wireless sensor, ca-
pable of providing real-time feedback on the properties of the
liquid in the channel without the need for direct electrical con-
tact. Such a sensing system could be highly valuable in appli-
cations such as chemical and biological sensing, environmental
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monitoring, and quality control, where detecting small changes
in liquids properties is crucial. The tunable nature of the res-
onant frequency and the broad operational bandwidth further
enhance the versatility and reliability of this sensing approach,
making it a promising solution for a wide range of UHF sensing
applications.

Figure 5 shows that both the real and imaginary parts of the
antenna impedance are strongly influenced by the radius of the
ring resonator (R,) when the fluid channel is filled with deion-
ized (DI) water. The real part, which corresponds to the resis-
tance or radiation component, peaks at certain frequencies that
shift depending on the antenna radius. Larger radii result in a
peak at lower frequencies, while smaller radii shift the peak to
higher frequencies, suggesting that the resonant frequency de-
creases as the antenna size increases. Similarly, the imaginary
part of the impedance, which represents the reactive compo-
nent, passes through zero at different frequencies and different
R,, indicating a transition between inductive and capacitive be-
haviors. This transition also occurs at larger Rs at lower fre-
quencies. These results highlight the importance of tuning the
antenna radius to achieve the desired impedance characteristics
and ensure that the antenna operates efficiently within the UHF
frequency range. Proper tuning allows for better coordination
between the antenna and RFID chip, thereby optimizing power
transfer and the overall performance of the antenna.

The reflection coefficient results in Figure 6 show that pa-
rameter R, affects the resonance frequency and impedance
matching of the antenna tag. As R, decreases from 2.8 mm
to 1.4 mm, the resonance frequency shifts slightly higher, in-
dicating that smaller radii push the resonance toward higher
frequencies. Despite this shift, all configurations maintain a
strong impedance match with an Sj; value below —15dB at
resonance. Notably, the smallest radius of R, achieves bet-
ter impedance matching at 881 MHz, indicating a slight im-
provement in performance. This ability to tune the resonant
frequency by adjusting R, is important for optimizing the tag
antenna performance in the UHF range, allowing for precise
frequency alignment, efficient power transfer, and reduced re-
flection losses.

Impedance analysis for various gap parameters shows sig-
nificant effects on both the real and imaginary components of
the UHF antenna performance as shown in Figure 7. The real
part of the impedance, which represents the resistance compo-
nent, has clear resonance peaks that shift depending on the gap
size. Larger gaps, such as 2.5 mm, produce resonance peaks at
lower frequencies, while smaller dimension of the gaps, such as
0.8 mm, shift these peaks to higher frequencies, suggesting that
the resonance frequency can be effectively controlled by ad-
justing the gap size. Furthermore, the amplitude of these peaks
increases with larger gaps, suggesting improved radiation effi-
ciency at certain frequencies. The imaginary part, which cor-
responds to the reactive part, also shows a strong dependence
on the gap size, with transitions between inductive and capaci-
tive behaviors occurring at frequencies that vary with the gap.
Larger gaps lead to higher reactive magnitudes and lower tran-
sition frequencies, while smaller gaps lead these transitions to
higher frequencies. These results highlight the crucial role of
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FIGURE 5. Simulated input impedance of the tag antenna sensor for various ring resonator gap R, values. (a) Real part; (b) Imaginary part.
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FIGURE 6. Simulated reflection coefficient of tag antenna sensor for
different ring resonator values.

the mean gap parameter in tuning the antenna impedance and
enable precise control of the resonant frequency and impedance
characteristics.

The reflection coefficient as a function of frequency for dif-
ferent gap sizes of a UHF antenna tag is shown in Figure 8. The
resonance frequency approximately 0.85 GHz remains constant
across all gap sizes, indicating minimal frequency shift due
to gap fluctuations. However, the gap size has a significant
influence on the radiation efficiency of the antenna, as evi-
denced by the minimum S;; values. Smaller gaps, particu-
larly 1.4 mm gap, have the lowest S}, values, indicating im-
proved impedance matching and superior radiation efficiency.
In contrast, larger gaps, such as the 2.8 mm gap, have higher
power, suggesting poorer radiant performance. Additionally,
the bandwidth, or frequency range, over which S, remains
below —10dB is slightly wider for smaller gaps, suggesting
that these configurations support more efficient radiation over
a wider frequency range. These results show that optimizing
the gap size, particularly towards smaller dimensions, is crucial
for maximizing the performance of UHF antenna tags, both in
terms of radiation efficiency and operating bandwidth.
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3. MEASUREMENT RESULTS AND DISCUSSIONS

