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LIST OF SYMBOLS

FDR —Frequency Domain Reflectometry

FFT — Fast Fourier Transform

PLL —Phase Locked Loop

TDR —Time Domain Reflectometry

VNA —Vector Network Analyser

a,bc — complex coefficients of equation for model of two-terminal-pair
network type T

a', b, c — modified complex coefficients of equation for model of two-
terminal-pair network type T

Ao, A1 —trend line coefficients

c —velocity of light in vacuum

Cs —internal threshold capacity of measuring probe

Co — capacity of coaxial or twO-rod probe in air

f —frequency of measurement signal

j —imaginary unit equal to \/—_1

L — planar spacing of points of complex coefficient of reflection Sy;

P —vector of polarisation

P —vector of polarisation of medium in constant electric field

Re(¢), Im(e) —real and imaginary parts of dielectric permittivity &
R,L,G,C —unit parameters of long line

S —complex coefficient of reflection

S11air —measured coefficient of reflection for probe in air

Sitcal — coefficient of reflection determined from calibration with two-

terminal-pair network type T

Siim —measured coefficient of reflection for probe placed in soil

Si1model — coefficient of reflection determined for model of lossy transformer

[S11], — module and phase of measured complex coefficient of reflection
Si

t —time

ta, th —recorded time of characteristic reflections of TDR signal

X —length of probe rods

z — probe impedance for model Z;, Z,

Za —impedance of probe rods in acetone calculated from measurement

ZLair — probe impedance in air

Z: — characteristic impedance of connection cable



Z —threshold impedance within measurement probe

Z —impedance for model of lossy transformer

Zx —impedance of tips of probe rods

Z, — probe impedance for capacitance model Cy, Cs

Zp —impedance of probe rods in air, calculated from measurement

Zr — equivalent impedance of two-terminal-pair network type T meas-
ured by VNA

Zy —impedance of capacitor C, filled with lossy dielectric

Zy —impedance of rods of two-rod probe in air

Z1,7Z,, Z3  —component impedances of two-terminal-pair network type T

Z; —fault impedance of probe rods at the base 0+j0

a — phase constant

S —attenuation constant

& —complex dielectric permittivity of material studied

ea —dielectric permittivity of acetone from Debye's model

Eair —dielectric permittivity of gaseous phase

&b — apparent dielectric permittivity of soil determined with TDR
method

&q —dielectric loss

ep —dielectric permittivity of air equal to 1+j0

& —dielectric permittivity for static field

Esolid —dielectric permittivity of solid phase

Ewat —dielectric permittivity of liquid phase

€0 —\vacuum permittivity

Eo —dielectric permittivity above relaxation frequency

y — propagation constant

0 —volumetric moisture determined with oven-dry method

O1orR —volumetric moisture of material determined with TDR method

A —wavelength

Obc —DC conductivity

p —soil density

T —relaxation time

1) —angular velocity equal to 2xf



1. INTRODUCTION

In the present times the protection of the natural environment is assuming
a particular importance due to the violent development of industry and to the
growing civilization threats. Effective protection against the degradation of the
environment can be ensured by suitable methods of monitoring of physical, chem-
ical and biological parameters that will permit the modelling of processes taking
place in nature, which will allow the prediction of the places of occurrence and
counteracting further degradation. Thanks to modelling based on archivised in-
formation it is possible to predict approaching threats on local and global scales,
which entails measurable economic benefits. The development of agrophysical
metrology, and especially inexpensive and energy-saving methods of measure-
ment, becomes a necessity due to the continual expansion of both the areas cov-
ered with monitoring and of the amount and diversity of acquired data. Increase in
the demand for agrophysical measurements results also from the development of
satellite monitoring of the soil environment, being the cheapest form of acquisi-
tion of information but requiring, as in the case of the requirements of metrology,
an extensive network of land-based measurement points. Water is a key element
requiring monitoring, and having a direct and immediate effect on all the
processes that take place in the soil environment. The monitoring of parameters
concerning the quality and quantity of water occurring in various places on our
planet provides an abundance of valuable information, analysis of which permits
evaluation of the status of the soil environment. The undertaking of suitable ac-
tions permits counteracting the harmful effects of human activity before the unde-
sirable phenomena of an excess or a deficit of water may occur. Of particular
importance is the measurement of soil moisture in places threatened with mud-
slides, floods, and under conditions of strong soil contamination. Thanks to the
unique dielectric properties of water it is possible to perform selective measurement
of the liquid phase volumetric fraction of porous materials with the use of electronic
methods. At present the most popular method of measurement of moisture and sa-
linity of porous materials, and of soil in particular, is the TDR method (Time Do-
main Reflectometry). That method gained popularity in the nineteen eighties, and
due to its versatility and ease of application is now one of the most frequently used
in research laboratories as well as in monitoring systems. There is also an ongoing
search for alternative and cheaper methods, with comparable parameters of selectiv-
ity and accuracy that would permit their widespread application.

