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MYJbTUPE3OHAHCHBIM MHUKPOIOJOCKOBBIN JATUUK
HA OCHOBE KOMIIJIEMEHTAPHBIX KOJIBHEBBIX PE3OHATOPOB
I JIUDJIEKTPUYECKOUN CIHHEKTPOCKOIINU KUAKUX CPE/]

B cratse mpesacTaBieHBl pe3yabTaThl SKCIEPUMEHTAIBHOIO UCCIEIOBAHMUS TPEXUACTOTHOIO IIAHAPHOTO JATYHKa,
peanu30BaHHOTO Ha 0a3e MHUKPOIIOJOCKOBOW JIMHUU HEpellaud ¢ TpeMs KOHIIEHTPHYECKHMH KOMIUIEMEHTapHBIMU
konblieBbIMA ~ pe3oHatopamu  (CSRR), wuHTerpupoBaHHBIMM B  3a3eMJICHHBIH  CJIOW TEYaTHOM  IUIAaThI
u3 crekiorekcroiuta FR-4. Ilenbio nccnenoBanus siBiseTcst pa3pab0oTKa BEICOKOUYBCTBUTEIBHOTO MYJIBTHYACTOT-
HOTO YCTpOcTBa Ul UACHTU(HUKALMH COCTaBA PACTUTEIBHBIX Macel 110 YaCTOTHOMY CIOBHUTY PE30HaHCOB. MeToo-
norusi 6asupyeTcs Ha PErHCTpalMi U3MEHEHUs] MOIyiIst Koaddunmenta nepenadn |Sy)| Mpyu HAHECEHUN HCCIEaye-
MOM >KHJKOCTH B PE3EPBYapBhI, PACIIONOKEHHBIE HEMTOCPEACTBEHHO HAJ KaXKABIM M3 TPEX KOHIEHTPUYECKHUX KOJIEI]
¢ paguycamu 6.3, 4.2 n 3.0 MM, HacTpoeHHBIMH Ha yacToThl 1.5, 2.45 u 3.8 [T coorBeTcTBeHHO. B KauecTBe Mo-
JETBHBIX CPEJl UCTIONB30BAINCH YHCTOE OJIMBKOBOE MAcio (C OTHOCHUTENBHON IUAIEKTPHUYECKOW MPOHUIAEMOCTHIO
e’ = 2.5), a Taroke ero cmecu ¢ 5% nojconHeuHoro macia (&’ = 2.8) u 5% npHsaHOTrO Macna (¢’ = 3.0). DxcnepumeH-
TaJIbHO YCTaHOBJICHO, YTO POCT JUDJIEKTPUUYECKOH MPOHUIAEMOCTH HCCIIElyeMbIX 00pa3loB BBI3BIBAET MIPEACKa3ye-
MBI CHHXPOHHBIM HU3KOYAaCTOTHBIN CIBUT BCEX TPEX PE30HAHCHBIX MUKOB. HanOobIIyI0 4yBCTBUTEIBHOCTD, CO-
ctapistomyio 340 MI'l Ha efMHUIYY U3MEHEHUS AMIIEKTPUUECKON MPOHHUIIAEMOCTH, IEMOHCTPUPYET BBICOKOUAC-
TOTHBIA pe3oHaTop mayoro pasmepa (3.0 mm), obecrieunBarontiii abcomoTHbIi capur no 170 MI'm npu nepexone
OT YUCTOTO Macjia K CMECH C JbHAHBIM. [ToydeHHBIE pE3yIbTaThl CBUIAETEIBCTBYIOT O NEPCIEKTUBHOCTH NIPHMEHE-
HUS pa3pabOTaHHOTO JaTYHMKa JUIA SKCIpecC-IHarHOCTUKN U 0OHAPY)KEHHs IIpuMeceii ¢ KOHIeHTpanueil menee 5%

B CUCTEMAX aBTOMATHU3UPOBAHHOI'O KOHTPOJIA Ka4€CTBA MUIICBBIX ITPOAYKTOB.

