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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 identification of liquids inside sealed
thin-walled plastic containers is demonstrated numerically and experimentally. The 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. Different
liquids are identified by comparing the transmission spectra of a planar feeding strip line that is loaded with the resonator. Plastic
containers filled with various liquids are positioned at different distances from the resonator. The 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 software reduces errors in the determination of Q-factor.

Results. The ability of the planar split-ring resonator to distinguish among liquids has been demonstrated for three liquids with
different compositions. In particular, mineral water, ethyl alcohol, and refined gasoline were identified. The differences 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 affect liquid-identification accuracy much less than they do when a photonic crystal
with a defect is employed.

Citation: Vakula, A.S., Polevoy, S.Yu., Sova, K.Yu., Girich, A.A., Nedukh, S.V., Shubnyi, O.I1., Glamazdin, V.V., Tarapov, S.I,
2026. Contactless identification 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

@ This 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)

ISSN 1027-9636. Padiogpisuka i padioacmponomis. T. 31, Ne 3, 2026 199



A.S. Vakula, S.Yu. Polevoy, K.Yu. Sova, A.A. Girich, S.V. Nedukh, O.1. 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. This
was experimentally verified while moving a 0.5-liter (16.9 FL oz) liquid-filled polyethylene terephthalate bottle along a straight

line 2 mm away from the resonator plane.

Keywords: contactless liquid identification, 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 often 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-eftec-
tive assessments for in-situ applications are welcome
to determine liquid quality or differentiate between
food and non-food liquids in sealed containers. Of
particular relevance is distinguishing between bot-
tled water-containing liquids and flammable 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 identification (with-
out opening the LUT container) should take no lon-
ger than one minute. These 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
identification 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]. The focus was shifted 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 significant techno-
logical challenges. The liquid identification approach
in [10] applies a sensor analogous to a photonic crys-
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tal. It consists of alternating, variable-impedance mi-
crostrip-line sections with a defective section in the
middle. The 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 effectiveness and
economic feasibility [20, 21]. To eliminate the in-
fluence of container size, high-frequency elements
with improved electromagnetic (EM) field 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 field loca-
lization is an actual task in contactless technology of
liquid identification.

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

1. Numerical simulation

The 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 um thick. The feeding strip line is 3.3 mm
wide and 1.1 mm spaced from the ring. The sub-
strate is made of a 1.524 mm-thick dielectric mate-
rial FR-4 (dielectric constant € =4.3 and loss tangent
tgd =0.025). The resonant frequency of the unloaded
CSRRis 2.1 GHz.

For split-ring resonators [22] at the resonant fre-
quency, the electric components of the EM field 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 field. However,
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Feeding stripline

a

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

=

2

b

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

for liquid identification, the focus is shifted 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 (finite difference time domain in COMSOL
Multiphysics) and presents the spatial distribution of
the electric component of the EM field 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. Thus, bringing a liquid-filled container to an
area of maximum electric-component localization
alters the CSRR resonant frequency and quality fac-
tor because the liquid-filled container permittivity
differs from that of air.

The CSRR-based sensor results were numerically
simulated for a water-filled PET (polyethylene tere-
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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 field 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, confirms the elec-
tric-component intensity decrease when the container
approaches the CSRR surface. For a deeper analysis,
refer to the transmission coefficient spectra |S,;| 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 effects aris-
ing as the container-to-CSRR distance decreases.
The first is a resonant frequency shift towards lower
values because the resonator effective capacitance
is growing as the dielectric body enters the sensing
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Fig. 3. Numerically obtained transmission spectra for the CSRR with a water-filled 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)

. Resonator

Split-ring =
resonator

a

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

area. The second is a rise of the inverse Q-factor, which
reflects an increase in dielectric loss in the liquid.
When interpreting these alterations, attention should
also be taken of the feeding strip line effect. When
placed near the strip line, a water-filled container in-
fluences strip-line coupling to the resonator (a por-
tion of the strip-line field penetrates the dielectric
body of the container), as well as alters the charac-
teristic wave impedance of the strip line. This 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
effects are quite difficult to account for.