This paper presents the results of a study on the effect of soil moisture and sa-
linity on measurements performed with the method of Frequency Domain Reflec-
tometry (FDR), as well as an evaluation of a probe developed for the measure-
ment of soil moisture and salinity, operating on the basis of the method. It permits



the application of probes in the form of a parallel waveguide, with probe rod
lengths like in the TDR method, but also considerably shorter. Measurements
with the FDR method permit direct determination of the frequency spectrum of
complex dielectric permittivity, with the measurement signal having a controlled
amplitude for the whole spectrum, which is something the TDR method cannot
provide. Spectrum measurement permits the application of the methods of dielec-
tric spectroscopy in the analysis of the results, thanks to which it is possible to
obtain also information other than that on moisture and salinity of the medium
studied, e.g. on the content of bound water or on the particle size distribution. For
this reason the method can be applied for the study and estimation of quality of
porous materials of agricultural origin on the basis of their dielectric properties. In
remote-sensing measurements of soil moisture the measurement signal frequen-
cies in the range of 1-1.5 GHz are the least attenuated by the atmosphere and the
least susceptible to the effect of the vegetation cover (Walker et al. 2004, Kerr
2007). Therefore, the ease of selection of the measurement signal frequency in the
FDR method permits measurements that are easier to correlate with remote-
sensing measurements conducted by means of satellites. The method is characte-
rised by low energy requirements (Veldkamp and O'Brien 2000), and its devel-
opment can contribute to the appearance of new sensors for the measurement of
soil moisture and salinity, operating on battery power and permitting mainten-
ance-free operation with wireless transmission of the measurement results.

2. ELECTRICAL METHODS OF MEASUREMENT OF POROUS MATERIAL
PROPERTIES

Agrophysics is a branch of science created from the need to get insight into
physical properties and phenomena happening in biological environment of plants
conditioning the process of photosynthesis (light, heat, water, nutrients), and
therefore the yield. The application of research and interpretation tools characte-
ristic to physics makes Agrophysics original and interdisciplinary branch of
science.

The key problem in Agrophysics is water status in soil-plant-atmosphere sys-
tem, because every phenomenon examined in its scope of interest relays somehow
on the water status. The number of variables necessary to describe the water sta-
tus in porous materials depends on the examined problem and is practically arbi-
trary. In majority of practical situations the status of water is described only by
one variable — water content. Soil is the material where water status should be
described by minimum five variables: water content (moisture), water potential,
salinity, oxygenation and temperature. The most demanding biological material
for monitoring the status of water contained in it is soil, because soil structure is



diversified and its properties are not stable in time. Also, soil water content seems
to be the most difficult water status variable to determine because the response of
soil water content sensors is not dependent only on soil water content. It may
depend on soil salinity, temperature and texture. Therefore there has been much
effort put down on the soil water content metrology. If there exist a reliable me-
thod of soil water content measurement it could be applicable to other biological
materials with less differentiated structure.