To validate the results, a prototype of the proposed RFID tag an-
tenna sensor was fabricated and tested, and 3D-fluidic channel
is also fabricated using 3D printing technology for this purpose.
The channel is constructed from PLA material with a permit-
tivity of 2.1 and a loss factor of 0.02 [19]. 1.5mm in width,
30mm in length of the liquid, and 500 pm in height provide
a capacity of 2.3 milliliters. This is illustrated in Figure 9, and
the microfluidic channel is securely bonded to the passive RFID
tag, ensuring stability and minimizing mechanical noise or drift.
Standard liquids, including water, acetic acid, and ethanol, are
introduced into the liquids channel using a syringe pump, visi-
ble on either side of the setup, maintaining a constant flow rate
of 1 mL/min for consistent liquid flow. The RFID tag, attached
to the fluidic channel, is centrally positioned between absorber
foams, at a distance of 15 cm from the absorber walls. This ar-
rangement is crucial for obtaining accurate and controlled mea-
surements during the liquid characterization process, as it effec-
tively isolates the tag from external electromagnetic interfer-
ence. A ruler placed beneath the tag provides a scale reference,
highlighting the compactness of the setup.

The tag antenna reflection scattering parameter was mea-
sured using a Keysight vector network analyzer (VNA), as
shown in Figure 10. The measured data was used to calculate
the reflection coefficient. The VNA was set up with a band-
width of 300 Hz and an output power of 10 dBm and collected a
total of 3601 data points. These settings enabled accurate mea-
surement and analysis of the antenna performance and its re-
sponse to the RFID tag.

In this study, the experimental setup designed to measure the
resonant frequency of various liquids using the proposed RFID
sensor antenna is shown in Figure 10(a). We use port exten-
sion technique to measure the power reflection coefficient, and
this technique is detailed in [20]. The antenna is connected to a
coaxial cable that interfaces with the measurement equipment.
To begin the experiment, the RFID sensor tag is connected to
a Vector Network Analyzer (VNA), as shown in Figure 10(b).
The VNA is calibrated to ensure accurate measurements across
the desired frequency range, typically covering the UHF RFID
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FIGURE 8. Simulated reflection coefficient of tag antenna sensor for
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band (902-928 MHz). Once calibration is complete, the VNA
is used to measure the reflection coefficient of the RFID sen-
sor antenna in different environments, specifically with vari-
ous liquids. The liquids are introduced into the system through
a pump, which can be seen in the foreground of Figure 9(b).
The pump is connected to the RFID sensor via channel, allow-
ing controlled amounts of liquid to flow through the integrated
fluid channel of the antenna. Common test liquids include wa-
ter, acetic acid, ethanol, 5% glucose, each of which has distinct
permittivity values. As the liquid passes through the channel,
the interaction between the liquid and electromagnetic fields
of the antenna alters the resonance characteristics of the sen-
sor. The VNA records the reflection coefficient for each liquid,
and these measurements are analyzed to determine the effective
permittivity of the liquid. This analysis is based on the shift
in the resonance frequency of the antenna, which is sensitive
to changes in the dielectric environment. The results provide
valuable information on the dielectric properties of the test lig-
uids, which can be used for various sensing applications. This
setup highlights the use of RFID technology in sensing appli-
cations, where the flexible nature of the antenna and its inte-
gration with 3D-fluidic channel enable real-time monitoring of
the permittivity of liquids. By treating the antenna as a two-
port network and measuring the associated S-parameters, the
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FIGURE 9. Prototype of the RFID tag sensor with a 3D fluid channel.

input impedance of the tag antenna, Z;,, can be calculated from
equation

27, (1 — §? S2 — 28
Zin(ant) = - ( L +2 2 2 12) 3)
(1= 811)" = 55

Then

Si1 =
H Zin(ant) + Zchip

“4)

