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Abstract

®

CrossMark

We present a methodology for characterization of soil relative dielectric permittivity in the
frequency range 0.05-3 GHz. Soil samples are placed in a measurement cell constructed

out of a EIA 1-5/8" coaxial transmission line, and then measured with a calibrated vector-
network-analyzer. From these measurements the relative dielectric permittivity is obtained
by use of a modified Boughriet algorithm. In order to calibrate the vector-network-analyzer
directly at the EIA 1-5/8" coaxial-transmission-line measurement planes, we use the multiline
through-reflect-line method. This method, while providing superior vector-network-analyzer
calibration accuracy, is also easy to implement since it uses only transmission lines with
known lengths and a single unknown highly-reflective termination. The implemented
calibration method was compared to a simplified approach that uses the standard SOLT
calibration in Type-N reference planes, and then accounts for the Type-N/EIA 1-5/8" adapters
by removing their electrical delay. Experimental results for teflon and soil samples with
different moisture content and salinity confirmed the validity of our approach.

Keywords: soil relative dielectric permittivity, vector network analyzer, multiline through-

reflect-line calibration

(Some figures may appear in colour only in the online journal)

1. Introduction

Soil dielectric properties are of high interest both from the
theoretical and practical point of view, especially for the pur-
pose of soil moisture determination [1, 2]. Measurement tech-
niques used to determine the relative dielectric permittivity of
soil can be divided into time- and frequency-domain methods
[3]. Time-domain methods rely on the measurement of the
response to a step [4, 5] or a needle [6] pulse sent by a probe
inserted into a soil sample. From the delay of this response
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(and its change with respect to the original pulse) the relative
dielectric permittivity may be extracted. These methods are
relatively simple to implement and fast. However, they enable
to determine only the bulk (apparent) dielectric permittivity.
Reliable measurements of complex dielectric permittivity
frequency spectra using time-domain methods require high-
quality equipment, careful calibrations and application of
Fourier transforms [3, 7, 8]. Frequency-domain methods are
based on the measurement of electrical parameters of a soil
sample at a set of discrete frequencies. In the case of open-
ended probes, this electrical parameter is the impedance (or
equivalently the reflection coefficient); in a more general case,
the soil sample is treated as a two-port network and is charac-
terized in terms of scattering parameters [9].

© 2017 IOP Publishing Ltd  Printed in the UK
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Open-ended probes can be used to measure dielectric
properties of fine-grained soil [10]. For the purpose of soil
complex dielectric permittivity determination in a broad fre-
quency range, coaxial transmission line cells are used [11-
14] which allow to measure larger sample-volumes than the
open-ended probes. Reference [14] introduces a frequency-
domain approach based on wideband scattering-parameter
measurements of soil samples inserted into a measurement
cell constructed out of a EIA 1-5/8" coaxial transmission line.
This cell is connected to a vector-network-analyzer (VNA)
and from the measurement of its scattering parameters, the
dielectric spectrum of the soil sample is determined. The use
of a coaxial transmission lines with a large diameter allows
to measure large volumes of soil which improves the meas-
urement accuracy. However, this also introduces significant
calibration problems, as there are no commercially available
calibration standards in the EIA 1-5/8" coaxial transmission
line. Even when using such standards, it would be difficult to
shift the measurement plane from the connection plane down
to the actual plane at which the soil sample begins. Thus, in
[14] an approximate approach is used in which the calibra-
tion is performed with Type-N calibration standards and the
cell is connected through Type-N/EIA 1-5/8" adapters. The
impact of these adapters is then approximately accounted for
by removing only their electrical delay.