There are three international standards for soil water content measurement.
Two of them relate to the thermogravimetric methods: 1SO11461 — for water con-
tent on volume basis, 1SO11465 for water content on the mass basis and the norm
describing neutron scattering method for soil water content determination in unsa-
turated zone — 1SO10573. Thermogravimetric methods enable to determine the
amount of water in the soil sample on the mass or volume basis in the direct way
and they are the most popular. These methods are very laborious, time consuming
and require laboratory equipment. In the indirect neutron scattering method the
value of soil water content is correlated with the energy loss of neutrons emitted
by neutron probe, located in the access tube inserted vertically into the soil,
bumping into the hydrogen nuclei having similar mass. Neutron scattering method
is fast and precise but is becoming less popular because of radiation hazard.

The soil conductivity measurement method is described by the international
standard 1SO 11265. After drying the soil sample according to 1SO 11464 stan-
dard, it is mixed with water in proportion 1:5 and then the filtered extract conduc-
tivity is measured by a liquid conductometer. This method is time consuming,
laborious and its application in situ is limited.

The reflectometric method for soil water content and electrical conductivity
has become popular since the publication of Topp et al. (1980). This paper started
research in TDR application in soil metrology and now recognized distributors of
soil metrology offer the TDR meters for soil water content and electrical conduc-
tivity measurement. Time Domain Reflectometry technique was known even ear-
lier; it was successfully applied by Fellner-Feldegg (1969) for the determination
of dielectric properties of liquids. The researchers from the Institute of Agrophys-
ics took part in the development of this technique (Malicki and Skierucha 1989)
as well as in the construction of TDR meters which are being produced on the
license of IAPAS (Easy Test 2004) The main advantages of TDR over other soil
water content measurement methods are:

— superior accuracy to within 1 or 2% volumetric water content;

— calibration requirements are minimal — in many cases soil-specific cali-

bration is not needed;

— lack of radiation hazard associated with neutron probe technique;
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— TDR has excellent spatial and temporal resolution; and
— measurements are simple to obtain, and the method is capable of provid-
ing continuous measurements through automation and multiplexing.
The common use of TDR method and above mentioned advantages place it as
a possible standard of porous material, including soil, water content measurement
method.

2.1. Dielectric permittivity

Dielectric permittivity ¢ (relative permittivity) is a dimensionless value de-
scribing the properties of a dielectric placed in an electric field. It is defined as the
ratio of the capacity of a capacitor filled with the dielectric studied to the capacity of
the same capacitor but with vacuum as the dielectric (Agilent 2006, Chetkowski
1993). Unfortunately, it is often referred to as the dielectric constant, although it is
a known fact that it depends on temperature, pressure, and on the intensity of the
electric field. Dielectric measurements of moisture make use of the specific dielec-
tric properties of water particles, related with its polar structure, i.e. with the occur-
rence of an unbalanced dipole moment with the value of 6.2-10°° C m™. Dipoles of
water particles, due to the thermal movement, are arranged in a chaotic manner.
After the application of an external electric field, water particles get partially po-
larized and change their orientation so that their dipoles become parallel to the
lines of the field. The value of dielectric permittivity of water is 80.14 at tempera-
ture of 20°C, which makes it distinct from other materials — components of the
porous medium that is the soil, the permittivity of which is considerably lower.
Therefore the essence of dielectric measurements of moisture of porous materials
is the utilization of the strong relation between the water content in the material
studied and its dielectric permittivity.

