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Calibration for a Coaxial-loaded Cut-off Circular Waveguide with
SOL Termination, and Related Application to

Dielectric Measurement for Liquids”

Kouji SHIBATA'

ABSTRACT

In this study, termination with conditions referred to as short, open and loaded (SOL) as generally
applied to Si; calibration for vector network analyzers (VNAs) was used for Sy; calibration at the front of
samples with a coaxial-feed-type cut-off circular waveguide (jig) as a preliminary step for dielectric
measurement in liquids. The equations for single jig port calibration of S;; with three termination
conditions were first defined, and a new Si; calibration theory with SOL conditions especially for the
cut-off circular waveguide was proposed along with a method for termination with a coaxial-feed-type
matched load inside the cut-off circular waveguide. The reflection characteristics and reproducibility of
the proposed termination in repeated measurements were observed over the frequency band of 0.50 — 3.0
GHz. Si1 for the front surface of the sample material was measured with each SOL condition and various
liquids in the jig after SOL calibration using a coaxial-feed-type cut-off circular waveguide at frequencies
of 0.50, 1.5 and 3.0 GHz. S;; values calibrated with SOL conditions were then compared with those from
SOM (short, open and one reference material) conditions, with results indicating close agreement
suggesting the validity of the proposed method. The dielectric constants of various liquids were also
estimated as an inverse problem based on comparison of Si; calculated from an analytical model using
EM analysis via the MM (mode-matching) technique with measured Si; values after SOL calibration as
described above. The effectiveness of the method was verified via comparison with dielectric constants
estimated after Si; calibration with SOM termination. The frequency characteristics of complex
permittivity for various liquids estimated as an inverse problem based on the MM technique at 0.50 to 3.0
GHz after Si; calibration with SOL were additionally compared with those estimated after SOM
calibration, with results showing favorable agreement. The study’s outcomes indicated the validity of the

proposed Si; calibration and dielectric constant estimation approaches.

Key Words: Dielectric measurement, Liquid, Impedance measurement, Coaxial line, Cut-off circular waveguide
reflection method, Microwave, Radio frequency, S11, calibration

1. Introduction

Shibata (2010) previously outlined the effectiveness of high-precision broadband dielectric measurement
for small amounts of certain liquids based on a reflection constant using a coaxial-feed-type open-ended
cut-off circular waveguide [1]. As part of efforts to develop this method, the potential for dielectric
measurement in liquids in the low frequency band, estimation using a simple formula, calculation for
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uncertainty and methods for improving measurement accuracy have also been presented [2] — [7]. However,
these approaches produce an error effect on Si; and the dielectric constant caused by the difference between
the actual dimensions of the jig and the analytical model. Against this background, a method enabling Si;
calibration for a cut-off circular waveguide loaded coaxial line using a vector network analyzer (VNA) with
pure water, methanol and air as reference materials and no short termination was also proposed by Shibata
(2019), with effectiveness verified from electromagnetic (EM) analysis and comparison with Si; values
obtained using another Si; calibration method [8]. The dielectric constant estimated as an inverse problem
based on comparison of Si; calculation from EM analysis [1] with various liquids inserted and from the
above S values after calibration with three reference materials was then compared with dielectric constants
determined using conventional methods [9]. The results indicated close agreement, thereby underlining the
validity of the proposed technique [8], [9]. A method for calibration of Si; at the front of the sample using
SOM conditions with a cut-off circular waveguide (jig) after mounting in the measurement system and
before dielectric measurement has also been proposed [10], with effectiveness verified via comparison with
results from another method. The dielectric constant estimated with various liquids inserted and from the
above Si; values after SOM calibration were compared with dielectric constants determined using
conventional methods [9], and the reversibility of the method was verified using methanol as the reference
material. The results showed close agreement, indicating the validity of the proposed method [10], [11]. In
this approach, a reference liquid is used instead of matched load termination as a calibrator for S; calibration.
However, it is known that the complex permittivity of liquids changes significantly with the incorporation of
airborne moisture into the reference material (methanol or ethanol) and the effects of reduced liquid
temperature caused by vaporization [7], [11]. Accordingly, Si1 measurement accuracy may be impaired by
input impedance differences caused by changes in liquid temperature.