In this work, we present a wideband scattering-parameter-
based approach for the measurement of soil dielectric spec-
trum in which the scattering-parameters of the soil sample
are determined at the reference planes at which the sample is
actually inserted. To this end, a custom-designed set of cali-
bration standards is used to implement the multiline through-
reflect-line (TRL) calibration [15]. This set consists of five
EIA 1-5/8" coaxial transmission lines with different lengths
designed based on the methodology [16]. By defining the cali-
bration standards in the EIA 1-5/8" coaxial-transmission-line
plane, we can accurately calibrate out the Type-N/EIA 1-5/8"
adapter, as opposed to the approximate approach of calibrating
at the Type-N connector planes, and thus shift the measure-
ment plane after the calibration down to the very soil sample.

2. Measurement setup

Schematic of the measurement setup is shown in figure 1(a).
We performed scattering parameter measurements with
the Anritsu MS4642A VNA in the frequency range 0.05 to
3 GHz. The measurement planes were set at the EIA 1-5/8"
connectors which were attached to each VNA port through a
cascade of a Type-N/EIA 1-5/8" adapter, a Type-N precision
microwave cable, and a Type-N/3.5 mm adapter. Soil samples
were inserted into a measurement cell constructed out of a
60 mm long coaxial transmission line made out of copper and
then connected to measurement system through additional
EIA 1-5/8" flanges. The cross-sectional dimensions of the line
are specified by the EIA RS-225 standard: the inner diameter
of the outer conductor is 38.8 mm = 0.075 mm while the outer
diameter of the inner conductor is 16.9 mm =£ 0.050 mm. The
diameters of the inner and outer conductors were specifically

chosen in order to measure large sample volume, which is
important for inhomogeneous materials, such as soil. These
dimensions were analogous to the setup used for soil samples
measurements in [14].

Prior to the characterization of the measurement cell with
soil samples, the VNA was calibrated with the multiline TRL
method [15] which is commonly considered as the most
accurate technique for the vector-network-analyzer (VNA)
calibration. This method uses a set of transmission lines with
different lengths and the same but otherwise unknown prop-
agation constant, a reflect standard which is assumed to be
identical on both VNA ports but otherwise unknown, and a
thru connection. All of the unknown parameters of the cali-
bration standards, that is, the propagation constant of the lines
and the reflection coefficient of the reflect standard are then
determined along with the VNA calibration coefficients [15].

In order to implement the multiline TRL method in our
measurement environment, we designed a set of five EIA
1-5/8" coaxial transmission lines by use of the method [16].
A picture of this set is shown in figure 1(b): the longest line
is 500 mm while the shortest one is 60 mm. The method [16]
allows to choose the line lengths so as to obtain an accurate
calibration in a given measurement bandwidth (which is 0.05
to 3 GHz in our case). In order to obtain an accurate calibra-
tion at lower frequencies, the longest line should be in general
made as long as possible. We limited the length of this line to
500mm long for practical reasons, since connecting a longer
line would be very difficult.

The calibration lines were manufactured out of copper and
have the same diameters as the measurement cell. They were
connected to the VNA measurement ports through additional
EIA 1-5/8" flanges. As a reflect standard [15], we used an open
circuit constructed by connecting to the EIA 1-5/8" flange a
shielded section of the outer conductor. We implemented the
multiline TRL calibration procedure [15] in the MATLAB
environment [17]. In the VNA calibration and error correction
we used the model proposed in [18].

It is important to note that the use of calibration standards
implemented at the EIA 1-5/8" measurement plane has two
significant advantages. First, by defining the calibration stand-
ards in this plane, we can accurately calibrate out the Type-N/
EIA 1-5/8" adapter. Secondly, the multiline TRL calibration
allows us to calibrate out also the discontinuity occurring at
the connection plane (due to the center-conductor support
element). Indeed, since the transmission lines are defined as
reflection-less (with respect to their characteristic impedance)
and the connection-plane discontinuity is identical for all con-
nected elements, its electrical parameters are lumped into the
VNA calibration coefficients. Thus, we can obtain scattering-
parameter measurement of the measurement cell itself.