Most agricultural materials and products containing water are characterised by
ionic electrical conductivity, which, in low frequency measurements, has a signif-
icant effect on measurement accuracy or even precludes measurement of permit-
tivity. This problem has been solved through the application of variable electric
field for which ionic conductivity decreases with increase of frequency (White et
al. 1994). The application of high frequencies causes a change in the character of
dielectric permittivity which in a constant electric field (frequency equal to zero)
is an real value. In a variable electric field it becomes a complex value, dependent
on the frequency of changes of the field.

e=Re(&)-jlIm(e). (D)
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Water particles placed in an electric field of a given frequency tend to orient
in accordance with the vector of the variable external electric field. The thermal
movements of the molecules cause that their dipoles oscillate around the direction
of the external field, which is the cause of the appearance of thermal dependence
of dielectric permittivity. Due to inertia, that movement takes place with a certain
delay with relation to the electric field applied. Above the frequency of 18 GHz
(relaxation frequency) water molecules cannot follow the speed of the fast
changes of the electric field. The real part Re(e) of the complex permittivity de-
scribes the capacity of a medium to store the energy of the external electric field,
while the imaginary part Im(e) represents energy losses related with the thermal
movement of vibrating dipoles.

Measurement of moisture of porous materials with dielectric methods makes
use of the commonly known relations between permittivity and moisture. Those
relations describe the effect of the particular phases of soil on its permittivity
which can be measured in the time domain (TDR) and in the frequency domain
(FDR). Measurement in time domain allows to calculate the so-called apparent
permittivity for a frequency spectrum occurring in a pulse of step-wise function
(Malicki and Skierucha 1989, Topp et al. 1980). It is assumed that dielectric loss
and ionic conductivity do not affect the speed of propagation of electromagnetic
pulse in the medium studied, but only the amplitude relations. Whereas, meas-
urements performed in frequency domain provide direct information about both
components of the complex permittivity, allowing a much broader analysis of
dielectric properties, determined not only by moisture but also by phenomena
related with the occurrence of bound water or with the polarisation of colloidal
particles of soil, leading to the determination of their relaxation time. The addi-
tional information, such as the relaxation time, can be correlated with other physi-
cal properties of soil, e.g. specific surface area, content of clay particles or of or-
ganic matter.

2.2. Electrical measurement of soil water content

Concerning the problem of electrical soil water content measurement, the me-
dium conditioning water content is water and its specific property is the polar
structure of water molecules (a water molecule has a permanent dipole moment of
1.87 D). Polarity of water molecules is the reason that dielectric permittivity (di-
electric constant) of water is much higher than permittivity of soil solid phase (the
relative dielectric constant of water in the electric field of frequency below
10 GHz and 18°C temperature is 81, while the relative dielectric constant of solid
phase is 4-5 at the same conditions). The dielectric constant of soil strongly de-
pends on its water content, therefore it may be concluded that electrical measure-
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ment of soil water content should be based on the measurement of its dielectric
constant.

The efforts to measure soil water content indirectly, on the base of the resis-
tance or electrical capacitance between the electrodes inserted into the soil, has
been continuously undertaken since the end of nineteen age (Whitney et al. 1897).

2.3. Electrical measurement of soil salinity

Similarly, referring to the problem of electrical measurement of soil salinity,
the medium conditioning its salinity is salt present in the soil and the unique
property is their ionic nature. The ability to conduct electrical charge by ions
present in the soil water is the reason that the soil conducts current. Therefore, the
electrical measurement of soil salinity should be based on the measurement of its
electrical conductivity.

Soil salinity is expressed by a total concentration of salts in the soil, and prac-
tically their ions in the “soil water”. Due to technical reasons connected with the
determination of such a defined salinity, its measure by indirect quantity — elec-
trical conductivity of the soil extract, named as a soil electrolyte, which is taken
from the soil after its saturation by distilled water (Marshall and Holmes 1979).
This procedure proposed by US Salinity Laboratory (US Salinity Laboratory
1954), has been recognized as standard. However this method cannot be used in
in situ measurements and also in automatic monitoring systems of soil salinity.

