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DETERMINATION OF ELECTROMAGNETIC PARAMETERS
OF LIQUID SUBSTANCES IN THE MICROWAVE RANGE

Igor V. Bogachkov,
Omsk State Technical University (OmSTU), Omsk, Russia,
bogachkov@mail.ru

The experimental researches of the electrodynamic properties of lig-
uids in the microwave range is described in this work. The calculation
formulas within the framework of a single-wave model and the results
of trial experiments are presented. Currently, the study of the use of
electromagnetic waves in the microwave range (from 0.3 GHz to 30
GHz - UHF (ultra-high frequencies) and SHF (super-high frequencies))
for heating various substances with suitable electrodynamic properties
is continuing. Liquid substances are of particular interest in this field.
Microwave radiation treatment can be used to solve the problems of
disinfection of water, milk, and so on. Microwave heating can be used
in the oil industry. An experimental measuring device was assembled
to determine the electrodynamic properties of liquid substances. To
measure the electrodynamic parameters of substances, a hollow seg-
ment of a coaxial line was constructed, which has a disassembly struc-
ture and can be completely filled with the test substance before meas-
urements. The dimensions of the coaxial segment are chosen so that,
in the absence of filling, its characteristic resistance (impedance) would
be 50 ohms, which corresponds to the characteristic resistance
(impedance) of the connecting segments of the coaxial lines, and at the
same time higher types of waves would be absent in the transmission
line. After calibration the measuring object was connected to the sys-
tem. The frequency characteristics of the VSWR (voltage standing
wave ratio) and attenuation were measured using a measuring system.
In the absence of filling, the segment is coordinated with the cables of
the measuring system, therefore, the reflected wave will be practical-
ly absent, and the signal attenuation will be determined by losses in the
conductors and contact connections of the segment. When filling the
line segment with the liquid substance under testing, both the VSWR
and the attenuation will change. From this information, it is possible to
determine the electrodynamic characteristics of the filling: the tangent
of the dielectric loss angle and the complex relative permittivity. To
obtain quantitative characteristics, it is convenient to use the D-matrix
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method. A scheme of the measuring installation, devices and their con-
nections for experimental research is presented. In the range from 2
GHz to 18 GHz, experimental studies of two segments in waveguide
and coaxial designs without filling with dielectrics, as well as with water
filling, were carried out. The paper presents the frequency depen-
dences of VSWR, reflection coefficient, attenuation averaged for two
line segments without filling. These data allow us to identify the sys-
tematic error of the experiment, which will allow us to correct the
result for the filled segment. The analysis shows that in the unfilled seg-
ment, losses in contact connections prevail over losses in conductors.
The frequency dependences of the reflection coefficient, the relative
absorption power in the dielectric and the tangent of the dielectric loss
angle for the experiment with water are presented. The results
obtained are consistent with those published. Thus, using the consid-
ered technique, it is possible to determine the electromagnetic param-
eters of various liquid substances in the microwave range. Currently,
the study of the use of electromagnetic waves in the microwave range
(UHF (ultra-high frequencies) - 0.3-3 GHz, SHF (super-high frequen-
cies) — 3-30 GHz) for heating various substances with suitable electro-
dynamic properties is continuing [1-3]. Liquid substances are of par-
ticular interest in this field. Microwave radiation treatment can be used
to solve the problems of disinfection of water, milk, and so on.
Microwave heating can be used in the oil industry (reducing the vis-
cosity of oily materials when pumping through pipes, melting asphalt-
paraffin plugs and polluting deposits in the pipes of oil wells, and so on)
[2-6]. Most often, to determine the electrodynamic parameters of sub-
stances, a method of measuring characteristics is used when the sub-
stances under study are located inside a volumetric resonator. Despite
the good accuracy, the disadvantage of this approach is obvious - it is
impossible to adjust the measurement frequency parameters in a suf-
ficiently wide operating range during experimental studies.
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Description of the experimental research scheme

An experimental measuring device was assembled to
determine the electrodynamic properties of liquid substances. To
measure the electrodynamic parameters of substances, a hollow
segment of a coaxial line was constructed, which has a
disassembly structure and can be completely filled with the test
substance before measurements.