Knrouesvie cnosa: kommeMeHTapHble KoJbLEBbIe pe30HaTOpbl, CSRR, MUKPOBOJIIHOBBIN JaTUUK, ONPEACIICHNE
TURJICKTPUIECKON MPOHUIIAEMOCTH KHUIKOCTEH, TUIJICKTPUIECKas IPOHUIIAEMOCTb, YaCTOTHBIH CIBHUT

BBEJEHHUE

TpaguiioHHBIE METOJIBI, BKJIFOYAs Ta30BYH) XPO-
marorpaduio, AJs pacro3HaBaHHWsA CMecel pacTu-
TEeTBHBIX Macel TPeOYIOT UIMTEIHLHON MpoOoIoaro-
toBKH [1]. [lepcrieKTHBHOI anbTepHATHBON SBISETCS
MUKPOBOJIHOBAsS JMAJIBKOMETPHS, TIOCKOJBKY JTUAJIEK-
TPUUYECKHE TapaMeTpbl Maceld KOPPENHpYIT C UX
JKUPHOKHUCIOTHBIM cocTtaBoM [2]. CoBpeMeHHBIE Me-
TaMaTepualbHbIe CTPYKTYpPBI, B YaCTHOCTH KOMIIJIE-
MEHTapHbIe KouyblieBble pe3onaropel (CSRR
Complementary Split-Ring Resonators), mo3BoisioT
JIOOUTHCS CUITBHOM JIOKaTH3AIHH YJIEKTPOMArHUTHOTO
MOJISL B IIEJISIX, YTO OOCCIICUMBACT BHICOKYIO YYBCTBHU-
TETBHOCTh K JAMAIEKTPUIECKIM U3MEHEHHSIM TOKPHI-
Batomero cios [3]. Llenpto paGoThl sBAsSETCS pas3pa-
0OTKa W WCCIIEIOBaHWE TPEXYaCTOTHOTO JaTIHKa
Ha ocHOBe Tpex KoHieHTpuueckux CSRR mna xomnum-
YECTBEHHOTO aHalin3a cocraBa Mmacenl. HoBu3Ha 3a-
KIIIO4a€TCd B TNPUMCHCHUHU MYJIbTUPE30HAHCHOT'O
MOJXO0/la C pe3epByapamMu, pa3MelIeHHbBIMU Hall Kax-
JIBIM KOJIBIIOM, YTO TTO3BOJIAET MOIYYHTh TPU HE3aBH-
CHUMBIX TMapameTpa (CIBUTa YacTOT) Ui OJHOTO 00-
pasma [4].

67

OCHOBHAA YACTb

Koucmpyxkyus cencopa u ucnonvzyemvle
mamepuansl

CeHcopHasi CTPyKTypa BBIIIOJHEHA Ha 0Oase JBY-
CTOPOHHEH NEYaTHOM IJIaThl HU3 CTEKJIOTEKCTOJUTA
Mapku FR-4. Tommuna noanoxku 4 = 0.8, otHOCH-
TeNbHAs JTUAJICKTPUUYECKas MPOHHUIIAEMOCTh &’ = 4.3,
TaHTeHC yria moteps tan 0 = 0.025. MenHbIe IPOBO-
JSIIUEe CJIOW UMEIOT TOJIMHY ¢ = 35 MKM € Tpo-
BOIMMOCTBIO ¢ = 5.8-10" Cm/M. Ha nuieBoii cropose
chopMHpOBaHa MHKPOIIOJIOCKOBAs JIMHUS HIMPHHOM
w= 1.5 MM (BoHOBOE compoTuBicHHe 50 OM, AIHHA
L =80 mm) (puc. 1).