The in situ and non-destructive alternative is the measurement of the soil ap-
parent electrical conductivity, EC,, as the basis for determination of the electrical
conductivity of the soil electrolyte, EC,, (Rhoades et al. 1976, Nadler 1981). For
this purpose a four-electrode method is often used (Kirkham and Taylor 1949,
Gupta and Hanks 1972). It consists in the measurement of the voltage drop be-
tween a pair of measuring electrodes placed in the current path, which is forced
by other, pair of supply electrodes. Such a solution enables to avoid disturbances
caused by electrochemical polarization of at the interface electrode-electrolyte.
However the EC, depends also on soil water content, &, and to determine EC,, it is
necessary to measure EC, and &, simultaneously. Rhoades et al. presented a mod-
el relating EC,, EC,, and & as follows:

EC, =EC,6(a,0 +a,)+EC, )

where: a, and a; are empirical indexes different for various soils and profile lay-
ers of the given soil, EC, is the electrical conductivity of the soil solid phase de-
pendent on the concentration of cations adsorbed on the surface of clay minerals
and the presence of ferrite minerals.
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2.4. Basics of TDR technique

Time Domain Reflectometry (TDR) method for the measurement of water con-
tent of isotropic and homogenous media becomes popular for the simplicity of op-
eration, accuracy and the non-destructive, as compared to other methods, way of
measurement (Malicki 1993, O’Connor and Dowding 1999). This measurement
technique takes advantage of four physical phenomena characteristic to the soil:

e in the frequency range of 1 GHz the complex dielectric constant of the me-
dium can be approximated by its real value and the electromagnetic wave

propagation velocity, v, in the medium can be calculated from Eq. (3):

¢ _c_a
Jgiei n At

where: ¢ is a velocity of light in free space, &(9) is a real part of the com-
plex dielectric constant dependent on its water content, 8; n =m is the
medium refractive index; L is the length of TDR probe rods inserted into
the soil; At is the time distance between the reflections of TDR pulse from
the beginning and the end of the probe rods, inserted into the medium
(Skierucha 1996),

o the dielectric constant of the medium liquid phase has much higher value than
the other medium phases, i.e. about 80 against 2-4 for the solid and 1 for the
gas phase,

o the relation between the water content of the medium and its dielectric con-
stant is highly correlated for the majority of the porous media [Davis and An-
nan 1977, Malicki and Skierucha 1989, Skierucha 1996],

e the attenuation of the amplitude of electromagnetic wave traveling along the
parallel transmission line inserted into the medium depends on its apparent
electrical conductivity, EC (Dalton et al. 1984):

EC[Sm]= Ve |n[Ui“j 4)

V=

@)

1207 (U,
where: U;, and U, are the amplitude of the pulse before and after attenuation
caused by the pulse travel twice a distance of the probe length, L.
Therefore, water content in the soil, which is assumed to be an isotropic and
homogenous medium, is the main reason determining its bulk dielectric constant.
The basic formula (3) is derived from more general one:
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V= ¢ (®)

dows)

where: ¢ is the light velocity of propagation in free space, & is the real value of
the complex dielectric permittivity of the medium, tgo is the dielectric loss de-
fined as (Chetkowski 1993):
P—
tgs =21 ©)
&

The complex dielectric permittivity of the medium, &, is:

g:,s'—j[g"+ EC J (7

2 fe,

where: ¢" represents dielectric loss connected with the dielectric polarization of
soil particles, EC is the medium electrical conductivity, f is the frequency of the
electromagnetic field, &, is dielectric permittivity of free space, j jest equal to

WJ-1.
2.5. General idea of the TDR measurements

The TDR method is at present the most popular dielectric method for the
measurement of moisture in porous materials, soil in particular, ensuring very
high repeatability and notable independence of results from the type of soil meas-
ured (Dirksen and Dasberg 1993, Robinson et al. 2003). After taking into account
individual calibration for a given soil, it enables measurement accuracy at the
level of 1%. The method is based on measurement of the speed of propagation of
an electromagnetic pulse in a transmission line placed within the porous medium
studied. The method requires high time resolution of measurement, of the order of
10™'s, and complicated analysis of the reflectogram, taking into account the
broad range of attenuation of signal and elimination of undesirable reflections
caused by the non-homogeneity of soil. The high technical requirements cause
that the commercially available instruments of this type are relatively expensive.