Figure 1 shows a scheme of the experimental set.
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Fig. 1. A scheme of the experimental set with VSWR measuring
instrument R2—-103 (R2-104)

measurement [v
I

D1, D2 and D3 are detector heads, DC; and DC; are directional
couplers (forward and reflected waves respectively).

The VSWR-R2-103 measuring instrument was used for
measurements in the range from 2 to 8 GHz, and the VSWR-R2-
104 measuring instrument was used in the range from 8 to 18 GHz.

The characteristic resistance (impedance) Z. of the connecting
segments of coaxial lines is 50 Ohm.

The dimensions of the coaxial segment are chosen so that, in
the absence of filling, its characteristic resistance (impedance) Z.
=50 Ohm, and higher types of waves would be absent in the line.
As is known, the lowest critical frequency of which ( £/") is the

Hiy mode [7-9].
Thus, the single-mode mode will be achieved in the coaxial
segment under the following conditions:

f<fide=—" . (1)
“ z(a+b)

where c is the speed of light in vacuum, ¢ is the relative dielectric
constant of the line segment filling, a is the inner radius of the
measuring coaxial segment, and b is the external radius,
respectively.

After calibration (instead of the measuring object, the reference
resistance was connected), the measuring object was connected to the
system, which was a piece of coaxial line with a length of / =9 cm
with the diameter of the inner conductor D, = 2a = 3 mm, and
the diameter of the outer conductor is D, =2b =7 mm ( £,/""\/¢ =

=19.1 GHz).

The frequency characteristics of the VSWR (voltage standing
wave ratio) and attenuation were measured using a measuring
system.

In the absence of filling, the segment is coordinated with the
cables of the measuring system, therefore, the reflected wave will
be practically absent, and the signal attenuation will be determined
by losses in the conductors and contact connections of the segment
[10-12].

o

The relationship of the electrodynamic parameters
of the filling dielectric with the measurement results
of the transmission line segment

When filling a line segment with a substance, both the VSWR
and the attenuation will change. From this information, it is
possible to determine the electrodynamic characteristics of the
filling: &, tgd (tangent of the dielectric loss angle), & (complex
relative permittivity), & is real part of & : &' = &, & (the imaginary
£ part associated with losses in the dielectric).

E=¢'—ie"=¢(1-itgd) =e1+(tgd)’ exp(—id)> )

where tgd =tgo,, +tgd, = tgd,,, , tgs,, — tangentof

pol

tgo, =

the angle of polarization losses, — conduction loss

wEE,
angle tangent, i is “imaginary” unit, o is specific conductivity,
o = 2nf is cyclic frequency (f is frequency), & is the dielectric
constant.

As is known, even at low frequencies (LF), oil, water, milk,
etc. are dielectrics (conductivity ¢ is practically zero), therefore,
in the microwave range (UHF and SHF), electromagnetic losses
in oil are determined only by polarization effects (tg 5 ,,, ). In the

future, we will assume that oil does not have magnetic properties
(u=1).

By measuring the SWR (standing wave ratio), you can
determine R (reflection coefficient), and then calculate the
substance filling the segment.

At the input of the measurement object, there is a boundary
between the media (Z. jump).
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Fig. 2

At the output of the measuring object there will be a reverse
jump of Z., which gives modulo the same reflection coefficient as
formula (3), but with the opposite sign.

The total reflection coefficient (R) at the input (R;) is
determined by the superposition of waves reflected from the input
and output.

It is convenient to use models and techniques to obtain
quantitative characteristics [7-9].

After transformations of the scattering matrices of the basic
elements (in Fig. 2: Zc jump (Zc) — Zc»), a segment of the matched
line with losses, and the reverse Zc jump is the load of the device
(Zcy — Zcy) with R; = —R) we get the final scattering matrix (S-
matrix) of the device:

-Comm Towm 18. #3-2024
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where p_ 1 _p2 = 24z is the transmission coefficient of the
1+/2

reduced voltage, y (longitudinal wave propagation coefficient) =

a+if, aand Fare attenuation and phase coefficients, respectively
[7-9]:

a=@‘/(m_l)z#tgaa ®)

ﬁ=ﬂfTM (w/(tg5)2+1+1) zZ”J;J;(H(t@)Z]. (6)

8

If the losses are small (tgs§ <<1), then formulas (5-6) are

simplified:
o zﬂtgé'a (7
c
ﬁzznf\/E(H(tg&)zJ. (8)
c k 8

Using the D-matrix method [7, 8], we obtain the reflection
coefficient at the input (R;,) and the transmission coefficient at the
output (721):

_R-RQR*+T*)e”" R(1-€7") ©)
in 1— R2e - 1— R2e™
_ T’e™” _ (1—R2)e‘“ ) (10)

21 I_Rze-zyz - 1_Rze—27

Solving equations together (3), (5-10), you can calculate the
necessary filling parameters gand tgd, and then &, &, & using (2).