A solution to this problem is the following CSRR
modification. The resonator is placed in a metalliza-
tion hole on the substrate side opposite the feeding
strip line. The spatial distributions of the electric
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component of the EM field near it are shown in
Fig. 4, a, b. With this topology, the influence of the
aforesaid undesirable effect 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
influence between the LUT and the excited structure,
significantly 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 field locali-
zation occurs in the gap region because the resona-
tor’s electric component is the most intense near the
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CSRR gap. This region is the most sensitive to spec-
tral changes as the LUT-filled 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 different liquids in
the container, these two parameters vary different-
ly with distance from the resonator, allowing one to
distinguish one liquid from another. The influence of
the container’s characteristic size and wall thickness
is well described in [19, 24].

The transmission coefficient 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
coefficient 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.

Coniainer
with liquid

Liquid in
the bottle
I Split-ring
| resonator

Two-dimensional
scanning device

a
30
251
a0t
1.5 =0= Water, simulation
—o— Ethanol 5% in water, simulation
- A - Ethanol 10% in water, simulation
10 B i 1 1 Il
0.90 0.92 0.94 0.96 0.98 1.00

c

2. Experiment and discussion

The experimental setup for the verification of liquid
identification using a planar CSRR is illustrated in
Fig. 5, a. The CSRR was fabricated on an FR-4 mate-
rial substrate by chemical etching. The 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 coeflicient 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. The
theoretically and experimentally obtained norma-

3.0 ;
—o— Water, experiment
- = - Water, simulation
L —o— Gasoline, experiment
2.5 L .
- «- Gasoline, simulation
—— Ethanol, experiment
- = - Ethanol, simulation
=20 >
o
=
— 15
1.0 -
0.95 0.96 0.97 0.98 0.99 1.00 1.01
b
. . A
| —0— Water, simulation, dy, = 0.3 mm .
—G— Water, simulation, dy,y = 0.5 mm a
- A - Water, simulation, dy, = 1.0 mm
C I I I I
0.90 0.92 0.94 0.96 0.98 ||fres ||

d

Fig. 5. A photograph of the experimental setup (a). Inverse Q-factor versus resonant frequency f,,.: experimental and nume-
rical simulation results for various liquids (b), numerical simulation results for different ethanol concentrations (c), and nume-
rical simulation results for different wall thicknesses of water-filled containers (d)
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Fig. 6. The 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

lized inverse Q-factors versus the resonant frequen-
cy frs for different container-to-planar-resonator
distances are plotted in Fig. 5, b. The calibration was
carried out on the feeding strip line with the resona-
tor being absent. The f,,; 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 f,,; for mineral water (safe and refe-
rence liquid), ethyl alcohol (relatively nonhazardous
liquid), and refined gasoline (flammable 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. The measurement error is in-
fluenced 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
shifts in the resonant frequency and Q-factor fluctu-
ations since they disrupt the effective localization of
the electric field above the resonator and affect the
dielectric constant distribution in the sensing region.

With the proposed sensor design, not only can
various liquid compositions be identified, but also
their solutions. Thus, an alcohol in water was iden-
tified with an accuracy no worse than 1% by measu-
ring the transmission coefficient of the feeding strip
line with a loaded resonator (Fig. 5, c¢). The impact
of container wall thickness on liquid identification
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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.

The claimed advantage of the planar resonator —
low effect of the container parameters — was experi-
mentally verified by moving a container in the form
of a 0.5-liter LUT-filled PET bottle along a straight
line parallel to the plane of the resonator and 2 mm
away from its surface (Fig. 6). The 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)).

The 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]. Thus, the electric-field 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
identification has been made. The application of a
circular planar resonator in the split-ring form (cir-
cular split-ring resonator, CSRR) as a liquid sensor
has demonstrated the effectiveness of this sensor
type. The capability to accurately identify liquids
with different compositions, including ethyl alcohol
and refined gasoline, is confirmed by analyzing the
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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 influence of container parame-
ters on liquid identification accuracy is significantly
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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BE3KOHTAKTHA IIEHTU®IKAIIA PISHVX PIAVH

Y TEPMETUYHUX INTACTUKOBUX KOHTEVTHEPAX

3 BUKOPMCTAHHAM IVNTAHAPHOTO PO3IMKHEHOTI'O
KUIBIIEBOT'O PE3SOHATOPA

ITpenmer i MeTa po6oTH. Y 1iif CTATTi YMCEMbHO Ta eKCIEPUMEHTANTBHO ONMCaHe BUKOPUCTaHHA I/TAHAPHOTO PO3iMKHEHO-
TO Ki/IbI[eBOTO pe3oHaTopa /i 6e3KOHTAKTHOI iffeHTniKawLil pifH ycepennHi repMeTUYHNX TOHKOCTIHHIX KOHTEITHepiB 3
nomiermientepedranary (ITET). MeToto po6oTn 6y/10 BU3HAYEHHs TUIY PO3IMKHEHOTO KiIbLIeBOTO Pe30HATOPA, SIKWIT Hail-
6i/blIle MAXOMUTD /IS PO3Pi3HEHHS PiMH.