3. Modeling and extraction

We model the scattering-parameter measurement of the cell
based on figure 2. The measurement cell can be described
as a cascade connection of transmission lines with different
dielectrics: sections A1 and A2 correspond to the short air



Meas. Sci. Technol. 28 (2017) 024007

A Lewandowski et al

VNA

\l/ 3.5mm/

N
J:?

e-N\l/
\f

Cable Cable

Type-N/EIA 15/8"

EIA 15/8"

=
g

easurement planes

—
o
Naty

Type-N/EIA 1 5/8" adapter

teflon beads

(©)

Figure 1. Measurement setup: (a) schematic, (b) EIA 1-5/8" coaxial transmission lines used as calibration standards, (c) three-dimensional
view of the measurement cell connected to the Type-N/EIA 1-5/8" adapters.

gaps, sections 7'1 and 72 describe the teflon beads supporting
the sample and the center conductor, while section M corre-
sponds to the line filled with the material under test (MUT).
In order to model the scattering parameters of the cell, we
use the transmission-matrix description. For a two-port net-
work, the scattering matrix S and transmission matrix T are

defined as [19]:
a
= T[bi] (1)

bi| «Ja by
[bz] =S [az] , and [al_

S:[S” Slz],andT:L —det S SH]. )
So1 S» Syl —S» 1

It can be easily shown that for a cascade connection of two-
port networks with transmission matrices T;, fori =1, ..., N,
referenced to the same impedance Z.g, the overall transmis-
sion matrix is given by a product TI'L; - ... - Ty [19]. Thus, for
the model given in figure 2, we can write the measured trans-
mission matrix as:

where

Teen = Ta1Tr Tv T Tao. 3)

Since we know the lengths of the the teflon and air sec-
tions, we can determine their transmission matrices Tyy, Tao,
Ty, and T, and from the measured transmission matrix of
the cell determine the transmission parameters of the sample
itself as:

Figure 2. Cross-section of the measurement cell.

Tv = (Ta1Tr)  Teen(FraTao) " 4

In order to evaluate (4), we need to write transmission
parameters of each transmission-line section in figure 2 with
respect to the same reference impedance Z.;. Expressing first
these parameters with respect to the line characteristic imped-
ance Zy (which is different for each section) we obtain [20]:

T - [“[ ; ] )

0 &'

where 7y is the complex propagation constant and / is the length
of the line section. Assuming a non-magnetic dielectric with
a relative dielectric permittivity ¢, and neglecting conductor
loss®, we can write the propagation constant v = jw/c./&;

3We assume that the conductor loss in the coaxial-line walls is much smaller
than the dielectric loss of the soil sample.
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Table 1. Particle-size distribution (PSD) of the soil material.

Particle sizes (um) 0.01-2 2-20 20-50 50-100 100-250 250-500 500-1000 1000-2000
PSD (%) 0.50 4.01 5.64 2.49 11.06 49.29 26.63 0.38
and the characteristic impedance Zy = n/./e;, where c is the Table 2. Parameters of the soil samples.
speed of light in vacuum and 7 is the characteristic imped- o Om m Vv Oy d
ance of the coaxial transmission line with vacuum-dielectric*. ~ Sample (mSm™") (gg™) (2 (cm® (%) (gecm™3)
By comparing (5) with (2), we note that §11=25,=0, 3.21 air-dry 8098 4426  air-dry 1.83
which is a direct consequence of the fact that a line is imped- Al 3:21 0.05 77: 60 45: P 21 1:70
ance-matched to its characteristic impedance Z. Rewriting  ,, 321 010  90.86 4534 182 2.00
(5) with respect to an arbitrary reference impedance Zr we 43 321 014 9616 4531 261 212
obtain [20]: Bl 18.72 0.10 9506 4722 183 201
o i _ 2 (- 2 B2 36.38 0.10 93.70  47.37 18.0 1.98
T _C e i e DI © B 36.38 0.10 9406 47.04 182  2.00
1-T7 |- —ePH 1 —e20?
2 material with distilled water to achieve three levels of water
where I} = ﬁ content up to saturation. Samples with the designator B were

Reference impedance Z.; can be chosen arbitrarily.
However, it is convenient to set Z.f to the characteristic
impedance Zos = n/./e:a of the air-filled sections, where €5
is the dielectric permittivity of air. This is due to the fact that a
VNA calibrated with the multiline TRL calibration measures
scattering-parameters with respect to the characteristic imped-
ance of the transmission lines used in the calibration [15, 20].
In this work we use air-filled coaxial transmission lines so the
reference impedance of the multiline TRL calibration is pre-
cisely Zpa.