Analysis (9) shows that the frequency dependence of R;, at low
R and low losses (@) has a pronounced periodicity.

R,~R(1-e7")—>1-e?". )]

Minimums will be observed at pl=rn (n is a natural
number):

fo= cn . 12)
" a1 fe(1+025(1g0)')

The maximums will be observed at g/ = 7 (n + 0.5):

fo- c(n + 0.5) (13)

ax 2
21\/3 (1+0.25(tg0))
By measuring the distance between two maximum or
minimum (as you know, the measurement for minimum is more
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accurate), you can express the necessary parameters for a certain
range (f € f,...fy,)

2

< . (14
2

412(fn+1 _fn)

For large R, the denominator (9) begins to manifest itself, and

the nature of the dependence of R;,(f) becomes more complicated
[13-15].

2(1+0.25(tgs8)") =

The experimental testing of electrodynamic characteristics
of liquid substances

Before starting experiments with oil and other samples, two
segments were studied in waveguide and coaxial versions without
filling with dielectrics, as well as with water filling.

Figure 3 shows a photograph of a measuring installation,
devices and their connections for experimental studies of the
electrodynamic characteristics of liquid dielectric media (water,
milk, varieties of oil, petroleum products, and so on).

f~+ﬂ§ﬂl‘—.”.../
v

Fig. 3. Photo of connections for the experimental testing
of electrodynamic characteristics of liquid substances

Measurement results for the empty segment

Figures 4-6 shows the frequency dependences (VSWR, |R (f)| ,
A4 in dB) averaged for two segments of the line without filling in
the range of 2-18 GHz.

The frequency dependence of the VSWR is presented in Figure 4.

)
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f, GHz
Fig. 4. VSWR (f) dependence of the segment of the coaxial transmission
line without filling

It can be seen from Figure 5 (| R () ) that there is no complete
agreement even in an unfilled segment. These data allow us to
identify the systematic error of the experiment, which will allow
us to correct the result for the filled segment.
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Fig. 5. R (f) dependence of the segment of the coaxial transmission line
without filling

The analysis of Figure 6 shows that in the unfilled segment,
losses (4 in dB) in contact connections prevail over losses in
conductors.
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Fig. 6. The dependence of attenuation (in dB) on the frequency
of the coaxial transmission line segment without filling

The error can be taken into account by subtracting the results
obtained from the dependencies IR (/)| and A(dB) (f) for the filled
segment. The most accurate results are obtained by analyzing the
relative capacities.

The full power supplied to the input of the measuring object is
taken as a “1”.

P,+PB=1-P, -P=1-|R,[-|T,[- (15

where Py is the power of losses in the dielectric, Py is the power
of losses in the empty segment, P, is the power of the reflected
wave, P; is the power in the load.

After the transformations, we can express the coefficient of
losses in the dielectric (aq) (16):

a, =H:1n(‘/1—|Rm|2 )— ln|T21|} -a

where oy is the coefficient of losses in the empty segment.
After the formula transformations, we get (17):

a, :%[ln(m)—lnﬁzJ—ln(m)+ln|To|](17)

where Ry is the reflection factor of the empty segment, 7 is the
transmission coefficient of the empty segment.
After calculating the ¢y by the formula (7), we determine

x/g_tgé-

Measurement results for the segment filled with water

(16)

Figures 7-9 shows the frequency dependences of the trial
experiment with coaxial segment filled with water from an
ordinary water pipe.

A dependence of the reflection factor (| R (f)| ) of the segment
of the coaxial transmission line with water is presented in Figure 7.
(The dashed line at the bottom of the graph marks the graph for

o

the unfilled segment which has shown in Figure 5).
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Fig. 7. Dependence of the module R(f) of the segment of the coaxial
transmission line with water

A dependence of the relative power of losses in the dielectric
in the coaxial transmission line segment filled with water is
presented in Figure 8.