Figure 1 presents a pictorial diagram of a device for the measurement of the
speed of propagation and attenuation of electromagnetic waves in porous materi-
als, based on the reflectometric technique of measurement.



15

@ generator

soil
surface

coaxial waveguide

soil
surface

sensor - parallel waveguide

Fig. 1. Hardware setup for simultaneous measurement of soil water content and electrical conductivity
using Time Domain Reflectometry method (Skierucha and Malicki 2004)

The idea of simultaneous measurement soil water content and electrical con-
ductivity is presented in Figure 1. The TDR probe consists of two waveguides
connected together: a coaxial one, called the feeder, and a parallel one, called the
sensor, made of two parallel metal rods inserted into the measured medium.

A needle-type electric pulse, with pulse rise and fall time of about 250 ps,
produced in a generator, runs along a 50 Q2 coaxial cable to a measurement probe
in the form of a waveguide with a dielectric of unknown permittivity. The
waveguide can be formed of two (e.g. the FP/mts probe (Easy Test 2004), the
probe used by Malicki and Skierucha (1989) or three e.g. the probes used by
Heimovaara (1993), Wright and Or (1999), Zegelin et al. (1989) parallel rods of
stainless steel, whose length equals x.

Between the generator and the probe there is the head of a stroboscopic oscil-
loscope sampling the condition of the transmission line. Due to the discontinuity
of impedance between the coaxial cable and the probe, a part of the pulse from
the generator is reflected, which is registered as (a). That part of the pulse that is
not reflected continues along the probe rods and gets reflected on their ends (b).

Reflectograms obtained when the probe was placed in dry, wet and saturated
sand indicate that time t between reflections (a) and (b) increases with increasing
level of soil moisture. Assuming negligible dielectric loss of the medium, the
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speed of propagation of the electric pulse along the probe rods can be expressed
with the formula:
2X c

=— 8
bt e (8)

The reason for that is the change of electromagnetic propagation velocity in
media of different dielectric constants, according to Eq. (3).Therefore, having a
probe that permits measurement of the time between two characteristic reflections
of electromagnetic pulse, and knowing the length of probe rods x, we can use the
method to determine the apparent permittivity of a material, g,. The volumetric
moisture of the material, 6, i.e. the value which is the objective of reflectometric
measurement, is determined from the empirical calibration &, = f(s,) or using
dielectric mixing models.

Also, the amplitude of the pulse at the point (b) decreases with the increase of
soil electrical conductivity, according to Eq. (4).

2.6. Calibration of TDR soil water content measurement

There are two approaches that allow calculating the soil water content from the
TDR measurements: empirical and theoretical - using dielectric mixing models.

The results of TDR measurements of mineral, organic soils as well as miner-
al/organic mixtures are presented in Figure 2. The coefficients of linear regression
equations fitted to empirical data points differ slightly showing that mineral com-
position of the soil significantly influences the TDR calibration curve:
n(eg,av)= ag + & 0yra, » Where Gy is the soil water content determined by standard

thermogravimetric method ISO 11461. Reconfiguration of the calibration curve
allows the calculation of & when TDR meter measures n. The accuracy of the
TDR soil water content measurement is about £2% of the true thermogravimetri-
cally determined value, Eq. (9).

6=0.13ye-0.18 (9)

The most popular calibration curve for TDR soil (mineral soils) water content
measurement was given by Topp et al. (1980) and is presented below:

0=-53-102+292-102.£-55-10*-£2+4.3.10° . &3 (10)

The introduction in the Eq. (9) the correction on soil bulk density, p, that ac-
counts for the influence of soil solid phase in the TDR readout, decreases the
measurement error to about +1% giving a new calibration curve presented by
Eqg. (112).
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Fig. 2. Relation between the soil refractive index, n, and its water content, &, for mineral and organic
soil samples as well as their mixtures. A — experimental data, B — regression n(6)

o

Applying theoretical approach of the soil as a three phase mixture, its dielec-
tric constant ¢, can be presented as:

£ =0-g5 +(1-¢)-6 +(p-0)-&f (12)

where: ¢, &, & and &, are the dielectric constants of soil as a whole, soil water, soil
solids, and air, « is a constant interpreted as a measure of the soil particles geome-
try. On the base of the measured data collected on various soils, it has been found
by Roth et al. (1990) that for the three phases dielectric model of the soil the aver-
age value of « constant is 0.5. For typical values of & =05, =81, =4, =1
and ¢ = 0.5 the Eq. (12) has the form of Eq. (13) with coefficients values close to
the ones from Eg. (9).