B 3emuisiHoM (3a3eMJICHHOM) cjioe 0OpaTHOU CTO-
poHBI BbIpe3aHbl Tpu KoHneHTprdeckux CSRR. Hlu-
pHHA KOJbIIa M ILENU IS BCEX DJIEMEHTOB COCTABH-
na 0.35 MM, a pacCTOSIHHE MEXIY LUEHTPaMHU COCEIHUX
pe3oHaTopoB — 20 MM 111 MUHUMH3AllMU CBSA3M [5].
I'eomerpudeckne mapameTphl BBHIOpAHBI I PaOOTHI
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D

Puc. 1. DnextpoauHamu-
yeckas ~ Moxenb  (BHI

CBEpPXY)

Ha TpeX YacTOTaX: HU3KOYACTOTHBIA pPE30HATOP
(BHEITHHUN  PaanycC Roy 6.3 M™MM) HacTpoeH
Ha 1.5 T, cpenHeyacToTHbI (Roy = 4.2 MM) —
Ha 2.45 I'T'i, BEICOKOYACTOTHBINA (Royz = 3.0 MM) —
Ha 3.8 [T, BbIOOp KOHIIEHTPUYECKOW TOIMOJIOTHU
MO3BOIIIET O0ECIeYNTh MYIBTHYACTOTHBIA OTKIIHK
0e3 3HaYUTEIILHOTO B3aUMOBIUsAHUS (puc. 2) [6].

Ddusnueckuii MexaHU3M CABUTa YaCTOTHI B JAHHOU
KOHCTPYKITUHM OIMCBHIBAETCS MOJIEIBIO IKBUBAJICHTHO-
ro LC-kontypa [7]. Ilpu HaHeceHUU KUAKOCTH B pe-
3epByapel HajJ Kojibllamu Tiode B 3a3opax CSRR
B3aMMOJICHCTBYET C TOJSPHBIMH MOJICKYJIaMH, YBEIIH-
YBasi SKBHBAJIEHTHYIO €eMKOCTh. Pe30HaHCHas "acTo-
Ta 00pPaTHO MPOIOPIIMOHATIPHA KOPHIO U3 MPOU3BE/Ie-
HUS WHIYKTUBHOCTH W E€MKOCTH, YTO W BEI3BIBACT
HHU3KOYAaCTOTHBIA cOBUT [8].

o O

Puc. 2. DnexTpoguHaMuueckast MOAENb (BU CHU3Y).
Pesonaropbl: 1 — HU3KOYACTOTHBIHN, 2 — CPEIHEYACTOTHBIM, 3 — BBICOKOYAaCTOTHBII

Memooduxa npogedeHus 3Kkcnepumenma

B kadecTBe uccienyeMsIX cpell IPUMEHSUIUCh TPU
o0pa3ua: YucToe OJIMBKOBOE MAacCiO, CMECh OJIMBKOBO-
ro macna ¢ 5% TOACOTHEYHOTO Macjia U CMECh OJIUB-
KoBOro Macia ¢ 5% npHsHOTO Macna. M3Mepenue ko-
a¢durmenTa nepenadn S;; MPOBOAUIOCH B THATIA30HE
ot 0 mo 10 I'T'u. Mccnenyembie 0Opasipl 3arpyKaiich
B pE3epBYyaphl, PACHOJIOKEHHbIE HEMOCPEICTBEHHO
Haa KaXJIbIM M3 KOJICL, NP 3TOM KHUJKOCTH ITOJIHO-
cThI0 TIOKpBIBatia obnacte CSRR-pezonaropos [9].

Pe3lebmambz u ux anaitus

B xoze skcneprMenTa 3aMKCHPOBAaHBI TPH BBIpa-
KCHHBIX PE30HAHCHBIX MPOBajia, COOTBETCTBYIOIIUE
kaxgomy CSRR (puc. 3).

S-Parameters [Magnitude]

?

6

Frequency, GHz

Puc. 3. 3aBucumocts K03 PuIeHTa TIepeaaun Sy; OT YACTOTHI ISl TPEX UCCIIeyeMbIX 00pa3IoB Maca.
1 — gucroe onuBKOBoOE (test = 2.5, mapkepsr 1, 2, 3); 2 — cMech ¢ TOJICOTHEYHBIM (test = 2.8, MapkepsI 4, 5, 6);

3 — cmeck ¢ TpHSHEIM (test = 3.0, mapkepst 7, 8, 9)
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3HavYeHHUsS] OTHOCUTEIHHOW ITHAICKTPUICCKON TIPO-
HUIIAeMOCTH (€') UCTIBITYEMBIX CPEJl: YHCTOE OJIMBKO-
Boe macio (&' = 2.5), cmech ¢ 5% TMOJICONHEYHOTO
Macnia (¢’ = 2.8), cmech ¢ 5% npHSHOTO Macna (&' =
~3.0) [10, 11]. DxcnepuMeHTaILHBIE 3HAYCHUS CBE-
JeHsl B Ta0. 1.