Fig. 8. Dependence of the relative power of polarization losses
in a segment of a coaxial transmission line with water

A dependence of tgo (f) for the coaxial transmission line
segment filled with water shown in Figure 9.

Figures 7-9 shows an obvious loss resonance in the 2.4-2.8
GHz frequency range, which is known to be used in microwave
heating of water-containing products (f'=2.45 GHz).

When calculating the electromagnetic parameters of water, it
turned out that there are two solutions that differ as £and 1/¢ (this
follows from the analysis of Figure 2 and formulas (3)).
Obviously, solutions with £< 1 should be excluded.

Conclusions

The results obtained are consistent with those published [1-6].
It is assumed that the losses in the test substance will be
insignificant. If tg & > 0.1, then formulas (5-6) should be used

to calculate oz and S.

Thus, using the considered technique, it is possible to
determine the electromagnetic parameters of various liquid
substances in the microwave range.

1g26()

/. GHz

Fig. 9. Dependence of tgd (f) of the coaxial transmission line segment
with water
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OMPEAEJIEHUE SJIEKTPOMAITHUTHbBIX MAPAMETPOB XU KMNX BELLIECTB
B MUKPOBOJIHOBOM AMNAIA3OHE

Boraukoe Urope Buktoposuy, Omckuli 20cydapcmeerHbili mexHudeckutl yHusepcumem (OmITY),
2. Omcke, Poccus, bogachkov@mail.ru

