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The work aims to develop a method for contactless identification of impurity concentration in liquids of a given type in the
microwave frequencies. The work presents the theoretical analysis of the novel method for identifying impurities in liquids at
microwave frequencies, based on the use of a tunable matching layer (a dielectric layer of variable thickness). To find the reflection
coefficient of an electromagnetic wave from the layered structure, a technique consisting of determining the electromagnetic fields in
each region and imposing continuity conditions for the field components at each boundary of the layer was used. Numerical
estimations of the method’s sensitivity are provided using the example of determining ethanol impurity concentrations in water. The
results are compared with experimental data reported in other publications. It has been shown that this method has a high sensitivity
to impurity concentration.
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INTRODUCTION

High-frequency methods for monitoring and characterizing the dielectric properties of liquids remain an active
area of research [1-6]. Among the most advanced approaches is the method presented in [1], which enables non-contact,
remote measurement of the real and imaginary parts of a liquid’s permittivity in the microwave frequency range. The
authors of [1] employed a specially designed cylindrical dielectric resonator as the measurement cell.

We subsequently developed the method proposed in [1] in works [7-10]. In our studies, instead of the traditional
dielectric resonator (which operates in a narrow frequency range), a so-called one-dimensional photonic crystal [7] was
used. This made it possible to identify liquids over a relatively wide frequency range. The use of a one-dimensional
photonic crystal with a defect in a microstrip implementation improved the accuracy of liquid identification and
enhanced the technical capabilities of the method described in [1]. It should be noted, however, that the method
described in [7-10] exhibits several limitations. Despite being well-suited for liquid identification, it is poorly suited for
high-precision tuning of sensitivity to specific types of liquids. In the given paper, we propose a method for relatively
accurate non-contact measurement of impurity concentrations in specific types of liquids (e.g., aqueous alcohol
solutions) in the microwave wavelength range. This approach provides comparatively high accuracy in measuring
impurity concentrations in liquids due to the use of a tunable matching layer.

PROBLEM FORMULATION AND RESULTS DISCUSSION
In this work, the reflection coefficient R of the electromagnetic wave from a layered structure (shown in Fig. 1) is
calculated.
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Figure 1. Geometry of the problem: 1 — the free space; 2 — the tunable matching layer; 3 — the wall of the container with the test
liquid; 4 — the liquid under test.
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(referred to as the tunable matching layer) (2) is used to control the reflection coefficient of the electromagnetic wave
from the whole layered structure by varying its thickness.

The test liquid is assumed to be placed in a flat container. The container wall (3) has a thickness of d; and the
permittivity €3,. The spatial region z > d + d}, is occupied by the test liquid (4) with permittivity €3. The second boundary of
the flat container is not considered in our model, since its effect on the reflection coefficient is assumed to be negligible.

To determine the reflection coefficient R of the electromagnetic wave from the considered structure, the known
standard approach was used. This approach consists of determining the electromagnetic field components in each region
and applying the boundary conditions for the continuity of these field components at each interface of the structure. It is
assumed that the permittivity of the test liquid is a complex-valued function, accounting for both its dispersive and
absorptive properties.

Let us consider the components of the electromagnetic fields in each region of the layered structure.

In the region z < 0:

H,(z2)= e* 7

ck., 4. i
Eyl (2)= 2l (elkm et ).
we,

In the region 0 <z <d:
H,,(z)=Hye"* + Hye ",

ck,
E,(2)= a):

2
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In the region d <z < d + dj:
Hy3b (2)= H;beik:”’(z’d) + H}‘be*fk:zh(z—d) ,

cky,
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In the region z > d + dj:

H(2) =i,

ck s (2—dm
Ev3(Z)= z3 t_ezksg(- d d,,).
: WE,
Here, r, t are amplitudes of the reflected and transmitted electromagnetic waves, respectively. The values H,, H;,
represent the amplitudes of the forward-propagating electromagnetic waves, while H;, H;, denote the amplitudes of

the backward-propagating waves in media with permittivity €, and €35, respectively. The wave numbers are given by

k.ipsps = = |€1535 » Where @is the angular frequency and c is the speed of light in vacuum.

From the continuity conditions of the tangential field components at each interface of the considered structure, we
determine the amplitude » of the reflected electromagnetic wave. The reflection coefficient R of the electromagnetic
wave at the boundary z = 0 is defined as follows:

R= |r|2 .
The amplitude of the reflected electromagnetic wave » should be determined by the following expression:

o Xap_cos(k,,d) —i-s_sin(k,,d)
x,p, cos(k_,d)—i-s, sin(k_,d)’

where
De =Xy, Ex3,p.,
Sy =X X V- ix;)’“
v, =xy, cos(k_y,d,)—i-x;sin(k_,d,),

Y. =xyc08(k.y,d,)—i-x;, sin(k_y,d,),

X12363 = 1/\/ PRTER
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Let the investigated liquid be contained in a dielectric (plastic) container with thickness d, = 0.05 cm and the
permittivity €3, = 2.4. We assume that the thickness d of the tunable matching dielectric layer can vary, and its
permittivity is € = 5.5. We also assume €; = 1.0.

Let introduce the dimensionless thickness of the tunable matching dielectric layer as & = 2md/A, where A is the
wavelength of the electromagnetic wave in free space. The value of A is taken as A=3 cm. Figure 2 shows the
dependence of the reflection coefficient R(8) for the water, with the real part of its permittivity &; =62.6 and the

imaginary part € =29.4 at the chosen wavelength. It can be seen from Fig. 2 that obtained dependence is a periodic
function of 4.

