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CONTACTLESS IDENTIFICATION OF ILLICIT 
LIQUIDS IN SEALED PLASTIC CONTAINERS USING 
A PLANAR SPLIT-RING RESONATOR

Subject and Purpose. In this paper, the use of a planar split-ring resonator for contactless identifi cation of liquids inside sealed 
thin-walled plastic containers is demonstrated numerically and experimentally. Th e motivation behind this study is to determine 
the split-ring resonator type most suitable for distinguishing among liquids. 

Methods and Methodology. A planar split-ring resonator serves as a high-frequency sensor operating at 2.3 GHz. Diff erent 
liquids are identifi ed by comparing the transmission spectra of a planar feeding strip line that is loaded with the resonator. Plastic 
containers fi lled with various liquids are positioned at diff erent distances from the resonator. Th e changes in the resonator spec-
trum are evaluated using its two key parameters: the resonant frequency and the inverse Q-factor. Additionally, the developed 
spectral-analysis soft ware reduces errors in the determination of Q-factor.

Results. Th e ability of the planar split-ring resonator to distinguish among liquids has been demonstrated for three liquids with 
diff erent compositions. In particular, mineral water, ethyl alcohol, and refi ned gasoline were identifi ed. Th e diff erences among the 
liquids are tracked in the changes of inverse Q-factor and resonant peak frequency of the planar split-ring resonator. In this regard, 
the dependences of the inverse Q-factor and the resonant peak frequency on the distance between the liquid container and the 
planar split-ring resonator plane were analyzed. Furthermore, it has been shown that with the proposed planar split-ring resonator 
as a sensor, parameters of the liquid containers aff ect liquid-identifi cation accuracy much less than they do when a photonic crystal 
with a defect is employed. 

C i t a t i o n: Vakula, A.S., Polevoy, S.Yu., Sova, K.Yu., Girich, A.A., Nedukh, S.V., Shubnyi, O.I., Glamazdin, V.V., Tarapov, S.I., 
2026. Contactless identifi cation of illicit liquids in sealed plastic containers using a planar split-ring resonator. Radio Phys. Radio 
Astron., 31(3), pp. 199—206. https://doi.org/10.15407/rpra31.03.199
© Publisher PH "Akademperiodyka" of the NAS of Ukraine, 2026 

 Th is is an Open Access article under the CC BY-NC-ND 4.0 license (https://creativecommons.org/licenses/by-nc-nd/4.0/
legalcode.en)



200 ISSN 1027-9636. Radio Physics and Radio Astronomy. Vol. 31, No. 3, 2026

A.S. Vakula, S.Yu. Polevoy, K.Yu. Sova, A.A. Girich, S.V. Nedukh, O.I. Shubnyi, V.V. Glamazdin, S.I. Tarapov

Conclusions. A real advantage of the proposed planar split-ring resonator is its low sensitivity to the container parameters. Th is 
was experimentally verifi ed while moving a 0.5-liter (16.9 FL oz) liquid-fi lled polyethylene terephthalate bottle along a straight 
line 2 mm away from the resonator plane. 

Keywords: contactless liquid identifi cation, split-ring resonator, microwave frequencies, inverse Q-factor, permittivity.

Introduction

Precise determination of liquid composition is cur-
rently a tedious, time-consuming, and labor-intensive 
process that oft en delegates to laboratory methods, 
such as X-ray spectroscopy [1], gas chromatography 
(GC) [2], high-performance liquid chromatography 
(HPLC) [2, 3], and mass spectrometry (MS) [4], cal-
ling for long-term sample preparation, a skilled hand, 
and specialized instrumentation. At the same time, in-
depth research, detailed liquid composition, complex 
methods, and expensive equipment are not always 
necessary. Instead, fast, contactless, and cost-eff ec-
tive assessments for in-situ applications are welcome 
to determine liquid quality or diff erentiate between 
food and non-food liquids in sealed containers. Of 
particular relevance is distinguishing between bot-
tled water-containing liquids and fl ammable liquids 
categorized as hazardous sources in safety manage-
ment for public areas. At airports or checkpoints, the 
Liquid Under Test (LUT) volume may be required 
to begin with 0.5 liters; relative identifi cation (with-
out opening the LUT container) should take no lon-
ger than one minute. Th ese criteria readily designate 
limitations and disadvantages of optical [5], electri-
cal [6], acoustic [7], ultrasonic [8], mass-spectro-
metric, and chromatographic research methods [2—
4]. One of the few that meet the application criteria 
is the radiospectroscopy method. A range of liquid 
identifi cation techniques use the radiospectroscopy 
method [9—12]. Some of them consider the real and 
imaginary parts of permittivity. However, the reso-
nance method stands out due to its accuracy [9, 10].

