& emote sensing

Technical Note

Errors in Broadband Permittivity Determination Due to Liquid
Surface Distortions in Semi-Open Test Cell ¥

Michat Kalisiak *

check for

updates
Citation: Kalisiak, M.; Wiatr, W.
Errors in Broadband Permittivity
Determination Due to Liquid Surface
Distortions in Semi-Open Test Cell.
Remote Sens. 2021, 13, 983. https://
doi.org/doi:10.3390/rs13050983

Academic Editors: Paolo Colantonio,
Konrad Jedrzejewski and Adam

Abramowicz

Received: 31 December 2020
Accepted: 1 March 2021
Published: 5 March 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims
in published maps and institutional

affiliations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Wojciech Wiatr

Institute of Electronic Systems, Warsaw University of Technology, 00-665 Warsaw, Poland; wiatr@ise.pw.edu.pl

* Correspondence: M Kalisiak@elka.pw.edu.pl; Tel.: +48-22-234-7663

1 This paper is an extended version of our paper published in Proceedings of the 23rd International Microwave
and Radar Conference (MIKON), IEEE, Warsaw, Poland, 5-7 October 2020 by M.K. and W.W.: Analysis of
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Abstract: We study how surface distortions of liquid samples due to a meniscus and a tilt of a semi-
open coaxial test cell affect errors in a broadband permittivity determination. The study is based on
the scattering parameters, obtained using the electromagnetic simulations of samples with flat and
distorted surfaces in a broad frequency range up to 18 GHz. The parameters are processed with the
classic Nicolson—Ross—Weir (NRW) method and our new meniscus removal technique. We analyze
the errors for several samples of different properties, such as distilled water and propan-2-ol. The
results show that the meniscus removal technique is more robust and provides smaller errors in the
permittivity determination compared to the classic NRW method. The effect of the cell tilt, to our best
knowledge, has not been considered in the literature yet.

Keywords: complex permittivity; microwave measurements; electromagnetic simulations; scattering

parameters; errors; meniscus; tilt; skew

1. Introduction

The accurate value of liquid complex permittivity ¢, = €, — ]s;l is desired in many
fields of science and technology [1] such as medicine, biology, chemistry, agriculture, radio
communication, remote sensing [2—4], etc. The permittivity, according to [5,6], represents
the interaction of a material with an electric field. Its real part ¢, is related to the energy
stored, while the imaginary part is tied in with the dielectric loss and conductivity of a
material due to an external field. Depending on the frequency of interest, the permittivity
is measured using various techniques [1,5,7,8], as e.g., capacitance method [9], resonant
cavities [10], free space measurements [11], time-domain spectroscopy [12], transmission/
reflection (T/R) and reflection-only methods [13,14].

At microwave frequencies, the most popular and reliable are T/R and resonant
methods. Although the latter ones allow very precise permittivity determination, as the
resonant frequency and the quality factor of the cavity are highly sensitive to the permittivity,
the characterization is limited only to a narrow bandwidth around one or just a few
frequencies. In contrast, the T/R methods allow broadband permittivity characterization by
measuring liquid samples in test cells with vector network analyzers (VNAs). Permittivity
affects the propagation constant (y) and the impedance of the wave guiding cell and thus can
be determined from the complex scattering parameters measured. However, the accuracy
of such measurements heavily depends on the test cell design and a method applied to
the calculation.

Among different test cells for two-port broadband measurements, vertically oriented
semi-open cells feature great versatility [15-17]. Clogged at the bottom with a dielectric plug,
they allow adjusting the volume of a liquid to provide the optimal measurement conditions
regarding e.g., signal attenuation. However, the top of the liquid sample is distorted, due
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to the surface tension, forming a meniscus [18]. Such a surface deviation from the flat and
transversal may cause errors in the permittivity determination [15,16,19-21]. A meniscus
formed around a brass rod exemplifying the boundary between water and the cell center
conductor is presented in Figure 1.

Figure 1. Photo of a meniscus formed around a brass rod exemplifying the boundary between water
and the cell center conductor.

To get rid of the meniscus effect, the authors of [22-24] applied a cell closed with
two plugs that fix the volume and shape of the liquid sample. However, such a solution
causes more problems with modeling the measurement and constrains its application to a
predefined volume of liquid.

