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A method for determining the complex permittivity of substances by the electromagnetic (EM)
waveguide method in the microwave range using electrodynamics and the theory of multilayer dielectric
structures is considered. The expression for the complex reflection coefficient of an EM wave in a
waveguide with a substance sample is studied. Calculations of the dielectric constant of substances are
carried out by analytical and numerical methods using computers. To obtain the desired complex
permittivity of a substance, we use the relationship between the expression for the reflection coefficient
modulus and the value of the standing wave coefficient over voltage measured in advance in the frequency
range. The method is suitable for automation and application in enterprises producing and using fuels,
construction and agricultural products. From the found value of the dielectric constant, the quality of
substances can be determined. For example, the results of determining the dielectric constant several coals
and solid-state foam are given.
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1. Introduction

The non-destructive determination and quality control of various substances with
dielectric properties in all areas of the national economy (metallurgical, engineering, oil
refining, construction, agricultural etc.) is very relevant. Methods for controlling the quality
of substances, for example, infrared, neutron, thermal, radiation, electrical and others [1-7]
are well known.

In the development of the basic principles of microwave environment friendly diagnosis
of wvarious substances, a great contribution was made by domestic scientists
L.M. Brekhovskikh, A.A. Brandt, V.A. Viktorov, B.V. Lunkin, A.S. Sovlukov and foreign
M. Born, F. Wolf, Sh.B. Nagy (Hungary), A.F. Harvey (USA) and others.

As an example, Table 1 shows the complex dielectric constant (CDC) values for several
important substances with dielectric properties according to the literature and our
measurements.

In this paper, with taking into account these works, the search for the relative CDC of
substances by analytical and numerical methods using a computer is performed.

2. Formulation of the problem

In [3, 4] and others, using the equations of electrodynamics and the theory of multilayer
dielectric structures, expressions are obtained for the complex reflection and attenuation
coefficients of an electromagnetic (EM) wave when it falls on a layer of a substance of
thickness d (Fig. 1), commensurate with the EM wavelength.

One of the layers 2 of the structure (Fig. 1) can be a test substance with a thickness
commensurate with the length of the working EM wave incident on the interface between, for
example, air 1 and test substance 2, as well as substance 2 — air 3.

Let us consider the expressions for the complex reflection coefficients R from the
interfaces of layers 1 — 2 and 2 — 3 for an EM wave of type TE.
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Table 1
The complex dielectric constants values for several substances
Substance The complex dielectric constants | f , GHz Notes
(‘;', g” tgd
793 7.9 0.1 172 Data from [1,2,5]
75.8 103 0.14 '
Distilled water Measurements [1,2,6]
743 13.2 0.18 Measurements [1,2,6]
Ftoroplast-4 19-22 - | (2-3) x 10" 3.0 Data from [1,2,5]
41-5.0 — —
Skinny coal 1.0 Data from [1,2,%]
4.5 - 0.035 Measurements [1,2,6]
>5.0 - —
Coal anthracite 1.0 Data from [1,2,5]
5.5 14 0.25 Measurements [1,2,6]
. 1.26 - - 0.10 -
Solid-state foam 1.52 1.01 2-8.6 Measurements [9,10]
0.
n ﬁ’;T b/ 3
n, =yt U_. 2 d
n, =& A !
61
Fig. 1. Three-layer dielectric structure: air — 1, Fig. 2. Schematic representation of WMC:
test substance - 2, air - 3. 1 —air; 2 — fuel sample; 3 — metal short circuit.

In this case, media 1-3 are in free space and their dimensions in the horizontal plane
tend to infinity. These expressions have the form:

N cosly - nocost
Rpp = L0507 - 12 2 )

NCosty + nocosty ,

_ n200592 -n3c0593

(2)

237
n200562 + n300303
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where

3)

is a medium refractive index.
Taking into account (1) and (2), the formula for the reflection coefficients of an EM
wave for a three-layer system (Fig. 1) has the form:
_ Ry Ry
R= 27 (4)
14+ R ,Ry0e

Then the reflectivity of the medium in question is written as follows:

2 2
R 2 _ R12 + R23 + 2R12R23c052ﬁ

5
1+ R122R§3 + 2R12R23c052/3 ®)
where
21
S =—n2dcost .
) 2

In particular, for the normal incidence of the EM wave on this structure 8 = 0°, we
obtain the following expressions:

ni1-n2

R12=n | (6)
1712
nz-n3

Rog= : (7)
n2+n3

Applying the considered dependences to (1) — (7), it is possible to evaluate such an
indicator of the quality of a substance as a CDC, which depends on the parameter n — the
refractive index of the medium.