AHHOTauusA

B aTon paboTe onucaHa cxema 3KCMEPUMEHTA AfA WUCCIIEAOBAHUN 3NIEKTPOAMHAMUYECKUX CBOWCTB XKMAKOCTEN B MUKPOBOJSIHOBOM AWarasoHe,
NpuBeAeHbI pacyeTHble GOPMyJibl B paMKax OFHOBOJSIHOBOW MOZENM W pesyribTaThl MPOGHbIX SKCMepUMEHTOB. B HacToslliee BpeMs npoposmKaeTcs
M3yYeHUEe MPUMEHEHUsA SNIEKTPOMArHWUTHLIX BOMH MUKpoBosiHoBoro AvanasoHa (0.3-30 My - YBY u CBY) ana HarpeBa pasnuyHbIX BELLECTB,
MMEIOLMX MOAXOAALME [JfIA 3TOTO SMeKTpoAuHaMuyeckue ceomcTea. Ocobbii MHTepec B 3TOM 06MacTU MpeACTaBNAOT >KUAKUE BELLECTBa.
O6paboTka MMKPOBOJSTHOBbIM U3yYE€HMEM MOXET MPUMEHATLCA ANA pellueHus 3ajaqy obe3zapakMBaHUA BOZAbl, MOIOKa M T. n. MUKPOBOMHOBBIM
HarpeB MOXET UCMOoJb30BaThcA B HepTeA0ObIBAIOLIEN MPOMbILUNIEHHOCTU. [ onpeAeneHWs 3NeKTPOAMHAMUYECKUX CBOMCTB >KUAKUX BELLECTB
6bina cobpaHa aKCnepyUMeHTaNbHas U3MEpUTENbHasA YCTaHOBKA. [ M3MEpeHUin SNeKTPOANHAMUYECKWX NapaMeTPOB BELLECTB Bbii CKOHCTPYMPOBaH
MOJIbIN OTPE30K KOAKCUANbHOM JIMHUM, KOTOPbIM MMEeeT pasbupaeMyto KOHCTPYKLMIO W Mepes U3MEPEHUAMU MOXKET ObiTb MOMHOCTbLIO 3arosiHEH
nccnedyeMbiM BelliecTBOM. PasMepbl KoakcuanbHOro oTpeska BblGpaHbl Tak, YTOObI MPU OTCYTCTBUMM 3aMOJSIHEHUA €ro XapaKTepUCTUHecKoe
conpotueneHne coctaensano 6bl 50 OM, YTO COOTBETCTBYET XapaKTEpPUCTUHECKOMY COMPOTMBIIEHUIO COEAMHUTENbHbIX OTPE3KOB KOAKCMASIbHbIX
JIMHWIA, W NPY 3TOM B JIMHUM NEPEAAYN OTCYTCTBOBASIM Obl BbiCLLME TUMbI BOSH. [ocne kanMbpoBKku B 3KCMEPUMEHTaNIbHYIO CUCTEMY MOAKIIOYACA
06beKT uzMeperns. C NOMOLLLIO U3MEPUTENIbHOW CUCTEMbI U3MEPANNCL YacTOTHble Xapaktepuctukn KCBH (koadduumeHTa crosyen BonHbl no
Hanps>KeHWto) U 3aTyxaHus. [pn oTCyTCTBMM 3aMOSHEHUA OTPE3OK OTPaKEHHasA BOMHA ByAeT MpaKTUYecKW OTCyTCTBOBaTh, a ocnabnenne curHana
6yAeT onpeAenaTbCA MOTEPAMM B MPOBOAHWMKAX U KOHTAKTHbIX COEAMHEHUAX oTpeska. [py 3anosiHeHUM oTpeska JIMHUM UCCeyeMbIM KUAKUM
BeliectBoM usMenntca u KCBH, u 3atyxanue. M3 3101 MHPOPMaLMKU MOXKHO ONpeAenuTb 3NeKTPOAMHAMUYECKUE XapaKTEPUCTUKU 3amnOHEHUA:
TaHreHc yrna AU3JIEKTpUHECKUX NoTepb U KOMMJIEKCHYHO OTHOCUTEJSIbHYHO AU3NEKTPUYECKYyto MpOHULAEMOCTb. .Elﬂil noJsly4eHnA KoNn4ecTBeHHbIX
XapaKTepUCTUK yAo6HO BOocronb3oBaTbea MeTogoM D-Matpuu. MpeactaBneHa cxeMa M3MepUTENbHOM YCTaHOBKU, YCTPOWMCTB U UX COEAMHEHUN Ans
3KCMepUMEHTanbHbIX UccnegoBanuit. B ananasoHe ot 2 Ty go 18 T 6binm npoBefeHbl aKCNEpUMEHTaSIbHbIE UCCNE[OBaHWSA ABYX OTPE3KOB B
BOSIHOBOAHOM M KOAKCUasbHOM WCMOSIHEHUM 6e3 3anofiHeHUs AW3MEKTPUKAMM, a TakKe C 3arosiHeHueM Bogon. B pabote npuBefeHbl 4acTOTHbIE
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3asucumoctn KCBH, koapduumeHTa oTpaxkeHns, 3aTyxaHUA yCpeAHeHHble A1 AByX OTPE3KOB JIMHUM 6e3 3anonHeHus. DTU AaHHble MO3BOMAOT
BbIAENIUTb CUCTEMATUYECKYIO MOrPELLHOCTb 3KCMEPUMEHTa, YTO MO3BOJSIUT CKOPPEKTUMPOBATb pe3yfbTaT Ajif 3aMoSIHEHHOro otpeska. AHanus
MoKasbIBaeT, YTO B HE3aMnoJIHEHHOM OTpe3ke MpeobnafatoT NOTEpU B KOHTAKTHbIX COEAMHEHWUAX Haj NOTEpAMM B MpoBOAHWKaXx. [MpefcTaBneHbl
4aCTOTHbIE 3aBUCUMOCTU KO3 ULMEHTA OTPAXKEHUA, OTHOCUTENIbHOM MOLLHOCTU MOMIOLLEHUA B AUSMEKTPUKE U TaHTeHCa Yria AWSNEKTPUHeCKUX
noTepb AnA 3KCnepuMeHTa ¢ BoAo. [MonyyeHHble pesynbTaThl COMNACytOTCA C OMyONMKOBaHHbIMU. TakuM o6pa3oM, C MOMOLLbIO PaCCMOTPEHHOM
METOZMKN MOXHO OMNpesenaTb 3/IeKTPOMarHUTHbIE NapaMeTpbl PasfINYHbIX XUAKUX BELLECTB B MUKPOBOJIHOBOM JManasoHe.

Kniouyeebie cnoea: mukpososiHosbili Hazpes, xudkue dusnekmpuyeckue cpedsl, Ko3gppuuueHm ompaxkeHus, Ko3puuueHm nomepb, MUKPOBOTHOBbIL
duanasoH, Memod D-mampuu,.
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