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NEW WAVEGUIDE METHOD FOR DIELECTRIC PARAMETER MEASUREMENT

Abstract. Perfect knowledge of dielectric parameters is necessary for its application in various devices. In spite of the
whole range of measurement techniques, their practical implementation in the microwave frequency band runs into some
difficulties. This article describes a new method for nonmagnetic dielectrics permittivity and loss tangent measurement in the
microwave frequency band. A dielectric specimen slab is placed in the short-circuited waveguide section normal to its axis and
fills the whole cross-section of the waveguide at approximately quarter wavelength from its short-circuited endpoint. By means
of the vector network analyzer the waveguide section reflection factor is measured. Objective function is determined as differ-
ence between calculated and measured module and phase of the reflection factor. Specific code for objective function calcu-
lation and its minimization is worked out. Minimization of this function by varying dielectric parameters makes it possible to
find real values of these parameters. The method needs no de-embedding and can be used with non-calibrated waveguide-
to-coax transitions. Also it is less sensitive to the noise component of reflected signal. The testing results show that new method'’s
error does not exceed 0.2 % for relative permittivity and 1% for dielectric loss tangent.
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A. 4. Tpuzopeee

CaHkm-lemepbypackuli 20cydapcmeeHHbIl 31ekmpomexHuYeckul
yHusepcumem "J/I3TU" um. B. U. YneaHosa (/leHUHa)

yn. [pogeccopa lMonosa, 0. 5, CaHkm-lemep6ype, 197376, Poccus

HOBbIA BO/IHOBOAHbI/A METOA, U3MEPEHSA MAPAMETPOB AVN3NEKTPUKOB

AHHomayus. To4yHoe 3HaHUe napamempos OU3eKmpuUKa He06xo0UMO npu €20 NPUMEHEHUU 8 CAMbIX PA3/IUYHbIX
ycmpoticmeax. HecMomps Ha HaAUYUE €020 pA0a U38eCmHsIX Memodoe8 UsMepeHUss Smux hapamempos, npakmu-
yeckoe Ux npumeHeHUe 8 MUKPOBO/JHOBOM OUANA30He 4aCmom Hamasakueaemcs Ha psd mpyoHocmel. B 0aHHOU
Cmamee onucaH HogbIl 80/HOB00HbIU MeMOO U3MepeHUs OU3/1eKmMpPUYEecKol NPOHUYAeMoCmMuU U MAH2eHCa y2aa no-
mepes HeMAaz2HUMHbIX OU3/EKMPUKO8 8 MUKPOBO/HOBOM OuanasoHe. [liacmuHa dusekmpuka nomeuwjaemcs 8 Ko-
POMKO3aMKHYMbIl 0Mpe30K 801HOB00A NepneHOUKYASPHO e20 OCU, 3aN0/IHAS 8ce nonepeyHoe ceyeHue Ha Paccmo-
AHUU NpUMepHO Yemeepmu 0/IUHbI 80/1HbI OM KOPOMKO3AMKHYMO020 KOHYa ompe3ka. C NOMOW| b0 8eKIMOPHO20 AHU-
auzamopa yeneli usmepsemca Ko3ppuyueHm ompaxceHUs om exoda 80aH0800ad. s onpedeneHus napamempos
ousaekmpuKa nNo 3mum OaHHbIM COCMABAEHA NPO2PAMMA 8bIYUCAEHUSA U MUHUMU3AYUU Yenegoll pyHKyuu, komopas
onpedesigemcs KaK paszHoCMe Mexoy 8bI4UCACHHbIMU 3HOYEHUAMU MOOY/S U asel Ko3g@uyueHma ompaxceHus Ha
exo0e 80/1H08000 U U3MepeHHbIMU 3HOYeHUAMU 3mo20 Ko3gpuyueHma. MuHumusayua smol pyHKyuu npu sapeu-
pOBAHUU napamempos Ou3/1eKmpuKka no3gosisiem onpedeaums yKazaHHele napamempel. [1o cpaeHeHUro ¢ u3gecm-
HeIMU, npedcmasneHHsbIl 8 Hacmosuweli cmamee Memod He mpebyem nepeHoca naockocmeli omcyema 8eKmMopHO20
aHaauzamopa yeneli K N0BePXHOCMAM 06pa3ya U MeHee yyacmeaumesneH K Wymoeol cocmasssowjell usmepumens-
HO20 CU2HAAA. MO N0380/5iem UCN0/b3080Mb NPU U3MePeHUU HeKa/IUb6POBAHHbIE KOOKCUAG/bHO-80/HOBOOHbIE Nne-
pexooel. [To pesynemamam mecmuposaHusi MemMooa No2peuwsHoCMe U3MepeHUs OMHOCUMenbHoU Ou31eKmpuYeckol
npoHuyaemocmu He npessiwiaem 0,2 %, a maHzeHca y2na duanekmpudeckux nomeps - 1 %.