In this study, SOL (short, open and loaded) termination conditions were used instead of reference liquids for
calibration of S;; at the front of the sample with a coaxial-feed-type cut-off circular waveguide for insertion
of the test material, with the dielectric constant estimated from the S;; value determined using a VNA. To
this end, the equations for single jig port calibration of Si; with three termination conditions were first
defined, and the calibration method with SOL conditions was presented. A structure to realize a
coaxial-feed-type matched load termination in a cut-off circular waveguide was also proposed, with validity
and reproducibility verified via repeated measurement over the frequency band of 0.50 — 3.0 GHz. S; for the
jig was also calibrated from the reflection constant with SOL terminations using a VNA over the same
frequency band, and the value at the front surface of the sample was measured with each termination
condition and various liquids in the jig. The validity of the values determined with the proposed method was
verified via comparison with S;; measured after SOM calibration conditions [10]. The dielectric constants of
various liquids were also estimated based on an inverse problem approach involving comparison with the Si;
value calculated using EM analysis via the MM technique [1] from the above S;; value after calibration with
SOL conditions at frequencies of 0.50, 1.5 and 3.0 GHz. The results were compared with the dielectric
constant values estimated as an inverse problem based on the MM technique after SOM calibration [11],
with results showing favorable agreement. After calibration of S;; with SOL conditions, the results of
estimation to determine the dielectric constants of various liquids were compared with the results of
dielectric constant estimation after calibration of S;; with SOM conditions and frequency characteristics of
0.50 to 3.0 GHz. The results indicated correspondence with a certain margin of error. The validity of the
proposed Sy; calibration approach and the dielectric constant estimation method was thus confirmed.

2. Dielectric measurement in liquids and related Su1 calibration theory

In this approach, the dielectric constant of a material is estimated by comparing the measured S;; value
against the result of calculation with various liquids in the jig (Fig. 1). Here, Si; calibration with the use of
SOL termination conditions [12] — [14] is usually adopted in one-port calibration for a coaxial interface in
the preliminary step for dielectric measurement in liquids. The estimation procedure is as follows:

1. The measurement jig (a coaxial-feed-type cut-off circular waveguide with an SMA connector) is attached
to a measurement cable connected to a VNA.
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2. Sy is calibrated at the front surface of the jig sample with SOL termination conditions.
3. Si1 at the front of the sample material is measured with various liquids in the jig.

4. The dielectric constant is estimated as an inverse problem so that the calculated S;; value for the
jig-related analytical model corresponds to the measured value for each frequency.

Here, Si1 calibration is performed at the front of the inserted sample when the coaxial-feed type cut-off
circular waveguide is used as a jig for dielectric measurement in liquids. A matched load is also used as a
calibrator. Here, correction is needed in relation to the jig structure used for Si; calibration with this method.
Specifically, a theoretical value for a reflection constant corresponding to the physical structure for each
impedance standard is required for Si; calibration of the jig. In this study, the reflection constant for an open
condition was calculated from an equivalent circuit [10] as determined by substituting the electrostatic
capacitance observed at the tip of the coaxial line, as derived from comparison of reflection constants
calculated from an analytical model using EM analysis as previously proposed [10]. The theoretical value for
short termination was set as I' = —1. Actual calibration for a short condition was then performed with the
structure and procedure previously proposed [11]. The theoretical value for load termination was set as I' = 0.

The procedure for manufacture of the coaxial-feed type matched load termination in the cut-off circular
waveguide and the procedure for Si; calibration with load termination are outlined in the next chapter. In
actual calibration work, Si; is first measured using a VNA with SOL termination conditions in the jig. Si; is
then calibrated at the front surface of the sample by substituting the above theoretical reflection constant and
the measured value of Si;. Here, the equations required for calibration of Si; with SOL termination
conditions are defined as outlined below.

The reflection constant in Ref. 2 for the analysis model of Figs. 1 and 2 is calibrated [8], [10] from the
measured reflection constant pmeas for Ref. 1 using Eq. (1).