Having determined the transmission matrix of the MUT
from (4), we convert it to the scattering-parameter representa-
tion by inverting (2). We then apply the extraction algorithm
described in appendix to obtain the relative dielectric permit-
tivity of the MUT.

4. Materials

In order to verify our system, we measured a 20.6 mm thick
teflon sample inserted into the measurement cell. After that,
several soil samples of various water content and salinity were
examined. All of the soil samples were prepared based on a
sandy soil material (texture: sand 89.9%, silt 9.6%, clay 0.5%)
by adding a predefined amount of moistening liquid and
mixing. The particle-size distribution was measured by the
laser diffraction method according to the procedure described
in [21] and was presented in table 1. The values of water con-
tent Oy calculated on a dry mass basis, mass m, volume V,
volumetric water content fy, and bulk density d were listed
in table 2.

Soil material of three various initial salinities was used.
The initial salinity was characterized on the basis of electrical
conductivity o, of 1:5 (w/v) soil-distilled water extracts [22],
and the values were presented in table 2. Soil samples with
the designator A were obtained by wetting the least saline soil

#These expressions are valid only for TEM lines such as the coaxial trans-
mission line discussed in this paper; for waveguides with non-zero cutoff
frequency one would have to additionally include the frequency dependence
of the group velocity.

obtained from the more saline soil material as A samples. They
were wetted up to the same target moisture of fy; = 0.10 g g~
(on a dry mass basis) with either distilled water (samples Bl
and B2) or a KCI solution (sample B3) of electrical conduc-
tivity 2S m~1

After preparation, each soil sample was placed between
the inner and outer conductor of the 60 mm long measurement
cell, supported by two 4mm thick teflon beads. The precise
positions of the supporting beads for each tested sample were
measured and accounted for in the permittivity extraction
algorithm. The dielectric measurements of the samples were
performed at room temperature 22 £ 1 °C.

5. Results and discussion

In figure 3 we present results for the teflon sample used as a
reference material. These results were obtained with the use
of the VNA error-correction procedure based on the multiline
TRL calibration (see section 2) and compared with a simpli-
fied error correction method proposed in [14]. This simpli-
fied procedure uses a classical two-port short-open-load-thru
(SOLT) calibration procedure to calibrate the VNA in the
Type-N reference planes and then corrects for the impact of
Type-N/EIA 1-5/8" adapters by removing only their electrical
length.

We see that the real part of the dielectric permittivity of
teflon sample obtained with our procedure agrees very well
with the literature: in the frequency range 0.05-3 GHz we
obtained flat spectrum with & = 2.07 4+ 0.02 which differs
from ¢’ = 2.035 £ 0.005 reported in [9] by around 1.7%. We
also see that the imaginary part " is close the noise floor of
our measurement system.

We further see the the spectrum obtained with the simpli-
fied error-correction procedure gives for small frequencies
values of ¢’ by almost 10% smaller than expected for teflon
and that it also overestimates the loss. This can be easily jus-
tified with the fact that by correcting only for the electrical
length of the adapters, we lump their loss into the consecutive
MUT measurements.
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Figure 3. Measurement results for a 20.6 mm thick teflon sample obtained with a VNA error-correction based on the multiline TRL
calibration (solid blue) and with a simplified error correction taking into account only the electrical length of the Type-N/EIA 1-5/8"
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Figure 4. Measurement results for non-saline soil samples with different moisture content: (a) &, and (b) &/,
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Figure 5. Measurement results for different saline-soil samples and for a reference non-saline soil sample: (a) €; and (b) €/”. All presented

samples were wetted to achieve the target moisture fy; = 0.10 g g~ .