To overpass problems with the meniscus in semi-open cells, which are more universal,
we have proposed a new method [25] that can remove systematic errors caused by the
meniscus in the broadband permittivity measurements. Its high performance has been
confirmed experimentally [25]. However, due to the finite uncertainty of the scattering
parameters measurement with a calibrated VINA, it was uneasy to get deeper into errors
that occur when the conventional techniques as [15,16,26] are applied to this goal.

In this paper, we study the errors caused by the meniscus in the permittivity and
sample column height determination. To this end, we employ the scattering parameters
obtained with electromagnetic (EM) simulations of the liquid samples that do not suffer
from the residual errors of VNA calibration. We also analyze errors due to a not perfectly
vertical position of the cell. The effect of the cell tilt, to our best knowledge, has not been
considered in the literature yet. To check the impact of the liquid surface distortions on the
errors, we investigate two different algorithms: our meniscus removal (MR) method and
the classic Nicolson-Ross—Weir (NRW) technique [26,27].

2. Measurement Procedures

In this section, mathematical algorithms used in the data processing are presented. We
start from modeling the simulated measurement states. In Section 2.1 we present a classical
approach for permittivity calculation with one state of liquid using the NRW algorithm [26,27]
and Somlo’s method [15] for the sample height determination. In Section 2.2 we summarize
our meniscus removal (MR) method, presented in [25], that uses two volumes of liquid.

In measurements using semi-open coaxial cells, a liquid sample is kept in place by
a dielectric plug—Figure 2b. S-parameters of such the structure are measured with a
calibrated VNA, with reference planes at the connectors of the fixture. The whole accessory
to measure the S-parameters with a VNA will be called here “the fixture”, and the part of
the fixture above the plug as “the cell”. Effects of the plug and bottom part of the fixture
can be eliminated mathematically [16] with the additional measurement of the empty cell,
shown in Figure 2a.

Such sample measurements are typically described with the transfer matrices (T)
which are related to the S matrix as follows:

T:[Tn le}_ 1 [—detS 511:|’ S 1 [le detT}. 1)

Ty T | Su| —S» 1 T Tpl 1 —Ta
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The measurement of the empty fixture Ty can be expressed as the transmission
through the airline section and the bottom part of the fixture (see Figure 2a):

Tro=TaTs, ()
while the state with the liquid sample (Figure 2b):
Tp =TaTaTy, ®3)

where l
e Yalak 0
] @

T = |: 0 eYalak
describes the transmission through the airline section of the length [, and the known
propagation constant y,, and

e s Is1 0 1
0 es Is1 :| Tt (5)

T = Tt|:

is the transmission through the sample of height /¢ referenced to the airline impedance. T
represents the transition from the air to the sample, 7y, and 7 are the propagation constants
for the air and the sample, respectively. To eliminate the bottom part of the fixture, we use
the empty cell, getting the representation of the test cell itself—the part above the plug,
representing only the sample and the airline section above it:

Ta =TnTa = TfleolTaO . (6)

The length of the empty cell /,9, needed in (6), is usually known from the mechanical
or electrical measurements [28].

s s s ]
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Figure 2. Sketch of the semi-open coaxial fixture in two measurement states: (a) the empty cell; (b)
the cell filled with the ring sample of liquid with the ideally flat upper surface. List of symbols:
I,x—the length of k-th airline section; I;;—the height of the sample; Z,, Zs—characteristic impedances
and 7,4, ys—propagation constants for the air and sample, respectively.

2.1. Classical Approach

In the classical approach, the liquid sample is assumed to be a symmetrical ring with
ideally flat surfaces. Transforming (6) to the S-matrix notation using (1) we get S.1. Since
S.1 describes the sample of liquid whose surface at port 1 is shifted by an unknown length
I1 of the airline section, the ratio of the reflection coefficients of S; is expressed as follows:
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Then, at each frequency, the length of the airline section and the sample height can be
calculated from [15,16]:

1 S2o¢

n(f) = 27, In Si1c

Zsl(f) :luo_lal(f)- (8)

from which the optimal values of I,1, I5; can be estimated e.g., by the median. That allows
the de-embedding of the S-parameters of the sample referenced to the airline impedance:

SppceXVala Gy, eTalar

S, —
st Syyceleln Sooc

©)
and apply the well-known NRW algorithm [26,27] to obtain the reflection coefficient at the
air-sample boundary

St — Sqs 1
I=X+VX2-1, X:% (10)
11s

and the propagation constant

_InP

Vs =

P = eTshsk — S11s + 5215 — Is
lsk ’ 1-— Fs(slls + 5215)

(11)

Although the permittivity of a nonmagnetic liquid can be obtained from both I's and
7s, the recent one is less prone to the errors of the S-parameter measurement and inexact
knowledge of Z;, and thus permittivity calculation from the propagation constant provides
more reliable results. For that reason, in this paper we focus on determining ¢, from «;

2
. UaYs
er——(2nf> , 12)

where v, is the speed of light in air.

2.2. Meniscus Removal Method

As the surface of a liquid in a semi-open cell is not ideally flat, but distorted with
a meniscus, the measured sample generally becomes asymmetrical. Therefore, we have
proposed a new method dealing with the asymmetry of the distorted sample in [25]. It
employs three measurement states: the empty cell and the cell with two different volumes
of a liquid for which we assume the reproducible shape of the meniscus, as presented in
Figure 3. With the use of S matrices measured for all three states, we could de-embed that
additional portion of the liquid poured, which is ideally symmetrical. The de-embedded T-
matrix of that increment volume of the liquid allows calculating both the height increment
and the sample permittivity.
Since the height increment of the liquid sample results in the same length decrement
of the airline section
Al=lp—1Ig =1In—In, (13)

the measurements of two liquid states can be expressed as
To =TuTa = Te2TaaTs (14)

T =TTy =TpTa T, (15)
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where T ;5 and T, represent the air and liquid sample line sections, respectively, with the
same A/ length. The first one is described by (4) for I, = Al, while the other, referenced to
Zg,1s
e 1sB! 0 1
Tip = Tt{ 0 R }Tt . (16)

Compiling (14) and (15) we get
Tia =Ty TaaTe2 - (17)

In contrast to Ts1, Tsa is symmetrical, for not being distorted by the meniscus, therefore,
from the symmetry condition Tj, = —T5; in T-matrix notation, we determine the increment
height of the sample, by calculating the median value of

(1) (2) (1) (2)
Al(f) = Inr r — 21l _ ToocTioe — Toie Thge (18)
2y, (1) 7(2) 1)) 7
Ta Tiae Tyoe — Thae Toie
where Ti(].lz) are the adequate parameters of T .
Then, after determining the trace of (16) and (17)
trTop = e 8 4 e78 = 2 cosh Al (19)
we calculate the propagation constant of the liquid sample
1 1
Ys = Barcosh Etr Tsa |, (20)

that is not disturbed by the meniscus. The permittivity is then determined from (12).

port1 port1 port 1
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Figure 3. Sketch of the semi-open coaxial fixture in its three measurement states of liquid under test
distorted by the meniscus: (a) the empty cell; (b) the initial volume of a liquid; (c) the final volume.
List of symbols: [ ;;—the length of k-th airline section; I;z—the height of k-th sample; Al—the height
increment; Z,, Z;—characteristic impedances and <y,, ys—propagation constants for the air and
sample, respectively.

3. EM Simulation

In contrast to the real VNA measurements, the EM simulations allow determining
the S-parameters of the fixture measurement states with an uncertainty that can be kept
low enough by establishing appropriate simulation conditions. Therefore, such EM results
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allow, in a controlled way, a thorough investigation of effects caused by various surface
distortions and determining pertinent errors of the permittivity calculations.

For this goal, we simulated the measurements performed in our 7 mm coaxial fixture
employed in [16,25], as shown in Figure 4, at frequencies up to 18 GHz. The fixture was
filled with vacuum, as a good substitute for air, and with the liquid sample (the blue layer).
The dielectric plug (the yellow layer), that keeps the liquid in place in real measurements,
was simulated as PTFE with constant relative permittivity e, = 2.1. The inner conductor
was defined as the perfect electric conductor (PEC) as well as the vertical boundaries of the
vacuum and liquid sample performing as the outer conductor.

port1 port1 port 1
L
Lao air . (@)
plug
(d)
air
- = Pt
port 2 port 2 port 2 0 7
(a) (b) (c) (mm)

Figure 4. The simulated semi-open coaxial test fixture. Cases: (a) the empty cell, (b) the ideal sample
of liquid with the flat upper surface, (c) the sample with the meniscus; (d) another view of the
meniscus under analysis; (e) the tilted sample.