The results obtained from the experimental technique are
shown in Figure 11, which shows the reflection coefficient as
a function of frequency for the flexible RFID sensor tag when
it is exposed to various liquids including ethyl alcohol, acetic
acid, 5% of the glucose, ethanol, and DI water as well as an
empty condition for baseline comparison. S); is critical be-
cause it quantifies the amount of power reflected by the sensor,
with lower S1; values indicating stronger interactions between
the sensor and liquid medium. The results clearly show that
each liquid induces a significant resonance dip in the reflection
coefficient, with this variation occurring at different frequen-
cies depending on the permittivity of the liquid. The empty
state has a resonance around 1 GHz, which serves as a refer-
ence point. However, when different liquids are introduced,
significant shifts in the resonance frequency are observed. DI
water, represented by the black curve, causes a significant shift
to a lower frequency, reflecting its higher permittivity than the
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FIGURE 11. Measured power reflection coefficient of the tag antenna
sensor for various liquids.

other liquids tested. Conversely, ethyl alcohol, represented by
the brown curve, results in a resonance at a higher frequency, in-
dicating its lower permittivity. The depth and location of these
resonance dips are directly related to the dielectric properties
of the respective liquids, confirming the sensor ability to dis-
tinguish substances based on their permittivity.

The ability of the proposed RFID tag antenna sensor to dis-
tinguish between different liquids is largely determined by the
interaction between the electromagnetic field generated by the
sensor and the dielectric properties of the surrounding medium.
When the flexible RFID sensor tag is connected to a Vector Net-
work Analyzer (VNA), it emits an RF signal that propagates
through the sensor and interacts with the adjacent liquid. The
dielectric permittivity of the liquid, which quantifies the lig-
uids capacity to store electric field energy, has a direct impact
on the RFID antenna sensor impedance. This interaction influ-
ences the reflection coefficient, represented by the S}, param-
eter, which is measured by the VNA. Variations in the liquid
permittivity alter the distribution of the electric field within the
sensor, resulting in shifts in the resonance frequency and varia-
tions in the depth of the resonance dips observed in the S}, ver-
sus frequency. For example, liquids with higher permittivity,
such as DI-water, cause a downward shift in the resonance fre-
quency, indicating a stronger interaction with the sensor elec-
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tromagnetic field. On the other hand, liquids with lower per-
mittivity, such as ethyl alcohol, result in an upward shift in the
resonance frequency, reflecting a weaker interaction. This rela-
tionship is essential to the sensor functionality, as it enables the
RFID sensor tag to effectively sense and distinguish between
liquids based on their unique dielectric properties.

4. OPERATING PRINCIPLE OF THE RFID TAG AN-
TENNA AS A SENSOR AND ITS WORKING MECHA-
NISM

The working principle of the system is based on the utilization
of RFID technology to detect and differentiate liquids. In this
approach, we have a liquid sample under investigation intro-
duced into a fluidic channel with a specific solution, which is
carefully chosen based on the desired testing parameters. An
RFID tag antenna is then immersed in this liquid-filled channel.
The tag sensor is subsequently positioned near an RFID reader
to ensure that the tag can communicate effectively through
backscatter modulation, a technique where the tag reflects a
portion of the reader signal back with modulated data as shown
in Figure 12.

Pump(Water ,Lcid-acetic,

Flexible UHF RFID

Ethanol...)
FIGURE 12. Photograph of the experimental setup for liquid detection.
The sensitivity of the RFID-UHF tag antenna, which is cru-

cial for accurate liquid detection, can be quantitatively de-
scribed by the following equation [4]:

A 2
Stag = Bx,ON “Gig T (m) - Tlpif - Acable 5
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In this equation, G, represents the gain of the RFID reader
antenna, a measure of how effectively it can transmit and re-
ceive signals. The term 77,;r denotes the polarization mismatch
between the RFID reader antenna and the tag, which can affect
the efficiency of communication. The transmission coefficient
7 of the RFID tag reflects how much of the incoming RF sig-
nal is transmitted through the tag circuitry. A, accounts for
any signal attenuation that may occur in the cables connecting
the RFID system components. P, oy represents the transmitted
power when the RFID reader is actively sending signals. The
actual amount of power that is transferred from the RFID an-
tenna to the chip embedded within the tag is influenced by the
interaction or coupling between them. This coupling is critical
as it determines how effectively the tag can process and reflect
the signal back to the reader. The power that is successfully
coupled to the chip is described by:

Sc‘hip = (1 - |Ftag 2) : Gtag . Stag (6)
Here, I';,, represents the reflection coefficient at the tag an-
tenna, a key factor that depends on the impedance matching
between the antenna and its surrounding environment. G,g is
the gain of the tag antenna, influencing how well the tag can
transmit the backscattered signal. When irrelevant parameters

are simplified and excluded, the relationship is simplified to:

1
(1 - |Ftag‘2) . Gtag

Smg X

(7

The experimental steps began with the assembly and calibra-
tion of the RFID measurement system, which included a Thing-
Magic RFID reader equipped with a circular polarization reader
antenna [21] shown in Figure 12. The antenna was strategically
positioned about 20 cm above the sensor to maintain consistent
signal transmission. A variety of liquid samples, such as wa-
ter, acetic acid, ethanol, ethyl alcohol, 5% of glucose, were pre-
pared and introduced beneath the sensor using a calibrated peri-
staltic pump to ensure precise volume and uniform coverage.
For each liquid, the sensor response, including the sensitivity of
the tag (Sy,) and any potential frequency shifts, was recorded
by the reader and logged into a computer system for further
analysis. To ensure accuracy and reliability, each measurement
was repeated five times. The data collected was then compared
to a baseline measurement taken in air, enabling an assessment
of the RFID sensor sensitivity to the different liquid samples.
Statistical analysis was conducted to quantify the repeatability
of the measurements and to evaluate the sensor performance in
detecting variations in the liquid dielectric properties.

Figure 13 presents a comprehensive analysis of how the sen-
sitivity of the RFID tag sensor changes with frequency when
it was exposed to different liquid samples at 22°C. Over the
frequency range of 0.865 GHz to 0.869 GHz, the sensor con-
sistently displayed high sensitivity values in the empty state,
ranging from 2.1 dBm to 3.5 dBm, which is well above the sen-
sitivity threshold of the IC-chip. However, there is an interac-
tion effect present even without liquids. Both acetic acid and
ethanol showed nearly constant Stag values around 0.1 dBm
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FIGURE 13. Sensitivity of the RFID tag sensor varies with different
liquid solutions at various frequencies.

and —0.5dBm at 0.865 GHz, respectively. Upon exposure to
ethyl alcohol, the Stag value decreases slightly from approx-
imately —4 dBm at 0.865 GHz, reflecting minimal frequency
sensitivity. In contrast, the 5% glucose solution exhibited a
gradual decrease in Stag to —5dBm at 0.865 GHz, indicating
a moderate effect on signal strength that becomes more appar-
ent at higher frequencies. The most pronounced frequency-
dependent behavior was observed with deionized (DI) water,
where the Stag values decreased to —7dBm at 0.868 GHz,
which is closer to the sensitivity threshold of the IC chip. This
significant decrease highlights the strong interaction of water
with the RFID signal, which is due to its high dielectric con-
stant and results in decreased signal absorption and attenuation,
especially at higher frequencies.

5. CONCLUSION

In this study, we present a novel RFID-UHF tag antenna sensor
designed for the detection and differentiation of liquids based
on their dielectric properties. The sensor, integrated with a
fluidic channel, operates within the 865-869 MHz RFID-UHF
band and utilizes backscatter modulation for communication
with a nearby RFID reader. Experimental results demonstrate
the proposed sensor ability to distinguish among various lig-
uids, including water, ethanol, acetic acid, and glucose solution,
by analyzing frequency-dependent changes in the tag sensitiv-
ity (Syg). Notably, deionized water exhibited the most signifi-
cant interaction, with Sy, values decreasing sharply across the
frequency range due to its high dielectric constant, which led
to increased signal absorption and attenuation. This frequency-
dependent behavior underscores the potential of the proposed
RFID sensor for applications requiring precise liquid identifi-
cation and monitoring, offering a robust, noninvasive solution
for real-time analysis in diverse fields such as chemical pro-
cessing, biomedical diagnostics, and environmental sensing.
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