KnioueBble cnoBa: napameTpbl AN3NEKTPUKOB, MUKPOBOJIHbI, BO/THOBOZbI, ME€TOAbl ONTMU3aL
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Introduction. Dielectrics permittivity and loss tan-
gent measurement in the microwave frequency band
has always been the subject of research and develop-
ment [1], [2]. Lately these measurements have gained
in particular importance due to appearance and use of
new materials in microwave engineering, such as SiC
absorbers, meta-materials, etc. Although there is a lot
of well-known measuring techniques, not all of them
are suitable for the solution of this particular problem.
For example, cavity methods are hardly suitable for
broadband measuring; methods based on coaxial trans-
mission line require sample pieces in the form of the
disk with a hole that are difficult to produce from fragile
solid materials; methods using open-circuit systems of-
ten fail to provide adequate accuracy.

Waveguide methods are the most suitable for broad-
band frequency measuring. For instance, the well-known
Nicolson-Ross-Weir (NRW) method [3], [4] is widely
used for parameters measuring of both nonmagnetic and
magnetic dielectrics. The method is based on the measure-
ment of the scattering matrix (S-matrix) of the waveguide
section with a test material slab. To evaluate the sample
parameters the method uses scattering matrix defined be-
tween the front and back planes of the slab.

Since a vector network analyzer measures S-pa-
rameters with respect to reference planes, the method
requires de-embedding input and output port reference
planes to the sample surface. For de-embedding

uniqueness, group velocity is calculated da/dp,

where o represents angular frequency; B is constant
phase in the waveguide. Based on this method in par-
ticular, a measuring unit was designed and the soft-
ware for processing measurement results was elabo-
rated [5]. However, during the operation it was found
that the noise in measuring signal of Rohde&Shcwarz
ZVL-13 vector network analyzer [6] results in differ-
ent signs of group velocity values obtained at different
frequencies. This leads to wrong measurement results.
The attempts to smooth over the measured S-parame-
ters dependencies did not give the desired effect. Due
to this, the present article proposes a new waveguide
method for measuring parameters.

Method description. The method uses a waveguide
short-circuited section as a measuring chamber contain-
ing a specimen of dielectric in the form of the slab en-
tirely filling the waveguide cross section (Fig. 1). The di-
electric is supposed to be nonmagnetic (relative mag-

netic permeability L = 1) .

40

Let us denote the distance from the waveguide

short circuit to the specimen by /|, the distance from
the specimen to the input port by /> and slab thickness

by!. It is assumed that only H|( -mode propagates in

the air-filled waveguide sections.
Boundary conditions on the air-diclectric inter-
face require continuous of tangential electric and mag-

netic fields. It follows therefrom that Hy ¢ -mode also

propagates in dielectric-filled waveguide section and
there is no higher mode excitation even though their
propagation in this section is possible.

|c BA A
I
|
|
I
I | / “
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Fig. 1

Let us find the waveguide section input imped-
ance. The short-circuited waveguide section input im-
pedance in A—A plane is

Zpp= iZgO tan(Boll ),

where Z, =(2b/a)ng [1 —(M/A )2 }—1/2 is wave im-
pedance of free-space waveguide; By = 27:/ Lo s its
phase constant with b, a being the dimensions of the
waveguide narrow and wide sides, respectively;
Mo =120 Om is free space wave impedance, A is
free space Wavelength' A¢ =2a is the cut-off wave-

length in he free-space waveguide,

= X/ J1=(A/Ae)” is the wavelength in the free-

space waveguide.