5 . —E
pmeas. DF. _ (1)
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Here, Esr, Epr and Egrr are system error terms required for Si; calibration as defined by Egs. (2) to (4).
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The auxiliary function y of the above values is defined by Eq. (5).
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Figure 2. Analytical model

The open-ended coaxial line shown in Figs. 1 and 2 is represented by the equivalent circuit shown in Fig. 3,
where Cr and &;-Cy are the fringing capacitance at the tip of the coaxial line and the sample insertion section
at the coaxial tip, respectively. Here, Cr= Cr + &iCy is satisfied. The input impedance Zr; for Ref. 2 is
expressed by

1 1

P S ©
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The following equation for calculation of the reflection constant for Ref. 2 is then iterated [8], [10]:
Zl‘i -Z, 1- joC, 'éri Z, - joC, -Z, %)

CZ.+Z, 1+ jwC,-é,-Z,+ joC, -Z,

Here, Zy is the characteristic impedance of the coaxial line, defined as Zo-50 Q. Accordingly, the theoretical
reflection coefficient I'; for Ref. 2 with the assumption of material insertion is also determined based on Eq.
(7) by substituting Cr and Co for the equivalent circuit shown in Fig. 3. In the proposed method, to improve
accuracy in measurement of S;; against the conventional method [12] — [14], Cr and Co in Eq. (6) are
determined by substituting the input impedance calculated via the MM technique [1] for the analysis model
of Fig. 2 at each frequency into Zr; on the left side [8]. Here, Zr; for open termination is determined by
substituting & = 1.0 (air, where i = 2) into & in Eq. (6). The reflection constant for the open condition I'; is
thus determined by substituting &2 = 1.0 into & in Eq. (7). The reflection constants for short and load
terminations are determined by substituting I';=—1 (where i = 1) and I's = 0 (where i = 3) into I; on the right
side of Eq. (7). Accordingly, Epr, Err and Esr (system errors in Eq. (1)) are determined based on Egs. (2) —
(5) from the theoretical reflection constant I'; (where i = 1, 2 and 3) of the reflection coefficient under the
three termination conditions in Ref. 2 and the measured reflection coefficient p; for Ref. 1. From the above
relationship, the calibrated reflection coefficient I'corr for Ref. 2 is determined by substituting the measured
Pmeas Value for Ref. 1 and the Epr, Err and Esr values determined from the three termination conditions into
Eq. (1). References [8] and [10] detail the procedure for determination of actual electrostatic capacitance Co
and Cs in Egs. (6) and (7) for calculation of the theoretical reflection constant based on the equivalent circuit
and the theory of Sy; calibration.
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Figure 3. Analytical model equivalent circuit

3. Matched load in a cut-off circular waveguide

This chapter outlines realization for matched loading in the cut-off circular waveguide for one-port Sy
calibration using SOL conditions via the procedure described in Chapter 2. For this purpose, the dimensions
and electrical constants of the jig as shown in Figs. 1 and 2 were set as 2a = 4.10 mm, 2b = 1.30 mm, d =
5.00 mm and &:a = 2.05. Here, accurate connection of the matched load termination on the flange surface of
the coaxial line is challenging when the coaxial probe [15], [16] is used in dielectric measurement for a
high-loss electrical material. Accordingly, a reference material is generally used instead of the matched load
for Sy calibration of the coaxial probe [15], [16]. Meanwhile, a coaxial-connector-feed-type matched load is
posed as the dummy load. This approach is generally used for S;; calibration. In this study, a matched load
was fabricated inside the coaxial-loaded-type cut-off circular waveguide. For this purpose, the same SMA
connector type (BL52-1201-01, Orient Microwave Corp.) as that applied with the jig for dielectric
measurement (Fig. 1) was used. The center conductor at the tip of the connector and the PTFE resin for
electrical isolation from the center conductor were cut to the depth of the jig (d = 5.0 mm), and an SMA-type
dummy load was attached to the coaxial connector (Fig. 4). In actual load calibration, a metal spacer (known
as a shim) was attached to the flange surface of the connector to improve electrical contact. The tip of the
connector was put into the insertion hole of the jig for dielectric measurement (Fig. 5).