JlaHHbIe TEMOHCTPHUPYIOT CHCTEMAaTHYECKOE CMe-
[IEHHe YacTOT B HHU3KOYACTOTHYIO 00macth. AOco-
JIIOTHBIC CIIBUTH TIpejCTaBicHbl B Ta0a. 2. HanGonb-
umi casur (170 MI'n) 3adukcupoBan anst TpeThero
pEe30HATOpA MPH MEPEX0e OT YHCTOTO Maclia K CMECH
C JIbHSAHBIM.

[lomydeHHBIN CIBUT OOBSACHIETCS PAa3IUYHBIM CO-
CTaBOM KHPHBIX KHCIOT. [logcomHeuHoe macio Oora-

TO JIMHOJICBOW KHCIIOTOH, a JbHIHOE — aib(da-
JIMHOJIEHOBOM KHCJIOTOM, OOJiajaromieii 0ojiee BBICO-
KOM TMOJSIpHOCTBIO, uTO YyBenuuuBaeT €' [12]. Hawu-
0oJpIasi YyBCTBUTENHFHOCTh BBICOKOYACTOTHOTO pe-
3oHaTOpa (Roys = 3.0 MM) 00yCIIOBIEHA POCTOM Ha-
MPSDKEHHOCTH TIOJS B IIENSIX C YMEHBIIICHHEM pa3Me-
poB pe3onaropa [13, 14]. I'myOumHa pe30HAHCHBIX
MPOBAJIOB MEHIETCS HE3HAYUTENHHO, YTO CBUIETENh-
CTBYeT O CTa0WIbHOCTH CBsi3u. CpaBHEHHE C JIUTEpa-
TYPHBIMU  JAaHHBIMH  IIOKAa3bIBACT MPCUMYILIECTBO
TPEX4acTOTHOTO TOAXOMa Tepel OIHOINATIa30HHBIMHI
aHaJIOTaMU, T.K. TIO3BOJISCT MOJIYYUTh HECKOJIBKO He-
3aBHCHMBIX I1apaMeTpoOB, CHWXKas BIHMSHHAE CIydaii-
HBIX morpentHoctei [15].

Taoa. 1. DxcrneprMeHTalIbHbIE 3HAUSHUS] PE30HAHCHBIX YacTOT M aMILIUTY KO3 dulMeHTa nepeaadn

. Pe3onanc 1 (HY) Pe3onanc 2 (CY) Pe3onanc 3 (BY)
Uccnenyemprit
obpaszernt
Si, ITn Sy1, 1b S, ITn S1, b S ITn S1, 1b
Hucroe omuBKoBoe 1.61 ~16.55 2.58 -20.86 3.90 2322
Mmaco (¢' =2.5)
OnuBkoBoe + 5%
ITOJICOTHEYHOTO 1.56 -16.06 2.50 -20.90 3.77 -22.53
(e =2.8)
0
Oaurosoe + 5% 1.54 ~15.76 2.47 -20.77 3.73 -21.92
npHsiHOTO (&' = 3.0)

Ta6u. 2. AHanw3 cBUTa Pe30HAHCHBIX YaCTOT IPH IEPEX0Ie MEXITy 00pa3aMu

CpaBHIBACMEILC OGDAIEL AOCOJIIOTHBII AOCOIIOTHBI | AGCOIOTHBIN CABUT
p pasit casur f;, MI'a caur f,, MI'a f3(BY), MI'a

Yucroe 0JIMBKOBOE — 50 0 130

OnuBkoBoe + 5% MoACOTHEYHOT O

OnuBkoBoe + 5% MOACOTHEYHOTO 20 30 40

— OmusBkoBoe + 5% JIBHSIHOTO
Yucroe 0JIMBKOBOE — 70 110 170
OmnuBkoBoe + 5% JILHIHOTO