This impedance serves as the load impedance for
the dielectric-filled waveguide section (crosshatched
in Fig. 1). Its input impedance is

ZAA +iZ ltan(yll)

Z =Z )
BB gl Zgl +iZpap tan(yll)
where
2b/a)é; V2 2mel/2 :
Zgl 2#; Y1 = % 1_(7‘/7‘0)2/8r

_(7‘/7‘0 )z/ér



are wave impedance and propagation constant of wave-
guide section with the sample piece with

& =g (1-itand;) being complex permittivity of the
sample (tan d¢ is dielectric loss tangent).
Input impedance in the C—C plane can be found in

a similar way:

ZBB + iZgO tan(ﬁolz )
g0 ZgO + iZBB tan(Bol2 ) '

Reflection factor of the measuring chamber is:

Zcoce =

o Zcec—Zy
ZCC + Zgo

It is obvious that with propetrly selected values of &,

and tan O, the calculated and measured reflection factors

must be the same. Hence, we can derive objective function:

F=(Irl —IFmI)2 +a(p—pm)’,

where |Fm , @ present modulus and phase of the

measured reflection factor; a is a weight factor defined
experimentally. Minimization of this function when

using € and tandg as varying parameters makes it

possible to find parameters of the measured material.
In order to calculate objective function and to
minimize it, the special program "EPS" was written in
MATLAB. Since the objective function is not uni-
modal, the program uses the genetic algorithm [7] for
the global minimum search.
Measuring unit and measurement results. Measur-
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end. The chamber is driven by the vector network ana-
lyzer Rohde&Shcwarz ZVL-13 by means of WTC. The
distance between the short circuit plane and the speci-
men makes approximately a quarter-wavelength in the
waveguide. In this case the electric field near the spec-
imen and hence the method sensitivity is maximal.
The method was tested by means of mathematical
simulation of measuring chamber using the RFS pro-
gram [8]. Dependence of the electric field on the y-
coordinate (Fig. 1) in different cross sections is shown
on Fig. 3. The input power is 1 W. The cross section
x =0 is in the middle of the specimen, the cross sec-
tion x=-18 mm is close to the shorted end of the
section, and the cross section x =18 mm is close to
the input port (Fig.1). Field distribution corresponding

to Hjp mode and free from higher modes was ob-
served in all the cross sections.
Reflection factor $71 of the measuring chamber

with the specimen was calculated in RFS program and
then entered in EPS program. The program calculation
results were compared with the specimen preset param-
eters in RFS. The weighting factor a in the objective
function was taken to be equal to one.

ing unit (Fig. 2) consists of the vector network analyzer ~ E, V/mm
Rohde&Shewarz ZVL-13 1, coaxial cable 2, waveguide- 3.0 —18 mm
to-coax transition (WTC) 3 and measuring chamber 4 95—
with a specimen. The analyzer transmits measurement re- 2ok 18 mm
sults to the computer 5. The unit allows measurement in a
given frequency band with a fixed frequency step. L x=0
The measuring chamber is a section of standard Lo
rectangular waveguide with the length of 40 mm and 0.5~
cross section 23x10 mm? . We used 2 mm thick speci- 0 ; IIO 1|5 2|0 y, mm
men placed at a distance of 19 mm from the shorted Fig. 3
Table 1
Parameters Test results Relative error, %
Frequency, GHz = tan§, € tan§, = tan§,
p 2 0.0003 2.000471 0.000303 0.023 1.0
14 0.3 14.00618 0.300226 0.065 0.07
10 2 0.0003 2.000544 0.000301 0.0272 0.33
14 0.3 14.02879 0.300171 0.205 0.057
12 2 0.0003 2.001372 0.000325 0.0686 0.83
14 0.3 13.99038 0.299225 —0.068 —0.25
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Table 1 provides data for PTFE (Teflon) having low

€; and low losses, as well as for polycrystalline SiC-based

absorbing material (&, =14; tand, = 0.3). As we can

see, error of dielectric permittivity does not exceed 0.1 %,
and 1 % for dissipation factor. According to the measure-
ments, these results do not depend on the length of the
measuring chamber, as well as on the position of the spec-
imen in it, which is an apparent advantage of the proposed
technique. The similar results are obtained for the speci-
mens with different thickness and made from different
materials. Note that the use of this method avoids the ne-
cessity for reference planes de-embedding.

Estimation of the method errors. Main error
sources of the method are: inexact thickness of the
specimen, its gapping with the walls of the waveguide

and inaccurate sizing of /] and b.

Since analytical calculation of the error in this case is
impossible, mathematical simulation of the chamber was
performed with the size and position of the sample deviat-
ing from the values set in the result processing program.