Figure 4. SMA connector with dummy load

Figure 5. SMA connector insertion into the jig

The jig (Fig. 6) was attached to the tip of the coaxial cable, and the newly created auxiliary jig was placed
as shown in Fig. 7. Pressure was applied to the SMA connector by tightening the screw, and Si; calibration
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was performed using the assembly combining the jig for dielectric measurement and the matched load as
described above.

SMA type
dummy load

SMA connector

Alumlnum foil
for conductivity

Measurement

Figure 6. Cross-section of the dielectric measurement jig with matched load attached

Figure 7. Dielectric measurement jig attached to the pressure-application jig

The reflection constant characteristic of the matched load fabricated via the above procedure was verified
over the frequency band of 0.5 — 3.0 GHz. To this end, the pre-jig-mounting tip of the measurement cable
connected to the VNA was first calibrated using a general SMA connector-type SOL calibration kit, and the
matched load and pressure-application jig were attached to the cable. The Si; frequency characteristics of the
jigs were evaluated as scalar quantities. Specifically, the relationship between the input impedance (where z,
=500) and the reflection constant are expressed by Eq. (7). The return loss [dB] of the jigs was calculated as
20log(|T'i|) from the measured reflection constant I';. Si1 measurement was conducted four times (Fig. 8), and
the return loss was less than —30 dB over the frequency band of 0.50 — 3.0 GHz. The results indicated
improved electrical contact between the outer-conductor grounds of the coaxial line due to insertion of the
metal shim and the realization of favorable matched loading based on the proposed procedure.

Refledionconstant [dB]

0.5 1 1.5 2 2.5 3
Frequency

Figure 8. Return loss [dB] variations in matched loading
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4. Verification of the S11 calibration theory and the proposed matched loading

This chapter discusses the validity of Si; calibration for a coaxial-loaded cut-off circular waveguide using
SOL conditions and the newly created matched load described in Chapters 2 and 3. Verification was
performed at frequencies of 0.50, 1.5 and 3.0 GHz with dimensions and electrical constants for the sample
insertion hole set as 2a = 4.10 mm, 2b = 1.30 mm, d = 5.0 mm and &= = 2.05 in the analytical model (Figs. 1
and 2). The jig shown in Fig. 1 was attached to the tip of the coaxial cable after calibration with a general
SMA connector-type SOL calibration kit, and the reflection constant of Ref. 1 (Figs. 1 to 3) with SOL
termination conditions was measured. The resulting values were substituted for p; (where i = 1, 2 and 3) in
Egs. (2) — (5), and the theoretical reflection coefficient I'; (Ref. 2) with SOL conditions as calculated using
Eq. (7) was also substituted into I'i. Input impedance measured on the SOL calibration plane (Ref. 1)
converted to a reflection coefficient with short, open and matched loading as unknown terminations and
various liquids inserted as unknown materials was also substituted for pmeas in Eq. (1). Pure water, methanol
and ethanol were the unknown materials. The reflection coefficient at the front of the sample after calibration
(Ref. 2) under each termination condition was thus calculated as I'corr.

The measured values of Si; for each termination condition at the frequencies of 0.50, 1.5 and 3.0 GHz were
compared with those after calibration with SOM conditions as previously proposed [10]. The results of input
impedance measurement for short, open and loaded termination conditions are shown in Table 1 (a). The
differences after calibration were within 3.2% with short, 2.0% with methanol and 3.2% with air (open)
conditions, indicating close agreement. Values measured with loading after calibration with each method also
matched within a difference of 1.6% for the real part. The percentage for loading was relatively large in the
imaginary part, but measured values for this part after calibration were close to the theoretical value (0.0).
Measured values of input impedance with various liquids inserted are shown in Table 1 (b). Values with pure
water after calibration with each method also matched within a difference of 1.9% for the imaginary part,
while the percentage was relatively large at 42% for the real part. However, the actual impedance difference
was 1.45. The difference in the real part is attributed to the measured input impedance with the third
reference condition (loading for SOL and pure water for SOM) differing from the theoretical value.
Measured values with methanol after calibration with each method also matched within a difference of 2.8%
for the imaginary part, while the percentage was relatively large at 7.6% for the real part at a frequency of
0.50 GHz. The difference in the real part is attributed the same factors as for pure water. Measured values for
methanol matched within a difference of 3.1% for both the real and imaginary parts over all frequency bands.
This agreement is attributed to the high input impedance for the coaxial tip with ethanol inserted.