To study how the meniscus affects the permittivity results we simulated the empty
fixture and the fixture in four states per liquid tested. The first two were the cases for the
sample with the meniscus, the initial and the final volumes of liquid. Two remaining ones
were the cases for the ideal samples, with the flat and transversal surfaces of the same
volumes of the liquid as the ones with the meniscus. The height of the final volume of
liquid was twice the initial ones so that the increment volume of liquid had the same height
as the first state. We arbitrarily shaped the meniscus as a cylinder with a truncated cone
cut out, shown in Figure 4c,d. As the real shape of the meniscus is somewhat different, the
conclusions from this analysis should be treated as rather qualitative, not quantitative.

We also studied the effects of the not perfectly vertical position of the fixture as another
type of liquid surface distortions. To this end, we simulated the skewed samples, shown in
Figure 4e, with 1° and 5° tilts. The first one is a reasonable value that may occur during
measurements, and the second one is rather too high to be unnoticeable, but helps to
observe the trend. The dielectric plug is omitted for simplicity in this test.

We examined three liquids of different permittivity: relatively low-loss propan-2-ol
(IPA) [29], medium-loss 50% aqueous solution of IPA (IPA50%) [25] and high-loss distilled
water [30], to explore how the errors depend on the liquid properties. The reference
permittivity of each of them, necessary for the simulations, was determined according to
data available in the just mentioned references.

The EM simulations were performed with ANSYS®HEFSS, 3D finite element method
frequency-domain solver [31]. The excitations were set using the wave ports, thus the port
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fields were defined exactly with no need for an additional port calibration, according to [32].
The order of basis functions that HFSS uses to interpolate field values from the nodal values
was set to “mixed”. The adaptive meshing was broadband with 30% maximum refinement
per pass. A special curvilinear meshing was applied to all curved surfaces.

Several simulations of the fixture filled with the ideal sample of water were performed
to estimate the required accuracy—parameter Delta S in HFSS, which is the maximum
difference between S-matrices determined for the consecutive passes. The data for different
setups are presented in Table 1. The results were compared with the mathematical model,
presented in Figure 5. The relative error of relevant complex value z € {S11, Sp1,¢,} is

calculated as 0z = abs (W) x 100%. For the permittivity errors less than 0.1% the

reasonable value of Delta S is 10~°. The maximum number of passes was set experimentally
to 25, regarding the available computing unit with 64 GB RAM. The maximum change of

the port impedance between the passes was tested as not critical and set to 0.2% (parameter
Delta Z0).

Table 1. Juxtaposition of the simulation parameters for different values of accuracy (the parameter
Delta S) set—the number of passes to converge, the computation time, the number of simulated
tetrahedra and the achieved accuracy.

Delta S Set Pass Computation Time Tetrahedra Delta S Achieved

103 6 4 min 5.6k 4x10°4
1074 10 7 min 13k 6x107°
105 21 7h 212k 7 %1070
S1p &
0.2 0.4
g 0.15¢ 03
S
g 01} 0.2
o]
2
k=
& 0.05-\ 0.1
Vo
A Vi . \
0 5 10 15 0 5 10 15 0 5 10 15
Frequency (GHz) Frequency (GHz) Frequency (GHz)
(a) (b) ()

Figure 5. The relative error of (a) S11, (b) Sp1 and (c) &, for the line filled with 2 mm column of water for the different values
of the accuracy represented by the parameter Delta S [31].

4. Simulation Results

In Section 4.1 we analyze errors in the permittivity and height determination for the
samples distorted with the meniscus and then, in Section 4.2 we present a similar analysis
for the tilted test cell.