We transform these dependences of the reflection coefficient in free space for Fig. 1
to the model for the case of a real waveguide measuring cell (WMC) (Fig. 2) — a three-
layer medium of enclosed space from a segment of a metal rectangular waveguide, into
which a plane EM wave is emitted. The EM wave propagates from the generator in the
direction of the WMC with the main type of H; 5. Then, we regard the above-considered

problem for free space in the case when an EM wave falls from air medium 1 at an angle
6 = 0° (Fig. 2) to the sample 2, while some part of the energy is reflected from the
interface 1 — 2, and some part passes through medium 2 and is reflected from the interface
2 — 3 of the metal wall 3 and then multiple is reflected from both interfaces of the layers.
For the case of a rectangular waveguide and a dielectric sample, we express the reflection
coefficient through the longitudinal wave numbers. Then the expression for the complex
coefficient of reflection of the wave from the first boundary of the media has the form:
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iz (o5 e ()

M2 = (D +hy(fey) Jkoz ‘(”jz +J"02 - '(”)2 (8)
a a

where h is a longitudinal wave number or propagation constant of the EM wave for

medium 1, h2 is a longitudinal wave number for medium 2; &, is a complex relative

permittivity of the medium 2; ko = 2x/J.is a wave number for the medium 1; f is the

operating frequency of the EM wave.
Considering that the bottom of the WMC 3 with the studied sample (Fig. 2) is metal,
in expression (1) the reflection coefficient from this short circuit 3 can be written in the

form R,3=—1 (provided that the losses are not taken into account in it) and it takes the
form:

R12-e

Rye—y=—— . 9
(fe) 1Ry -2ip (©)

Then, for the case of the presence of a sample inside the WMC (Fig. 2), we obtain a
calculated mathematical model for the total complex reflection coefficient in the form:

— . 2 _(« 2
R12(f,6)-exp -i2d ko xg-(aj

— - 2 _ T 2
1Ry, (FExexp| -i2d, [k, Xg_(a)

where Ry is defined by expression (8).

R(f,5d) =

(10)

3. Numerical results
To determine the desired value of the CDC of the substance included in expressions

(8) — (10), we take into account the relationship between the reflection coefficient
modulus R and the standing wave voltage coefficient (VSWR) [9] in the form:

K UM _

1
’ " — CI
‘Ri(&‘,g,fi ,d)‘—my (11)

where i = 1, 2, 3 ... is the frequency number of the given range at which the VSWR is
measured.

Using expressions (10) and (11), it is possible to determine the CDC of a substance.
In this case, the VSWR measurements are performed at two closely spaced frequencies

f1 and f2 for the VSWR values i = 1, 2 of the microwave range, in which the systematic

error in the frequency reading of the measuring device is minimized and the real
component of the CDC is constant.
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On this interval of two indications i = 1, 2, we determine the corresponding real and
imaginary parts of the CDC of this substance.

Next, in a similar way, we determine the VSWR and then the CDC for the next pair
of samples i = 2, 3 closely spaced frequencies and then over the frequency range.

Using expressions (10) and (11), the CDC values of several coal samples of the LC

brand (lean concentrate), with different specific heat of combustion (Qir ), used at electric
and heat generating enterprises, were determined. The results are shown in Fig. 3, a, b.
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Fig. 3. Experimental installation (a): 1 — measuring waveguide line, 2 — WMC,
3 — microwave generator, 4 — measuring device;

CDC dependencies (b) of lean coal of the LC brand on its Qir :
curvel— ¢ (Q), curve 2 —1go (Q) .

As measuring equipment for determining the VSWR, a measuring line (Fig. 3, a)
can be used. However, for automation of measurements, it is advisable to use a modular
automated measuring instrument of VSWR and attenuation of the type P2 (or P2M -
Russian Federation), a vector meter Spectrum Analyzer R&S FSH (Germany), and other
equipment interfaced with computers.

In another approach [9, 10] to measuring the dielectric characteristics of substances
in waveguides were investigated of such exotic substances as foam structures in wide
frequency ranges and waveguide sizes. In paper [9] dielectric properties in microwave
band from 5.2 to 8.6 GHz of the solid-state foam specimens were investigated in
rectangular waveguides. In [10] a statistical analysis of measurements of solid-state
foams in waveguides in the range of 2.0 — 8.6 GHz was carried out, it was shown that
their dielectric constant was in the range 1.26 — 1.52 and its measurement accuracy had
value in limits from 0.01 to 1.42 %, the dielectric loss tangent took values from 0.10 to
1.01 and its measurements accuracy was from 2 to 11 %.

4. Conclusions

The method for determining the CDC of substances and then the parameters of their
quality considered in the paper was experimentally tested and the error in determining the
dielectric constant of substances did not exceed 10%.

The obtained experimental results on the investigation of the dielectric parameters of
foams in the solid state allow us to recommend this research method of measuring the
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properties of various substances in both solid and liquid states for testing, applying, and
spreading.
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