According to recent publications, LUT containers 
were mainly laboratory cuvettes of a small capacity 
of up to 0.5 liters [15—18]. Th e focus was shift ed to 
examining adulterations in aqueous solutions. Liq-
uids in food containers were studied and reported 
well [9, 10]. However, the implementation of these 
methods is constrained by technological limitations. 
For example, with its complexity, the cavity resonator 
design discussed in [9] presents signifi cant techno-
logical challenges. Th e liquid identifi cation approach 
in [10] applies a sensor analogous to a photonic crys-

tal. It consists of alternating, variable-impedance mi-
crostrip-line sections with a defective section in the 
middle. Th e drawback of the latter is that the trans-
mission spectrum of the photonic crystal with a de-
fect depends on the size of the liquid container.

Nevertheless, the application potential of the pla-
nar structures has proven their eff ectiveness and 
economic feasibility [20, 21]. To eliminate the in-
fl uence of container size, high-frequency elements 
with improved electromagnetic (EM) fi eld localiza-
tion, exceeding that of a photonic crystal with a de-
fect, can be used. In this context, the search for an 
optimal planar structure with high EM fi eld loca-
lization is an actual task in contactless technology of 
liquid identifi cation. 

In our recent studies [22, 23], we proposed im-
proving EM fi eld localization by changing the planar 
resonator topology. Building on our previous expe-
rience, the present work employs planar resonators 
as sensors for liquid identifi cation through sealed 
plastic containers and forms a novelty in contactless 
liquid identifi cation technology. Th e aim here is to 
demonstrate a planar circular split-ring resonator 
approach as the most suitable for contactless identi-
fi cation of liquids.

1. Numerical simulation

Th e current study features a Circular Split-Ring Reso-
nator (CSRR), with the ring of radius 6.75 mm, width 
1.0 mm, gap 2.0 mm wide, and metallization (cop-
per) 35 μm thick. Th e feeding strip line is 3.3 mm 
wide and 1.1 mm spaced from the ring. Th e sub-
strate is made of a 1.524 mm-thick dielectric mate-
rial FR-4 (dielectric constant   4.3 and loss tangent 
tg  0.025). Th e resonant frequency of the unloaded 
CSRR is 2.1 GHz.

For split-ring resonators [22] at the resonant fre-
quency, the electric components of the EM fi eld are 
mainly concentrated in the resonator gap and decay 
exponentially with distance from the localization re-
gion at the resonator surface. In our previous studies 
[22], attention was paid to the spatial localization of 
the magnetic component of the EM fi eld. However, 
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for liquid identifi cation, the focus is shift ed to the 
electric component due to its sensitivity to the chang-
es in the dielectric constant of the medium [19, 20]. 
Figure  1 displays numerical simulation results ob-
tained by the full-wave electromagnetic simulation 
method (fi nite diff erence time domain in COMSOL 
Multiphysics) and presents the spatial distribution of 
the electric component of the EM fi eld in the imme-
diate vicinity of the resonator gap. 

Following Fig. 1, a, b, the electric component is lo-
calized in the region above the CSRR gap, forming a 
sensing zone whose extent and shape determine the 
CSRR sensitivity to changes in dielectric properties 
of an object located at a distance away from the CSRR 
surface. Th us, bringing a liquid-fi lled container to an 
area of maximum electric-component localization 
alters the CSRR resonant frequency and quality fac-
tor because the liquid-fi lled container permittivity 
diff ers from that of air.