In figure 4 we present dielectric spectra for non-saline
soil samples. We see that the real part ¢’ of the dielectric
permittivity (see figure 4(a)) increased with the mois-
ture content of the samples and varied from about 3 for
the air-dry sample to a little over 16 for the saturated one.
As expected for soil with a small clay content, the permit-
tivity values did not decrease much with the increase of
frequency.

Although all of the presented saline samples were wetted to
achieve the same target moisture 8y, the real part of dielectric
permittivity varied among the samples (see figure 5(a)). It was
caused by slight differences in bulk density (see table 2). Also,
evaporation during sample preparation could have influenced
the final water content.

The imaginary part " of dielectric permittivity of the air-
dry sample was under 0.1 in the entire frequency range with
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relatively small scatter (see figure 4(b)). The impact of bulk
electrical conductivity on the imaginary part of dielectric
permittivity was observed even for non-saline wet samples at
frequencies below 0.5 GHz. For the saline-soil samples (see
figure 5(b)), the imaginary part e” of the dielectric permittivity
rose significantly at low frequencies. For the most saline B3
sample, electrical conductivity dominated the ” spectrum in
the entire applied frequency range.

The dielectric permittivity spectra of the samples of various
moisture content obtained from the same non-saline soil as in
the present study was examined in the 0.1-1.2 GHz frequency
range in [8]. The results obtained in the present work agreed
with the previous findings.

6. Conclusions

In this work, we presented a technique for wideband 0.05-3
GHz characterization of soil dielectric spectra by use of vector-
network-analyzer (VNA) scattering-parameter measurements.
Our technique is based on VNA measurement of soil samples
inserted into a EIA 1-5/8" coaxial-transmission-line cell. Before
the measurements, the VNA is calibrated with the multiline
through-reflect-line (TRL) method [15] with a custom-designed
[16] set of calibration standards based on the EIA 1-5/8" coaxial-
transmission-line. The use of calibration standards defined in the
same waveguiding structure as the measurement cell makes it
possible to remove the systematic errors due to the cell connec-
tors, and thus set the measurement planes at the soil sample itself.
Experimental results for teflon and soil samples with different
water content and salinity verified the validity of our approach.
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Appendix

Below we briefly summarize the extraction algorithm. From
transmission parameters of the MUT we obtain scattering
parameters by inverting (2) which yields the following model
of the MUT measurement:

1 1 —e 2y e (1 — T2
Su-—L |t M e T |
1 —Tye 2™ | ew(1 - Ty (1 —e W)y
where for Z..¢ set to Zoa = 1n/./e:a we further have:
1 — [2M w
Er, .
v = ———=, and 2]:./&}1\4. (A.2)

14 |
ErA
The problem now is to determine ¢,y from the actual scat-

tering parameters of the MUT obtained by applying the cor-
rection equation (4) to the measured transmission matrix Tey

of the cell. From the classical Nicholson—Ross—Weir equa-
tions [9, 23] we obtain the estimate of I}y as:

St — 83+ 1

Iy=K++VK2—1, where K = >
11

. (A3)

In order to choose the proper sign in (A.3), we enforce
|f‘M| < 1. From this estimate we can then determine the esti-
mate of the term 7 = e ™ as:

S+ 8o — Tu

7= " (A4)
1 — (811 + S20Im
Consecutively, we obtain the estimate of ~,, as:
. InT

In order to select the proper root of the natural logarithm,
we enforce the continuous change of 7, as a function of
frequency. Eventually, we determine the relative dielectric
permittivity of the MUT as:

2
b = — M
w

(A.6)

As we can see, the choice of Z.¢ does not affect the extrac-
tion algorithm. Indeed, it only changes the reflection coef-
ficient I}, however, this term is not further decomposed in
order to solve for .
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