The simulation was performed by means of the
RFS program, with the same size of the measuring
chamber, as it was set during the testing. As a result,
the error sensitivity was found for a typical 2 mm thick

specimen with €. =10 and tand; =0.3. Simulation

importance. 0.1 mm gap along the wide wall gives
6.48 % error in &, and 5.63 % error in loss tangent.

Before making measurements, it is necessary to cal-
ibrate the circuit analyzer in the specified frequency
range with respect to C—C reference plane lying at the
junction of WTC and measuring chamber (see Fig. 2).
For this purpose, the circuit analyzer is configured with
a special procedure. As it is mentioned in the circuit an-
alyzer manual [9], this is a narrowband type of calibra-
tion, thus the measurements are made in comparatively
narrow band of frequencies.

Fig. 4 demonstrates the A Caprolone €. and

tand; measurement results on the thickness of the
specimen. They are within the range of reference val-
ues [10] for this type of material.

Table 3 shows measurement results for some dielec-
trics at the frequency of 10 GHz. Comparison with the ref-
erence parameters [8] shows that the measured parameter
values are within the range of reference values. Compara-
tively big difference of ceramics 22XC loss tangent from
the reference values may be caused by nonideal termina-
tion during calibration of the equipment.

It is necessary to mention the importance of
proper calibration of the circuit analyzer in the plane

T
was performed on 10 GHz frequency. Relative sensi-
tivity of ¢ parameter to resizing of p argument was 4.0 5‘\\
calculated by the following formula 351 AN
. S
5(‘1)p:(q qo]/(p Po} 30 T -
90 Po SN
N
where qp, pP( are the reference values of the func- 25 SN
tion and the argument respectively. 2.0 | | |
. e 1 2 3 4 [, mm
The obtained values of sensitivity factors are <
shown in Table 2. According to the table, with the ref- ‘
erence dimensions the proposed method induces die-  0.020— 7 Y
lectric permittivity error of 0.08 % and loss tangent 001 e SN
error of 0.07 %. The specimen thickness provides the 151 // \\_
most significant effect on the results of calculation. (10l //
0.1 mm error in its setting (with the reference value of .
| 7
2 mm) results in changes &, and loss tangent error by 0.005 7
7
13 and 3 % respectively. Moreover, the specimen gap- 0 T - 2' é J‘ p
. . . . . , mm
ping with the walls of the waveguide is of critical Fig. 4
Table 2
f;, mm l,, mm I, mm by, mm €, tan g, 3(er) 8(tan8d,)
10.0 20.0 2.0 10.0 10.0082 0.3002 - -
9,9 20.0 2.0 10.0 9.9325 0.3089 0.13 —0.58
10.0 19.9 2.0 10.0 9.2793 0.2881 0.4 —0.37
10.0 20.0 1.9 10.0 9.3523 0.2831 13.2 -3.2
10.0 20.0 2.0 9.9 8.7949 0.2623 6.48 5.63
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Table 3
Reference Measured
Material t, mm | parameters [9] parameters
€ tan &, €, tand,
Caprolone A 2 3.4 0.025 3.38 | 0.027
Caprolone B 2 - - 2.28 0.11
Abrasive SiC 2 - - 16.17 0.08
Ceramic 22XC| 1 9.3 0.0015 9.48 | 0.0063

of the WTC waveguide flange. Calibration involves sub-
sequently attaching short circuiting plate, section of short-
circuited waveguide of specified length and termination to
the WTC. Here, it is very important to provide fail-safe
connection and aligning of the WTC and calibration com-
ponents. VSWR of operating frequency termination have

Journal of the Russian Universities. Radioelectronics. Ne 5/2018

not to exceed 1.05. Not meeting these requirements leads
to law accuracy of measurements.

Conclusion. The method described allows measuring
dielectric permittivity and loss tangent of nonmag-
netic solid dielectrics in broad frequency band with
sufficient accuracy. The specimen is to be in the form
of a slab sized according to the waveguide cross sec-
tional dimensions. The method requires accurate spec-
ification of the specimen thickness, the measuring
waveguide length and the specimen placing in it. The
specimen is to be fixed without any waveguide walls-
to-specimen gaps and the network analyzer with WTC
is to be carefully calibrated. To process the measure-
ment results a special software written in MATLAB is used.
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