£2=5.5 £3=62.60 £5=29.40 6=12 d=0.57"\
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Figure 2. Dependence of reflection coefficient R(8) on the dimensionless thickness of the tunable matching layer for pure water

Let’s 8 = 1.2. This value corresponds to the maximum reflection coefficient R. The chosen value of § is indicated
by a dashed line in Fig. 2. For the selected values of A and 8, the thickness is d = 0.57 cm.

Now, let us consider how the reflection coefficient R changes in the presence of ethanol impurities in water. The
results of the performed calculations are presented in Table 1.

Table 1. Reflection coefficient R from the layered structure (Fig. 1) for ethanol-water solutions of varying concentration.

#1 #2 #3 #4
Concentration of ethanol in Real part of permittivity Imaginary part of permittivity R (d=0.57 cm)
water, % £, (=3 cm, experiment [11]) & (A= 3 cm, experiment [11])

0 62.5 30.0 0.641

1 61.0 30.8 0.640

5 55.8 32.0 0.634

10 49.5 33.0 0.627
20 37.5 322 0.609
40 21.0 24.5 0.560

The first column of Table 1 shows the percentage concentration of ethanol in water. The next two columns list the
real and imaginary parts of the permittivity of water containing ethanol impurities. These data are taken from
reference [11]. The fourth column of the table presents the calculated values of the reflection coefficient R of the
electromagnetic wave from the structure shown in Fig. 1.

From Table 1, it is evident that the presence of ethanol in water significantly affects the reflection coefficient of
the electromagnetic wave. As the ethanol concentration in water increases, the reflection coefficient R decreases. This
very fact forms the basis of the novel non-contact method we propose for determining impurity concentration (using
ethanol as an example) in water.

Let us estimate now the sensitivity of the given method from Table 1 as the minimal measurable increment in
ethanol concentration in water for the two cases described below.

In the first case, we consider pure water with low ethanol impurity concentrations ranging from 0% to 5%. It is
known that in typical experiments using the standard vector network analyzer N5230A [7-10, 12], a measurement
accuracy of the reflection coefficient R for the layered structure on the order of ARcx, = 0.1% can be easily achieved.
With this method, it is experimentally possible to measure such an increment in ethanol concentration that corresponds
to a change in R no smaller than the aforementioned accuracy. From Table 1, it follows that R changes by AR =1.1%
when ethanol concentration varies from 0% to 5%. Thus, for small ethanol concentrations in water, the accuracy of
determining its concentration by the new method is approximately AR, /AR, -5% =0.45% . In the second case, when

the ethanol concentration changes from 20% to 40%, the reflection coefficient varies by AR, = 8.75%. For this diapason
of impurities, the accuracy of determining ethanol concentration in water is approximately AR, /AR, -20% =0.23% .
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For comparison, in reference [12], the accuracy of the method for determining the dielectric permittivity of liquids in
a coaxial cell was significantly lower (the errors in determining the dielectric permittivity of water were no better than 5%).

CONCLUSIONS

Thus, in this work:

1. The new remote method for determining impurities concentration in liquids has been developed. The method is
based on measuring the reflection coefficient of the electromagnetic wave from a flat plastic container with liquid, using
a tunable matching dielectric layer of adjustable thickness.

2. It is demonstrated that, compared to established methods based on permittivity measurements using coaxial
line or photonic crystals, the proposed method offers substantially higher sensitivity to impurities. This enhanced
sensitivity arises from the implementation of a tunable matching layer with adjustable thickness.

The work is funded by the Project “Microwave express detection of flammable and potentially explosive
substances using planar technologies” (Agreement Ne2.7/25-IT on 01.01.2025 between the National Academy of
Sciences (NAS) and the O.Ya. Usikov Institute for Radiophysics and Electronics of the NAS of Ukraine).
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Meroto poboti € po3pobka MeToqy OE3KOHTaKTHOI ineHTH]iIKanil KOHLIEHTpawii JOMINIOK y piIivMHAX 3aJaHOr0 THUIy Ha
MIKpPOXBIJIBOBHX YacTOTaX. Y poOOTi MPEICTABICHO TCOPETHYHUN aHalli3 HOBOIO METOAY iJeHTH(]iKalii JOMIIIOK y piinHAax Ha
MIKPOXBHJIBOBHX 4aCTOTAX, 3aCHOBAHOI'O Ha BUKOPUCTAHHI PEryJIbOBAHOIO Y3r0KyBaIbHOTO LIApy (Ji€IEKTPUUHOrO I1apy 3MiHHOT
ToBIIMHK). [ Bu3HaueHHs KoedillieHTa BIXOWTTS €JIEKTPOMAarHiTHOI XBHJII BiJ HIapyBaTol CTPYKTypu Oyja BHKOpHCTaHa
METOJAMKA, SKa TOJATaE€ y BH3HAUYECHHI €IEeKTPOMArHiTHHX IOJIB Yy KOXHIH 00JacTi Ta HaKIaJCHHI yMOB Oe3NepepBHOCTI Ui
KOMITOHEHT TIOJIsl Ha KOXKHiM Mexi mapy. HaBepeHo uncenpHI OMIHKHA YyTIMBOCTI METOAY HA MPHUKJIANI BU3HAUYEHHS KOHIEHTpALii
JIOMIIIIOK €TaHOJy y Boi. Pe3ynpraTu MOpiBHSHO 3 €KCIIEpUMEHTAIBHUMHY JaHUMU B iHIMMX myOmikamisx. [Tokasano, mo neit Meton
Ma€ BHCOKY Yy TJIHBICTh JIO KOHIEHTPAIIii JOMIIIIOK.

KuarwuoBi cioBa: y3eooocysanvhull wap, KoHyewmpayis OOMIWOK V pIOuHax, O6e3KOHmMakmuui, Koe@iyicum eiobummsi;
MIKPOXBUNbOBI Yacmomu