Table 1. Input impedance at the front of the sample (Ref. 2) for various termination conditions after each calibration

(a) SOL termination conditions

.. Frequency [GHz
Condition 050 4 1 z [GHz] 30
,.. 761288107 | +6.03099-10° | +22188-10°
Calibration with SOL +72523:10% | +j9.2791210° | —j2.6631:10°
Short — +5.3986-10 588933-10° | 2.229770-10°
Calibration with SOM[8] | ;75501 .10+ | +]9.47362:10° | j2.5828-10°
Inter-value difference [%)] ?03659246 J_rgggg ;g‘llgé
- 2339972 9.241295 75.95029
Calibration with SOL
abration wi —j 9611.9785 —j 3243.4902 —j 1603.468
Open 23247672 9.14556 573558
o _ . .
Calibration with SOM[8] | /5000 6ea6 | 32433059 | —j 1603.1008
Inter-value difference [%] :gg;i :(1)8?)2 1(3)(7)32
Calibration swith SOL 50.000011 49.999996 50.000000
Load +7.13996:10° | +j3.970464:10° |+ 1.0831-10°
o 50.00866 50.400734 49.23812
Calibration with SOM[8] | 1 56533 +j 1020430 +]0.88838
Inter-value difference [%) 7(1)6001 g 7(1)67093 +}6504(Z
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(b) With various liquids (25°C)

Frequency [GHz
Condition 0.50 = 1 ;/ L ] 30
P 2.0148997 251052094 3.1531580
Pure water Calibration with SOL ~§ 142.7883 ~§ 46.4820 ~§22.3434
L 3.468634 3.469366 3.485886
Calibration with SOM [8] -} 142.7852 j 46.7847 219431
Inter-value difference [%] —_:101 690121 __207'664377 ;?féi
RV 38.118378 402270241 40.845867
Methanol Calibration with SOL 553119749 | - 106.14945 1561719
cthano Calibration with SOM [ 41.24409 42.63356 4120242
alibration wi (8] L 311.6437 j 106.1736 j54.64313
Inter-value difference [%] ;8%2 :(5)(6)3§ ;gggg
R 151.27220 145.187576 121.92667
Ethanol Calibration with SOL —j 415.066 -} 173.5527 ~j 125.8806
P 15541959 149.69363 12247002
Calibration with SOM [8] 413.6861 1722116 122.1180
Inter-value difference [%] ;gggz ;g%g ;gggéll

5. Dielectric measurement with various liquids

The dielectric constants of various liquids were estimated as an inverse problem based on comparison of Sy
measured with an unknown material in the jig and that calculated using the MM technique with a similar
analytical model [1] from input impedance measured with liquids in the jig after Si; calibration at the front of
the sample using SOL conditions (as described in Chapter 4). The effectiveness of the proposed method was
verified by comparing the above values with otherwise obtained outcomes after SOM calibration [11] and
the theoretical value from the Debye relaxation equation [17] — [19]. The results of dielectric constant
estimation for pure water are shown in Table 2 (a). Values estimated as an inverse problem via the MM
technique after calibration with SOL were first compared with values estimated as an inverse problem via the
MM technique after SOM calibration, with differences of no more than 1.3% for the real part at all
frequencies. The percentage was relatively large at 42% for the imaginary part at a frequency of 0.50 GHz,
but the actual permittivity difference was 0.80. Values estimated as an inverse problem via the MM technique
after calibration with SOL conditions were compared with theoretical values obtained using the Debye
dispersion formula, with results showing an exact match for all frequencies. This is attributed to the fact that
the calibration procedure for S;; based on SOM involved the complex permittivity of pure water calculated
using the Debye dispersion formula.