Th e CSRR-based sensor results were numerically 
simulated for a water-fi lled PET (polyethylene tere-

phthalate) container, a hollow cylinder with outer 
diameter d   70 mm, 0.3 mm thick walls, and per-
mittivity 2.4. Simulation results presented in Fig. 2, a 
illustrate a cross-sectional view of the spatial distri-
bution of the electric component of the EM fi eld near 
the CSRR surface when the container is 3 mm from 
the CSRR surface. Figure 2, b shows the simulation 
structure.

Comparing the in-plane electric-component spatial 
distributions (Figs. 1, b and 2, a) in both unloaded and 
loaded CSRR cases, respectively, confi rms the elec-
tric-component intensity decrease when the container 
approaches the CSRR surface. For a deeper analysis, 
refer to the transmission coeffi  cient spectra |S21| nu-
merically obtained for the cases depicted in Figs. 1 
and 2 and plotted in Fig. 3, a. 

Figure 3, a clearly illustrates two main eff ects aris-
ing as the container-to-CSRR distance decreases. 
Th e fi rst is a resonant frequency shift  towards lower 
values because the resonator eff ective capacitance 
is growing as the dielectric body enters the sensing 

Fig. 1. Spatial distribution of the electric component of the EM fi eld: out-of-plane top view of 
the CSRR (a) and in-plane cross-sectional view near the CSRR gap (b)

Fig. 2. Cross-sectional view (a, 1) of the spatial distribution of the EM-fi eld electric compo-
nent near the CSRR surface when a cylindrical water-fi lled PET container (a, 2) is 3 mm away 
from the CSRR surface. Th e simulation structure (b)

                                             a                                                                            b

                            a                                                                              b
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area. Th e second is a rise of the inverse Q-factor, which 
refl ects an increase in dielectric loss in the liquid. 
When interpreting these alterations, attention should 
also be taken of the feeding strip line eff ect. When 
placed near the strip line, a water-fi lled container in-
fl uences strip-line coupling to the resonator (a por-
tion of the strip-line fi eld penetrates the dielectric 
body of the container), as well as alters the charac-
teristic wave impedance of the strip line. Th is can 
distort the broadband end of the spectrum (Fig. 3, a, 
curve 2), change the depth of the resonance dip, and, 
in some cases, cause an impedance mismatch. De-
pending on the container shape and volume, these 
eff ects are quite diffi  cult to account for.

A solution to this problem is the following CSRR 
modifi cation. Th e resonator is placed in a metalliza-
tion hole on the substrate side opposite the feeding 
strip line. Th e spatial distributions of the electric 

component of the EM fi eld near it are shown in 
Fig. 4, a, b. With this topology, the infl uence of the 
aforesaid undesirable eff ect is minimized because 
the feeding strip line is on the bottom side of the 
substrate, while the resonator is on the top (ground 
plane) (Fig. 4, b). A spatial separation between the ex-
citation and sensing components reduces the mutual 
infl uence between the LUT and the excited structure, 
signifi cantly enhancing measurement accuracy. It is 
evident from Fig. 3, b that the loaded resonator spec-
trum looks like a single minimum (curve 2), in con-
trast to the case the CSRR and the strip line are on 
the same side of the substrate (Fig. 3, a). 

Bringing the container closer to the CSRR also 
changes its resonant frequency and quality fac-
tor (Fig. 3,  b). As viewed in Fig. 4, the fi eld locali-
zation occurs in the gap region because the resona-
 tor᾽s electric component is the most intense near the 

Fig. 3. Numerically obtained transmission spectra for the CSRR with a water-fi lled container 20 mm from the CSRR surface 
(curve 1) and 3 mm from the CSRR surface (curve 2): the CSRR is on the same side as the feeding line (a) and the CSRR and 
the feeding line are on opposite sides of the feeding line (b)

Fig. 4. Spatial distribution of the electric component of the EM fi eld: out-of-plane top view 
of the CSRR surface (a) and  in-plane cross-sectional view of the CSRR top surface (b)

                                                    a                                                                                                              b

                          a                                                                               b
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CSRR gap. Th is region is the most sensitive to spec-
tral changes as the LUT-fi lled container approaches 
the resonator. By consistently moving the container 
closer to or farther from the resonator and examining 
the transmission spectra, one observes distance-de-
pendent alterations in the CSRR resonant frequency 
and inverse Q-factor [9, 10]. For diff erent liquids in 
the container, these two parameters vary diff erent-
ly with distance from the resonator, allowing one to 
distinguish one liquid from another. Th e infl uence of 
the container᾽s characteristic size and wall thickness 
is well described in [19, 24].