4.1. Analysis of Errors Caused by the Meniscus

Permittivity characteristics determined with the NRW and the MR methods for IPA,
IPA50% and distilled water are shown in Figure 6a—c, respectively. The characteristics
for samples with the flat surface are presented with solid lines while dashed-dotted lines
introduce the results for the samples distorted with the meniscus. The characteristics of
the reference permittivity, used by the EM simulator, are illustrated with black lines that
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are, however, completely covered by the other lines. Computations of simulations lasted,
depending on the case, from 2 to 50 h with 100-750 thousand tetrahedra used.

IPA IPA50% H20
20 80
ref 30
NRW1
1By | ——— NRW1~
NRW2 | 40 70
< 101 NRW2~
— MR
_____ MR~ 30 60
50
N N
0 20 50 E
0 5 10 15 0 5 10 15 0 5 10 15
8 30
6 ’/
20
wa 4
10
21
0 0
0 5 10 15 0 5 10 15 0 5 10 15
Frequency (GHz) Frequency (GHz) Frequency (GHz)
(a) (b) ()

Figure 6. Characteristics of the real (s’,) and imaginary part (s:) of permittivity for (a) IPA, (b) 50% aqueous solution of IPA,
(c) distilled water. Determined from 0.1 to 18 GHz. Line types: solid—the ideal sample with the flat surface, dashed-dotted—
the sample with the meniscus (denoted by ~). Line colors: black—reference, red—the outcome of the meniscus removal

(MR) method, blue and yellow—the NRW method for the initial and the final volumes of liquid, respectively.

All the characteristics for IPA, which has the lowest permittivity of the three liquids,
overlap regardless of the sample shape, methods applied and volume of the liquid. For
samples with the meniscus, as the permittivity increases, we observe slight deviations from
the reference value at higher frequencies.

The relative errors of the sample column height versus frequency with Somlo’s and
the MR methods are presented in Figure 7. For frequencies below 1 GHz, the error traces
tend to deviate from 0, due to a finite angular resolution of the simulated S-parameters.
Except this region, the errors for the ideal samples deviate by less than 0.3% for all the
liquids, levels and methods. Since the errors of the ideal samples should be 0, such small
deviations obtained confirm the high accuracy of the performed simulations. The estimated
values of sample column heights used for the permittivity calculations and their relevant
errors are shown in Table 2. Thanks to the broadband robust approach, individual large
error deviations seen in Figure 7 hardly impact the estimated column heights.
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—~ IPA IPA50% H20

€1 1

< h

0 L ——— 0 0 ‘:,

2 = -1 -1

£ 7] s1 )

8 2t 7 |_._._ S1- 2 2 S - .

s | R / S
—— 7 =

§ _3!- S2 _3', S Bl 'I'

5 52 i ./

v -4 MR -4 -4

£ I b bl 5 5!

fi’) 0 5 10 15 0 5 10 15 0 5 10 15

Frequency (GHz) Frequency (GHz) Frequency (GHz)
(a) (b) ()

Figure 7. The relative error of sample height versus frequency determination for (a) IPA, (b) 50% aqueous solution of
IPA and (c) distilled water. Line types: solid—the ideal sample with the flat surface, dashed-dotted—the sample with the
meniscus (denoted by ~). Line colors: red—the outcome of the meniscus removal (MR) method, blue and yellow—Somlo’s

method [15] for the initial (51) and the final (S2) volumes of liquid, respectively.

Table 2. Juxtaposition of the simulated and estimated column heights of samples [; with their relative errors determined for

different liquids, sample surface types (the flat and with the meniscus) and the methods used: S1, S2—Somlo’s method for

the initial and final volumes of liquid, respectively, MR—the meniscus removal method for the incremental column height.

Liquid IPA IPA50% H20
Sample Method S1 S2 MR S1 S2 MR S1 S2 MR
Simulated /; [mm] | 2.000 4.000 2.000 | 2.000 4.000 2.000 | 2.000 4.000 2.000
Flat surface _ Pstimated [ [mm] | 2.001 4001  1.999 | 2.000 4.000 2000 | 2.000 4000 2.001
Relative error [%] 0.04 0.02  —0.05 | 0.01 0.01 0.02 0.02 0.01 0.03
Simulated /; [mm] | 2.000 4.000 2.000 | 2.000 4.000 2.000 | 2.000 4.000 2.000
Meniscus _ Estimated /s [mm] | 1976 3963  2.000 | 1.945 3946 2.000 | 1.949 3949 2.000
Relative error [%] -122 —-0.92 0.00 —276 —1.34 0.01 —254 —-1.29 0.01

The results for the samples with the meniscus introduce clearly visible differences. The
heights calculated with Somlo’s method are lower than expected, while the errors of the MR
method—presented with red curves—stay small, below 0.2% in the whole frequency range.