The results of dielectric constant estimation for methanol are shown in Table 2 (b). Values estimated as an
inverse problem via the MM technique after SOL calibration were compared with those after SOM
calibration, with results showing differences of no more than 1.4% for the real part and 7.6% for the
imaginary part at all frequencies. Values estimated as an inverse problem via the MM technique after
calibration with SOL and SOM conditions were also compared with theoretical values obtained using the
Debye dispersion formula, with results showing large differences of up to 10.2% for the real part and up to
15% for the imaginary part. The estimated values for the real and imaginary parts as determined after
calibration with SOL and SOM conditions were approximately 3.2 — 1.7 and 0.5 — 2.3 greater, respectively,
than those obtained with the Debye relaxation formula. This is attributed to the incorporation of airborne
moisture into methanol and a reduction of liquid temperature caused by methanol evaporation after insertion
into the jig in actual measurement of S;;. The close agreement between estimation values after SOL and
SOM calibration indicates the validity of the proposed S;; calibration with SOL and dielectric constant
estimation.

The results of dielectric constant estimation for ethanol are shown in Table 2 (c). Values estimated as an
inverse problem via the MM technique after SOL calibration were compared with those obtained after SOM
calibration, showing differences of no more than 3.1% for both the real and imaginary parts at all frequencies.
The estimated value for the real part as determined using the MM technique with ethanol was approximately
3.5 greater than that obtained with the Debye relaxation formula [19], and inter-value differences of more
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than 6.9% for both the real and imaginary parts were observed at 0.50, 1.5 and 3.0 GHz. This is attributed to
the incorporation of airborne moisture into ethanol and the effects of reduced liquid temperature caused by
ethanol evaporation in actual measurement. The close agreement between estimation values after SOL and
SOM calibration indicates the validity of the proposed Si; calibration with SOL and dielectric constant
estimation.

Table 2. Results of complex permittivity estimation for various liquids

(a) Pure water

. Frequency [GHz]
Condition 0.50 1.5 3.0
Inverse problem with MM technique 78.5326 78.8041 75.8627
after SOL calibration —j 1.1110 —4.1913 —j 9.8497
Inverse problem with MM technique 78.5036 78.1077 76.8026
after SOM calibration [11] —j 1.9119 —j 5.7048 —j 11.2056
. . 78.5036 78.1077 76.8026
Debye dispersion formula [17] 19119 ~i5.7048 i 11.2056
Difference between estimation after +0.037 +0.892 -1.224
SOL and SOM calibration [%] —41.890 —26.530 —12.100
Difference with MM technique after
o g . +0.037 +0.892 -1.224
SOL calibration and Doebye dispersion _41.890 2926.530 _12.100
formula [%]
Difference between MM technique 0.0 0.0 00
after SOM calibration and Debye ’ ’ ’
. : o 0.0 0.0 0.0
dispersion formula [%]
(b) Methanol
. Frequency [GHz]
Condition 0.50 1.5 3.0
Inverse problem with MM technique 35.2660 30.4427 21.3290
after SOL calibration —14.3479 —j 11.5697 - 15.2521
Inverse problem with MM technique 35.2133 29.9752 21.3876
after SOM calibration [11] —j 4.7025 —j 12.0730 —j 15.8446
. . 31.99033 27.62791 19.73333
Debye dispersion formula [18], [19] i 420683 i 10.5372 i 13.5342
Difference between estimation after +0.150 +1.560 -0.274
SOL and SOM calibration [%] —7.541 —4.169 -3.739
Difference between MM technique
o +10.240 +10.188 +8.086
after SOL cgllbratlon andODebye 43,353 49,799 +12.693
dispersion formula [%]
Difference between MM technique
o +10.075 +8.496 +8.383
after SQM cghbratlon and Debye +11.783 +14.575 +17.071
dispersion formula [%]
(c) Ethanol
. Frequency [GHz]
Condition 0.50 1.5 3.0
Inverse problem with MM technique 23.6421 12.3906 7.3640
after SOL calibration —j 8.7357 —j 10.5899 —j 7.3300
Inverse problem with MM technique 23.5467 12.0842 7.3366
after SOM calibration [11] —j 8.9693 —j 10.7384 —j 7.5607
. . 20.2060 10.3290 6.3698
Debye dispersion formula [19] 81717 i 9.1462 59713
Difference between estimation after +0.405 +2.536 +0.373
SOL and SOM calibration [%] —2.604 —1.383 -3.051
. . +6.902 +15.785 +22.754
dispersion formula [%]
i SOM saliration and Debye. | +16333 | 416993 | 415178
: . +9.761 +17.408 +26.617
dispersion formula [%]
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6. Frequency characteristics of complex permittivity in various liquids