HAYYHOE [NPUBOPOCTPOEHMUE, 2026, Tom 36, Ne 3



70 A. M. TAUHYT/IMHOB, P. B. PAPXYT/IMUHOB

3AKJIIOYEHUE

B xone wuccienoBaHUsS SKCIEPUMEHTANBHO ITOJ-
TBEpKAEHA BbICOKast 3 (PEeKTUBHOCTD TPEXYACTOTHOTO
MHKPOIIOJIOCKOBOTO JIaTYMKa HA OCHOBE TPEX KOHIICH-
tpraeckux CSRR mis guddepennmanm pacTUTENh-
HBIX Macel. MakcuManbHas 49yBCTBUTEIBLHOCTD
(170 MI'm), 3adukcupoBaHHas Ha PE30HATOpPE C pa-
nuycoM 3.0 MM, MO3BOJISIET NETEKTUPOBATH MPUMECH
meHee 5%. IlpencraBneHHble naHHBIE (QOPMUPYIOT
06a3y ans KaquOpOBKM NPOMBINUICHHBIX YCTPOMCTB
KOHTPOJISI Ka4eCTBa.
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MULTI-RESONANT MICROSTRIP SENSOR BASED
ON COMPLEMENTARY SPLIT-RING RESONATORS
FOR DIELECTRIC SPECTROSCOPY OF LIQUID MEDIA

A. M. Gainutdinov, R. V. Farkhutdinov

Kazan National Research Technical University named after A.N. Tupolev (KAI),
Kazan, Russian Federation

The paper presents the experimental results of a three-frequency planar sensor implemented on the basis of
a microstrip transmission line with three concentric complementary split-ring resonators (CSRRs) integrated
into the ground layer of an FR-4 glass-fiber printed circuit board. The relevance of the work is due to the need
for rapid and non-destructive quality control of olive oil, which is often adulterated by adding cheaper oils.
The aim of the research is to develop a highly sensitive multi-frequency device for identifying the composition
of vegetable oils based on the frequency shift of resonances. The methodology is based on recording changes in
the magnitude of the transmission coefficient |S,;| when the test liquid is placed into reservoirs located directly
above each of the three concentric rings with radii of 6.3, 4.2, and 3.0 mm, tuned to frequencies of 1.5, 2.45, and
3.8 GHz, respectively. Pure olive oil (with a relative dielectric permittivity of ~2.5), as well as its mixtures with
5% sunflower oil (~2.8) and 5% linseed oil (~3.0), were used as model media. It was experimentally established
that an increase in the dielectric permittivity of the tested samples causes a predictable synchronous low-
frequency shift of all three resonant peaks. The highest sensitivity, amounting to 340 MHz per unit change in
dielectric permittivity, is demonstrated by the small-sized high-frequency resonator (3.0 mm), which provides
an absolute shift of up to 170 MHz when moving from pure oil to the linseed oil mixture. The results obtained
indicate the prospects of using the developed sensor for express diagnostics and detection of impurities with
a concentration of less than 5% in automated food quality control systems.

Keywords: complementary split-ring resonators, CSRR, microwave sensor, olive oil, dielectric permittivity, frequency shift
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INTRODUCTION

Traditional methods, including gas chromatogra-
phy, for identifying vegetable oil mixtures require
extensive sample preparation [1]. Microwave dielec-
tric spectroscopy offers a promising alternative, as the
dielectric parameters of oils correlate with their fatty
acid composition [2]. Modern metamaterial structures,
particularly complementary split-ring resonators
(CSRRs), enable strong localization of the electro-
magnetic field in gaps, ensuring high sensitivity to
dielectric changes in the coating layer [3]. The aim of
this study is to develop and characterize a three-
frequency sensor based on three concentric CSRRs for
quantitative analysis of oil composition. The novelty
lies in the use of a multiresonance approach with re-
servoirs placed above each ring, which enables the
acquisition of three independent parameters (frequen-
cy shifts) for a single sample [4].