6=0.125-4/¢ —0.19 (13)

TDR method of simultaneous measurement of soil water content and electric-
al conductivity (salinity) becomes more popular because of its advantages: sim-
plicity of operation, accurate and rapid readout, usually does not need calibration,
non-destructive operation, availability of portable systems, availability to multip-
lex probes makeing automatic measurements possible. Although it has also disad-
vantages because it requires excellent probe to soil contact, probe installation may
disturb soil, and TDR meters are still expensive, it may become the standard of
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water content measurement applied not only for soil but also other porous mate-
rials like food products and building materials.

Analyzing of the TDR method waveform enables to obtain information on the
spectrum of the dielectric permittivity of the soil (Lin 2003). For a step pulse used
in the Tektronix 1502B device Heimovaara (1994) found the frequency band O-
1.5 GHz. For the device FOM / mts produced in IAPAN (Skierucha et al. 2006), an
analysis of the Fourier spectrum of the needle pulse shows that the frequency band
for which the signal amplitude does not fall below 3 dB is 1.42 GHz (Fig. 3).
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Fig. 3. Spectrum of the TDR pulse from FOM/mts device obtained by fast Fourier transform method

The spectrum of a Gaussian impulse should have the form of the Gaussian
curve. In the pulse spectrum one can see characteristic maxima, decreasing with
frequency, which indicate deformations of the impulse which in fact is not Gaus-
sian. In spite of such a broad frequency band, Fourier analysis of reflectograms is
hard to interpret as it requires the introduction of correction of amplitude-phase
errors and the performance of calibrations used in studies involving the use of
vector network analysers. Also a special design of the probe is required, minimis-
ing the occurrence of impedance discontinuity. Therefore, the determination of
the frequency spectrum of the complex dielectric permittivity from analysis of
time runs generated with the TDR method is burdened with a considerable error.
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2.7. The influence of soil electrical conductivity on the soil water content values
measured by TDR method

Topp et al. (1980) did not find the influence of soil salinity, or soil electrical
conductivity, EC,, on the electromagnetic wave velocity of propagation for min-
eral soils wetted with NaCl and CaSO, solutions of conductivity values practical-
ly found for soil solutions. However they found the increase of TDR measured
water content, &rpr, measurement error for high saline soils. They explained this
as a result of high attenuation of the TDR pulse and the problems with finding the
correct reflection point.

Dalton et al. (1984) measured simultaneously water content and electrical con-
ductivity in the range 0.03-0.14 (S m™) of saturated soil samples (€ = 0.34 + 0.01)
using the TDR method. They found that TDR determined soil water content is not
influenced by the soil electrical conductivity.

Both components of the complex dielectric constant (7) can be represented by
loss angle, &, tangent of which is the ratio of the imaginary to real part.

S=arc tg( I;;gi;j (14)

The frequency dispersion of the real part, &', of the complex dielectric constant
and the loss angle, &, for the electrolyte having different conductivity values are
presented in Figure 4. The figure, based on the Cole-Cole formulas, takes into ac-
count the electrical conductivity of the electrolyte (EC,/2nfg from equation (7).