Small differences in the permittivity characteristics shown in Figure 6 can be better
perceived as the relative errors that are presented in Figure 8. For the ideal samples with the
flat surface, presented with continuous lines, the errors, as one can expect, are negligible. On
the other hand, the results for samples with the meniscus obtained with the NRW algorithm
are burdened with the error. We can formulate general conclusions, the higher permittivity,
the more significant errors in the permittivity determination, as the wavelength is smaller at
the same frequency and surface distortion affects S-parameters more. Also, lower samples
introduce bigger errors because the meniscus is a relatively larger distortion for them.

The permittivity results obtained with the MR algorithm are highly consistent over
the whole frequency band. The errors calculated for the ideal and the distorted samples
as well do not exceed 0.3% for all the liquids. This means that according to its purpose,
the MR method is robust to the liquid surface distortions caused by a meniscus. The
errors achieved with the NRW method are of an order of magnitude bigger. The above
conclusions remain the same for the convex meniscus, also examined.
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Figure 8. The relative error of the real (s/,) and imaginary (s:) part of permittivity for (a) IPA, (b) 50% aqueous solution
of IPA, (c) distilled water. Line types: solid—the ideal sample with the flat surface, dashed-dotted—the sample with the
meniscus (denoted by ~). Line colors: red—the outcome of the meniscus removal (MR) method, blue and yellow—the NRW
method for the initial and the final volumes of liquid, respectively.

4.2. Analysis of Errors Caused by Tilt (Skew) of the Cell

In this subsection we compare the errors of the permittivity determination for ideal
transversal ring samples of water and samples tilted by 1° and 5°. For each case two volumes
of liquid were simulated. The dielectric plug was omitted for simplicity. The simulation
calculations lasted from 15 to 40 h and stopped not converged on the last, 25th, adaptive pass
with Delta S about 10~ simulating from 400 to 750 thousand tetrahedra.

The heights determined for the tilted samples at each frequency show ripples that
can be observed in Figure 9 with relative errors. For 1° of tilt, the MR method seems to be
more sensitive than the NRW. Nevertheless, despite quite big errors visible on the plots,
the estimated optimal heights, given in Table 3, stay almost perfect. This confirms the great
advantage of broadband measurements and robust estimation of the sample height, which
allows the elimination of relatively big errors at particular frequencies.
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Relative error of sample heigth (%)

0° 1° 5°

3 3 3
S1
2t 5 2 2
—— MR
1t 1 1
]
Ok 0 > = 0
-1t -1 -1
2 -2 -2
0 10 15 0 5 10 15 0 5 10 15
Frequency (GHz) Frequency (GHz) Frequency (GHz)
(a) (b) ()

Figure 9. The relative error of sample column height calculation versus frequency for distilled water for (a) the perfectly
vertical cell position, (b) 1° and (c) 5° tilted cell. Line colors: red—the outcome of the meniscus removal (MR) method, blue
and yellow—Somlo’s method [15] for the initial (S1) and the final (S2) volumes of liquid, respectively.

Table 3. Juxtaposition of simulated and estimated column heights of samples Is with their relative
errors determined for distilled water for the different tilt of the cell and the methods used: S1, S2—
Somlo’s method for the initial and final volumes of liquid, respectively, MR—the meniscus removal
method for the incremental column height of the liquid.

Tilt Angle 0° 1° 5°
Method S1 §2 MR | S1 S2 MR | S1 S2 MR
Simulated /s [mm] | 2.000 4.000 2.000 | 2.000 4.000 2.000 | 2.000 4.000 2.000
Estimated [; [mm] | 2.000 4.000 2.001 | 2.002 4.002 2.000 | 2.007 4.007 1.998
Relative error [%] | 0.02 001 0.03 | 0.09 004 002 | 035 018 —0.10

The relative error of the water permittivity is presented in Figure 10. For small tilt the
performance of the NRW and the MR methods are similar. For higher tilt, the MR algorithm
is better for higher-frequency end, but at lower frequencies introduces bigger ripples and
spikes. We have also examined tilted samples of IPA, which has lower permittivity. The
results more closely adhered to the reference data than for water. Similarly, as with the
meniscus, the higher permittivity, the higher sensitivity to the tilt distortions is observed.