Differences in dielectric constants with the individual Si; calibration conditions described in the previous
chapter were examined at frequencies of 0.50 to 3.0 GHz, with pure water, methanol and ethanol at a liquid
temperature of 25.0°C as unknown materials. The results estimated as an inverse problem with the MM
technique with pure water in the jig after application of the two calibration methods are shown in Fig. 9.
Here, purple indicates the real part estimated as an inverse problem after SOL calibration, light blue indicates
the real part estimated as an inverse problem after SOM calibration, yellow indicates the real part calculated
from the Debye relaxation formula, green indicates the imaginary part estimated as an inverse problem after
SOL calibration, orange indicates the imaginary part estimated as an inverse problem after SOL calibration,
and blue indicates the imaginary part calculated from the Debye relaxation formula. Values estimated as an
inverse problem via the MM technique after calibration with SOL and SOM termination were compared with
theoretical values obtained using the Debye dispersion formula, with results showing favorable agreement
for the real part at all frequencies. This is attributed to the fact that S;; calibration with SOM was performed
using pure water as a reference material. The difference of 0.80 for the imaginary part at 0.50 GHz is
attributed to variations in measured Si; values.

80 = T T —
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Figure 9. Frequency characteristics of complex permittivity for pure water

Frequency characteristics from the results of dielectric determination with methanol as an inverse problem
using the MM technique after application of the two calibration methods are shown in Fig. 10, which also
includes theoretical values calculated using the Debye relaxation method. Complex permittivity values
estimated as an inverse problem after calibration with SOL and SOM matched within a difference of 1.4%
for the real part and 7.6% for the imaginary part over all frequency bands. Values estimated for the real part
and the imaginary part as determined after calibration with SOL and SOM were approximately 3.2 — 1.7 and
0.5 — 2.3 greater, respectively, than those obtained with the Debye relaxation formula. This is attributed to
incorporation of airborne moisture into methanol and reduction of liquid temperature caused by methanol
evaporation after insertion into the jig in actual S;; measurement. However, the close agreement between
estimation values after SOL and SOM calibration indicates the validity of the proposed Si; calibration with
SOL and dielectric constant estimation.
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Figure 10. Frequency characteristics of complex permittivity for methanol

Frequency characteristics from the results of dielectric measurement with ethanol after application of the
two calibration methods are shown in Fig. 11, which also shows theoretical values calculated using the
Debye relaxation method. Complex permittivity values estimated as an inverse problem after calibration with
SOL and SOM also matched within a difference of 1.6% for the real part and 7.6% for the imaginary part
over all frequency bands. Values estimated for the real part and the imaginary part as determined after
calibration with SOL and SOM were approximately 3.4 — 1.0 and 0.8 — 1.6 greater, respectively, than those
obtained with the Debye relaxation formula. However, close agreement was observed between values
estimated as an inverse problem after calibration with SOL and SOM conditions. These results indicated the
validity of the proposed Si; calibration for a coaxial-loaded cut-off circular waveguide with SOL and
dielectric constant estimation based on an inverse problem via the MM technique after calibration. Future
work will involve comparison with the conventional coaxial probe method [19] — [21] and similar with
variations relating to factors such as jig dimensions, VNA/measurement system specifications, Si
measurement theory and temperature changes. Clarification of measurement uncertainty [22] for the
proposed method is also needed in comparison with the conventional method.