Th e transmission coeffi  cient spectra obtained by 
simulation or experiment are approximated by a Lo-
rentzian curve to evaluate the resonant frequency 
and inverse Q-factor using the complex transmission 
coeffi  cient derivation in [25]. For this purpose, a spe-
cially developed program helps reduce errors in the 
resonant frequency and inverse Q-factor without ap-
proximation.

2. Experiment and discussion

Th e experimental setup for the verifi cation of liquid 
identifi cation using a planar CSRR is illustrated in 
Fig. 5, a. Th e CSRR was fabricated on an FR-4 mate-
rial substrate by chemical etching. Th e measurement 
system consists of a CSRR etched in the ground metal-
lization and used as a sensing element, and a feeding 
strip line etched on the opposite side of the substrate. 
Coaxial-to-microstrip adapters and coaxial cables 
connect the CSRR to the vector network analyzer 
P9374A to measure the electromagnetic transmis-
sion coeffi  cient within the frequency bandwidth 3 to 
7 GHz. 

A two-dimensional scanning device [22] was used 
to precisely (within 0.1 mm) position a container 
with LUT relative to the CSRR. A 0.5-liter PET bot-
tle, 70 mm in diameter, with a 0.3-mm-thick wall 
(Fig. 5, a) represented the container with LUT. Th e 
theoretically and experimentally obtained norma-

Fig. 5. A photograph of the experimental setup (a). Inverse Q-factor versus resonant frequency fres: experimental and nume-
rical simulation results for various liquids (b), numerical simulation results for diff erent ethanol concentrations (c), and nume-
rical simulation results for diff erent wall thicknesses of water-fi lled containers (d)

                                                      a                                                                                                                b

                                                       c                                                                                                               d
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lized inverse Q-factors versus the resonant frequen-
cy fres for diff erent container-to-planar-resonator 
distances are plotted in Fig. 5, b. Th e calibration was 
carried out on the feeding strip line with the resona-
tor being absent. Th e fres and 1/Q values were nor-
malized to their respective values obtained for the 
resonator without the container. Figure 5, b plots 
normalized 1/Q values, experimental and simulated, 
as a function of fres for mineral water (safe and refe-
rence liquid), ethyl alcohol (relatively nonhazardous 
liquid), and refi ned gasoline (fl ammable and explo-
sive, i.e., hazardous and illicit for transportation in 
luggage). 

Figure 5, b demonstrates a good agreement be-
tween the numerically simulated and experimen-
tally obtained results. Th e measurement error is in-
fl uenced by various factors [19, 24]. But the most 
impactful factors are container geometry and ma-
terial properties, including shape, wall thickness, 
material permittivity, and air gaps. Even minor al-
terations in these parameters can lead to noticeable 
shift s in the resonant frequency and Q-factor fl uctu-
ations since they disrupt the eff ective localization of 
the electric fi eld above the resonator and aff ect the 
dielectric constant distribution in the sensing region. 

With the proposed sensor design, not only can 
various liquid compositions be identifi ed, but also 
their solutions. Th us, an alcohol in water was iden-
tifi ed with an accuracy no worse than 1% by measu-
ring the transmission coeffi  cient of the feeding strip 
line with a loaded resonator (Fig. 5, c). Th e impact 
of container wall thickness on liquid identifi cation 

accuracy is illustrated in Fig. 5, d. According to the 
numerical simulation, the container material when 
identifying liquids (water, ethanol, gasoline) is essen-
tial if the container wall is thicker than 1 mm.

Th e claimed advantage of the planar resonator — 
low eff ect of the container parameters — was experi-
mentally verifi ed by moving a container in the form 
of a 0.5-liter LUT-fi lled PET bottle along a straight 
line parallel to the plane of the resonator and 2 mm 
away from its surface (Fig. 6). Th e bottle central posi-
tion relative to the resonator is marked with the ver-
tical line (the axis through the normal to the resona-
tor plane from its center (Fig. 6)).