Metopu Ta Metoponoria. IlnaHapHnii posiMKHeHUI! KinblieBUII PE30HATOP BMKOPUCTOBYBAIM SIK BUCOKOYACTOTHMI
ceHcop, 1o mpairoe Ha vacTtoTi 2.3 I'Th. Piguun imenTndikyBanm IULIXOM MOPIBHAHHS CHEKTPIB HMPOIYCKAHH:A IIIOCKOI
MIKPOCMY>KKOBOI JIiHil )XMBJ/IEHHsI, Ha Ky OYB yCTaHOBJIEHNUIT pe3oHATOp. IS [IbOr0 ITACTMKOBI KOHTeJHepy, 3all0BHEH]
pi3sHMMU pifyiHaMM, pO3TalIOBYBa/IM Ha Pi3sHUX BifICTaHAX BiJi pe3oHaToOpa. 3MiHM CIIeKTpa pe30HaTopa OLiHI0OBa/IN 3a IBO-
Ma KJIIOYOBMMI IIapaMeTpaMyi — PEe30HAHCHOIO YacTOTOI0 Ta 0bepHeHO0 fobporHicTio. Kpim Toro, po3pobnene nporpamue
3a0esmedeHHs I CIIEKTPaJbHOTO aHa/Ii3y SMEHIIYBa/IO MOXIOKY Y BUSHAYEHH] JOOPOTHOCTI pe3oHaTopa.

PesynpraTu. 3aTHICTD IIAHAPHOTO Ki/IbLIEBOrO pe30HATOpA PO3PISHATHU pinmHM Oy/Ia IPOJEMOHCTPOBAHA /IS TPHOX
pigvH pisHOro CK/Iafy: MiHepa/sbHOI BOAM, €TWIOBOTO CIMPTY Ta OYMIIEHOro OeH3uHy. BigMiHHOCTI MDK pigMHamu Bifi-
CTeXXyBay, HopiBHIOIOUM Tpadiky 3amexXHOCTI 06epHeHOI FOOPOTHOCTI Ta pe30HAHCHOI MIKOBOI YaCTOTH Bijj BiZcTaHi Mix
KOHTEITHEPOM 3 PiINHOI0 Ta IUIOL[MHOI0 ITAHAPHOTO Pe30HaTOpa 3 posiMKHeHNM KinbljeM. Kpim Toro, 6y/10 mokasaHo, 1o
IIpY BUKOPYICTaHHi IIJTaHAPHOTO pPO3iMKHEHOTO KiZbI[€BOTO P€30HATOpa K CEHCOPa MTapaMeTpy KOHTETHEPiB 3HAYHO MEHIIe
BIUIMBAIOTb HA TOYHICTD ifjleHTM(iKalil pifuHM, HDK IpU BUKOPUCTAHHI (POTOHHOTO KpUCTaa 3 feheKTOM.

Bucnosku. [lepeBarorwo 3anmponoHOBaHOIO IIAHAPHOTO PE30HATOPA € MO0 HM3bKa YYT/IMBICTh O IapaMeTpiB KOH-
teitHepa. Lle 6y/10 eKclieprMeHTaIbHO MifTBEPAXKEHO Mij] Yac MepeMillleHHs 3alI0BHEHOTO PiMHOI0 KOHTeHepa Y BUIVLAAL
NET-mnamxu 06’ emom 0.5 1 (16.9 fl. 0z.) Y3[OBXK IIPAMOI JIiHil Ha BifiCTaHi 2 MM BiJj IVIOIIMHM Pe30HATOPA.

Kntouosi cnosa: 6esxonmaxmua idenmuikayis piouru, pe3oHamop 3 po3iMKHeHUM KinbyeM, MIKPOXBUIbO8i uacmomu, obep-
HeHa 006pomHicmy, dieleKMPUtHA NPOHUKHICMb.
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