MAIN PART

Sensor design and materials

The sensor structure is based on a double-sided
printed circuit board made of FR-4 fiberglass. The
substrate thickness is 4 = 0.8, the relative permittivity
is ¢’ = 4.3, and the loss tangent is tan 0 = 0.025. The
copper conductive layers have a thickness of
t =35 um and a conductivity of ¢ = 5.8:10" S/m.
A microstrip line with a width of w = 1.5 mm (imped-
ance of 50 Q, length L = 80 mm) is formed on the
front side (Fig. 1).

Fig. 1. Electrodynamic model (top view)

Three concentric CSRRs are cut into the ground
plane of the back side. The ring and gap width for all
elements was 0.35 mm, and the distance between the
centers of adjacent resonators was 20 mm to minimize
coupling [5]. The geometric parameters were selected
for operation at three frequencies: the low-frequency
resonator (outer radius R, = 6.3 mm) was tuned to
1.5 GHz, the mid-frequency resonator
(Rouz = 4.2 mm) was tuned to 2.45 GHz, and the high-
frequency resonator (R, = 3.0 mm) was tuned to
3.8 GHz. The choice of a concentric topology ensures
a multi-frequency response without significant interfe-
rence (Fig. 2) [6].

The physical mechanism of frequency shift in this
design is described by the equivalent LC circuit model
[7]. When liquid is applied to the reservoirs above the
rings, the field in the CSRR gaps interacts with the
polar molecules, increasing the equivalent capacit-
ance. The resonant frequency is inversely proportional
to the square root of the product of inductance and
capacitance, which causes the low-frequency shift [8].

Experimental procedure

Three samples were used as test media: pure olive
oil, a mixture of olive oil with 5% sunflower oil, and
a mixture of olive oil with 5% linseed oil. The trans-
mission coefficient S;; was measured in the range
from 0 to 10 GHz. The test samples were loaded into
reservoirs located directly above each ring, with the
liquid completely covering the CSRR region [9].

Results and analysis

Three distinct resonant dips were recorded during
the experiment, corresponding to each CSRR (Fig. 3).

Fig. 3. Frequency dependence of the S,; transmis-
sion coefficient for the three oil samples studied.

1 — pure olive oil (test = 2.5, markers 1, 2, 3); 2 —
mixture with sunflower oil (test = 2.8, markers 4, 5,
6); 3 — mixture with flaxseed oil (test = 3.0, mark-
ers 7, 8,9)

Relative permittivity values (¢') of the test media
were as follows: pure olive oil (¢’ = 2.5), a mixture
with 5% sunflower oil (¢’ = 2.8), and a mixture with
5% linseed oil (¢’ = 3.0) [10, 11]. The experimental
values are summarized in Tab. 1.

Tab. 1. Experimental values of resonant frequencies
and transmission coefficient amplitudes

The data demonstrate a systematic frequency shift
toward the low-frequency region. Absolute shifts are
presented in Tab. 2. The largest shift (170 MHz) was
recorded for the third resonator when moving from
pure oil to the mixture with linseed oil.

Tab. 2. Analysis of resonance frequency shifts dur-
ing sample transitions

Fig. 2. Electrodynamic model (bottom view).
Resonators: 1 — low-frequency, 2 — mid-frequency,
3 — high-frequency

This shift is explained by the different fatty acid
compositions. Sunflower oil is rich in linoleic acid,
while flaxseed oil is rich in alpha-linolenic acid,
which has a higher polarity, increasing &' [12].



The highest sensitivity of the high-frequency resona-
tor (Roys = 3.0 mm) is due to an increase in the field
strength in the slots with decreasing resonator size
[13, 14]. The depth of the resonant dips changes only
slightly, indicating stable coupling. Comparison with
published data demonstrates the advantage of the
three-frequency approach over single-band analogs, as
it allows for obtaining several independent parame-
ters, reducing the influence of random errors [15].

CONCLUSION

This study experimentally confirmed the high effi-
ciency of a three-frequency microstrip sensor based
on three concentric CSRRs for differentiating vegeta-
ble oils. The maximum sensitivity (170 MHz), record-
ed on a resonator with a radius of 3.0 mm, enables
detection of impurities below 5%. The presented data
form the basis for calibrating industrial quality control
devices.