Th e resonant-frequency alteration caused by con-
tainer deviations from the central position is within 
0.2%. It is comparable to that of the microstrip ana-
log of the photonic crystal structure described in [10, 
19]. Th us, the electric-fi eld component localization 
in the CSRR allows one to neglect the container pa-
rameters, in particular, the container᾽s position rela-
tive to the CSRR center.

Conclusions

An innovative contribution to contactless liquid 
identifi cation has been made. Th e application of a 
circular planar resonator in the split-ring form (cir-
cular split-ring resonator, CSRR) as a liquid sensor 
has demonstrated the eff ectiveness of this sensor 
type. Th e capability to accurately identify liquids 
with diff erent compositions, including ethyl alcohol 
and refi ned gasoline, is confi rmed by analyzing the 

Fig. 6. Th e CSRR resonant frequency (a) and the CSRR inverse quality factor (b) while moving a LUT container (PET bottle) 
parallel to the resonator plane (along the x-axis) at 2 mm from the resonator surface

                                                    a                                                                                                               b
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dependences of the inverse quality factor and reso-
nant frequency on the distance between the liquid 
container and the resonator plane.

It has been shown that when a planar CSRR is 
used as a sensor, the infl uence of container parame-
ters on liquid identifi cation accuracy is signifi cantly 
smaller than that observed for the photonic-crystal 
sensor with imperfection. Furthermore, the resonant 
frequency shift  obtained with the CSRR is approxi-

mately four times greater than that of a previously 
studied planar photonic crystal with a microstrip de-
fect at the same separation distance.
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БЕЗКОНТАКТНА ІДЕНТИФІКАЦІЯ РІЗНИХ РІДИН 
У ГЕРМЕТИЧНИХ ПЛАСТИКОВИХ КОНТЕЙНЕРАХ 
З ВИКОРИСТАННЯМ ПЛАНАРНОГО РОЗІМКНЕНОГО 
КІЛЬЦЕВОГО РЕЗОНАТОРА

Предмет і мета роботи. У цій статті чисельно та експериментально описане використання планарного розімкнено-
го кільцевого резонатора для безконтактної ідентифікації рідин усередині герметичних тонкостінних контейнерів з 
поліетилентерефталату (ПЕТ). Метою роботи було визначення типу розімкненого кільцевого резонатора, який най-
більше підходить для розрізнення рідин.

Методи та методологія. Планарний розімкнений кільцевий резонатор використовували як високочастотний 
сенсор, що працює на частоті 2.3 ГГц. Рідини ідентифікували шляхом порівняння спектрів пропускання плоскої 
мікросмужкової лінії живлення, на яку був установлений резонатор. Для цього пластикові контейнери, заповнені 
різними рідинами, розташовували на різних відстанях від резонатора. Зміни спектра резонатора оцінювали за дво-
ма ключовими параметрами — резонансною частотою та оберненою добротністю. Крім того, розроблене програмне 
забезпечення для спектрального аналізу зменшувало похибки у визначенні добротності резонатора.

Результати. Здатність планарного кільцевого резонатора розрізняти рідини була продемонстрована для трьох 
рідин різного складу: мінеральної води, етилового спирту та очищеного бензину. Відмінності між рідинами від-
стежували, порівнюючи графіки залежності оберненої добротності та резонансної пікової частоти від відстані між 
контейнером з рідиною та площиною планарного резонатора з розімкненим кільцем. Крім того, було показано, що 
при використанні планарного розімкненого кільцевого резонатора як сенсора параметри контейнерів значно менше 
впливають на точність ідентифікації рідини, ніж при використанні фотонного кристала з дефектом.

Висновки. Перевагою запропонованого планарного резонатора є його низька чутливість до  параметрів кон-
тейнера. Це було експериментально підтверджено під час переміщення заповненого рідиною контейнера у вигляді 
ПЕТ-пляшки об᾽ємом 0.5 л (16.9 fl . oz.) уздовж прямої лінії на відстані 2 мм від площини резонатора.

Ключові слова: безконтактна ідентифікація рідини, резонатор з розімкненим кільцем, мікрохвильові частоти, обер-
нена добротність, діелектрична проникність.