7. Conclusion

In this study, SOL (short, open and loaded) termination conditions were used instead of reference liquids for
calibration of S;; at the front of the sample with a coaxial-feed-type cut-off circular waveguide for insertion
of the test material, with the dielectric constant estimated from the S;; value determined using a VNA. To
this end, the equations for single jig port calibration of S;; with three termination conditions were first
defined, and the calibration method with SOL conditions was presented. A structure to realize a
coaxial-feed-type matched load termination in a cut-off circular waveguide was also proposed, with validity
and reproducibility verified via repeated measurement over the frequency band of 0.50 — 3.0 GHz. S; for the
jig was also calibrated from the reflection constant with SOL terminations using a VNA over the same
frequency band, and the value at the front surface of the sample was measured with each termination
condition and various liquids in the jig. The validity of the values determined with the proposed method was
verified via comparison with S;; measured after SOM calibration conditions. The dielectric constants of
various liquids were also estimated based on an inverse problem approach involving comparison with the Si;
value calculated using EM analysis via the MM technique from the above Si; value after calibration with
SOL conditions at frequencies of 0.50, 1.5 and 3.0 GHz. The results were compared with the dielectric
constant values estimated as an inverse problem based on the MM technique after SOM calibration, with
results showing favorable agreement. After calibration of S;; with SOL conditions, the results of estimation
to determine the dielectric constants of various liquids were compared with the results of dielectric constant
estimation after calibration of S;; with SOM conditions and frequency characteristics of 0.50 to 3.0 GHz.
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The results indicated correspondence with a certain margin of error. The validity of the proposed Si
calibration approach and the dielectric constant estimation method was thus confirmed.

Future work will involve comparison with the conventional coaxial probe method [19] — [21] and similar
with variations relating to factors such as jig dimensions, VNA/measurement system specifications, Si;
measurement theory and temperature changes. Clarification of measurement uncertainty [22] for the
proposed method is also needed in comparison with the conventional method.
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C 2 |

AR EETIE, BREOZFEBIRTE ORIEE CTORIEEOEMAREREOHLFIETD Sy D
BIIEIZ, Vector Network Analyzer (VNA) T—#&fIICH W% SOL (short, open, KU loaded) Oi&im
ZHEEBERL:. T0A, T Su%k 1K= MITRETSZAXEZEER L. KIZ. SOL TORIEE
WE L7z, BIC, REEERENMABEEEONEBICHE TS load (BEKIR) ORBEZREL
Too Z LT REL-EBAKIBEZHAVWEREIORY IR URERORIFFES L UBREZ 0.50 -
3.0GHz O ERE I IC THERR L 7=, FIC. 0.50, 1.5 % U* 3.0 GHz D& ERET, REhiaE A EwTM
BEREE D S;) % SOL THRIEE O R EKIHZM (short, open, loaded & O EFERIEZIEWALR) @ Sy
DBEEE, FEICT Sy Z#REEDHTEBEE LB L TREFEOZYMARILL =, INEE
FZ.5CD SOL I TKRIEFBRDOHALIBIE TO Si ORIEMED O, BHRET(E— FEER)ICKS S
DEEMBLLRYT 2 BB TEBREDERFEREZHE L. £ L T, SOL ICTREERDERSE
BEROHETEEE SOM ICTREEDERZEXOHEEBE MR L IREFEAOBEMEEZHERL:Z. &
12, 0.50 — 3.0GHz O &K H18 T Si1 Z SOLRIEE D E— FESELDOHEMEIC L 5B BERAEDESR
BEXORBRBFEOHTEES, SOM TREZDEZFEXRDOEAKBFEOHEEB L LR L. £
DFER, MEIFRIFIC—HLZ. IN&VY, KX TRELE S ORIEEEFEXINEEDEZ LM
HHER I N 7=

F—7—F : FEXRAT, KK, 4 vE—& v AT, AR, EMOEERERSE, <17
0K, &FK, S11, &IE
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