Despite the MR method eliminates the effects caused by reproducible surface distortions
by de-embedding the symmetrical increment volume of the liquid sample from two states,
in the case of tilted samples the permittivity results are clearly more perturbed at the higher
tilt—Figure 10c. Due to the skew of the sample surface, the higher field modes appear, which
at higher frequencies freely propagate in the sample. In the liquid, the EM wave slows down,
and in the place where the sample is higher, the phase is more delayed. It is manifested
by the asymmetry of the EM field distribution in the vicinity of a tilted sample, visible in
Figure 11b. The propagation of the higher modes has not been accounted for in the MR nor
other known methods. Outside the sample, those modes cannot propagate in the air-filled
7 mm coaxial line, and thus, at the ends of the picture, the field distribution becomes
symmetrical again before reaching the ports. The propagation of the wave through the
sample was disturbed and the errors could not be eliminated, especially for bigger tilt. In
the samples with the meniscus—Figure 11a—higher modes also appear, but due to the
symmetry of the distortion, the field distribution stays symmetrical. The above results
show, for the first time, how important is the vertical adjustment of the cell position within
1° to provide appropriate conditions for accurate permittivity measurements.



Remote Sens. 2021, 13, 983

12 of 14

(%)

/!
r

Relative error of ¢

r

Relative error of ¢” (%)

0° 1° 5°
2 2 2
1 1 1
Op———————— 0 /OO& oA
-1 -1 -1
2 2 2
-3 -3 -3
0 10 15 0 5 10 15 0 5 10 15
10 10 10
NRW1
5 NRW2 5 5
— MR
-5 -5 -5
-10 -10 -10
0 10 15 0 5 10 15 0 5 10 15
Frequency (GHz) Frequency (GHz) Frequency (GHz)
(a) (b) (©)

Figure 10. The relative error of the real (¢,) and imaginary (¢,) part of permittivity for distilled water for (a) the perfectly
vertical cell position, (b) 1° and (c) 5° tilted cell. Line colors: red—the outcome of the meniscus removal (MR) method, blue
and yellow—the NRW method for the initial and the final volumes of liquid, respectively.
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Figure 11. Fragment of the electric field distribution in the semi-open coaxial test fixture filled with a
volume of distilled water simulated in HFSS. (a) The sample with the meniscus, (b) the sample tilted
by 5° (rotated view). The dielectric plug is omitted for simplicity.

5. Conclusions

We have studied how surface distortions of liquid samples measured in a semi-open
coaxial cell affect a broadband permittivity determination due to a meniscus and a deviation
from the strictly vertical position of the cell. To this end, we performed EM simulations
of the two-port scattering parameter measurements of samples in the 7 mm cell up to
18 GHz with the distorted surface as well as the ideal ones, i.e., being flat and transversal,
which served as the reference. From the scattering matrices obtained, we calculated the
permittivity characteristics of the liquid samples using the classic NRW algorithm [26,27]
and our new method [25], which is capable of meniscus removal.

Our study shows that the meniscus affects the S-parameters at the high-frequency end
and its impact is greater for the liquid of higher permittivity. Consequently, the errors in
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the permittivity determination with the classic NRW method cannot be ignored, while our
MR method stays robust to the reproducible meniscus and provides smaller errors.

However, none of the verified methods stays resistant to the errors caused by the
tilt of the test cell. The MR technique, despite the mathematical removal of the top layer
of the liquid, introduces significant errors especially when the tilt and permittivity are
bigger. The axial asymmetry of the field distribution causes effects not accounted for in the
model describing the measurements. Therefore, a precise vertical adjustment of the cell is
necessary to maintain the errors small enough.

Although the above conclusions are at present rather qualitative, they may be treated
as general guidelines for providing high accuracy results of the permittivity measurements
performed with the semi-open cells. We plan to enhance this study in the future by
simulating the real shape of the meniscus.
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