For the defined frequency range, dependent on the electrical conductivity,
EC,, of the applied electrolyte, the loss angle decreases from 90° to zero. There-
fore for the frequency close to 1 GHz the complex dielectric constant of electro-
lyte reduces to its real part, &, only when the tested material does not have too
high value of electrical conductivity. In the electromagnetic field of high frequen-
cy the soil electrical conductivity does seem to influence the velocity of EM prop-
agation. Figure 4 shows that in the defined frequency range the loss angle de-
creases to the values close to zero. This means that for the frequencies in this
range the imaginary part of the complex dielectric permittivity (7) is negligible.

Consequently for the TDR measurement technique of soil water content de-
termination based on the measurement of the electromagnetic wave propagation
velocity in the soil can be simplified from Eq. (5) to Eg. (3). The following will
practically verify these conclusions.

The soil material consisted of two soils (Tab. 1) and their mixtures prepared in
the proportion, so as to have the density of soil samples equally distributed in the
range 1.23-1.91 (g cm™).




20

100

g & [deg]

log f
Fig. 4. Frequency dispersion of the real part, &, of the complex dielectric constant and the loss
angle, ¢, for the electrolyte for its various electrical conductivities, EC,,

Table 1. The parameters of the soils used for the preparation of soil mixtures

Solid texture

Locali- Soil type Depth p Ds (%) (FAO)
. Level 3 3 o C(%)
zation (FAO) (cm) (g cm™) (gcm™) sand  silt  clay
Orthic
Markuszéw  Podzol Bhl 40-60 1.58-1.8 2.64 85 12 3 0.89
Eutric
Janéw Lub. Cambisol Bh 20-30 1.14-153 2.43 1 31 68 0.35

The measurements were performed in laboratory conditions. The measured soil
parameters were: soil water content, 6, and bulk density, p, performed by thermo-

gravimetric method; soil refractive index, n= Ve , and soil apparent electrical con-
ductivity, EC,, performed by the reflectometric method (Easy Test 2004); electrical
conductivity, EC,, of the solution of KCI used for wetting the soil samples.

The air dry soil was sieved through 2 mm holes and moistened by the KCI solu-
tions of the conductivity values, EC,, (S m™): 0.00, 0.127, 0.488, 0.825 and 1.17. This
way the soil apparent conductivity, EC,, values were in the range 0.04-0.5 (S m™).
The soil samples were moistened uniformly and were placed in glass containers
cautiously to have the soil sample of uniform density.
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The results of the measurements performed on the prepared soil samples can
be presented in tabular form (Tab. 2) as (n, 6, p, EC,). The influence of the soil
electrical conductivity in the TDR refractive index determination can be checked
using by multiple regression method.

n=ay,+a0+a,p+a3EC, (15)

where: a, — az are empirical coefficients and EC,, is the electrical conductivity of
the KCI solutions.

Table 2. The results of multiple regression method (15) Syx is the standard error of estimate

az 70 a;=0
n = aptaf + a, + a3;EC,, n=ap+a;f+ay
R? 0.99 R? 0.99
Svx 0.138 Svx 0.139
no of samples 225 no of samples 225

ag 0.536 ag 0.539
p(ag) <0.01 p (ag) <0.01
a 8.819 a 8.792
p (ay) <0.01 p (ay) <0.01
a, 0.575 a, 0.569
p (az) <0.01 p (az) <0.01
as -0.031

p (as) 0.164

The results of R?, Syx and the coefficients a,, a; and a, have similar values in
the both cases. The p-value for a; p(as)>>0.01 and it can be concluded that the
electrical conductivity of the solution (determining the soil salinity) influences the
TDR determined soil refractive index in the statistically not significant way.

Consequently the TDR determined water content does not depend on soil
electrical conductivity in the soil salinity range covered by the experiment.

Figure 5 presents the relation n(6) for the analyzed soil samples wetted by
the KCI solutions of different electrical conductivity values, EC,,. In the range
of 0-1.17 (S m™), that is in the range corresponding to the natural soil salinity
values, the soil electrical conductivity does not influence this relation. Practical-
ly this means, that reflectometric measurement of soil water content by the TDR
method is not sensitive to the soil electrical conductivity, EC,, and its salinity.
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n = 8.6360+1.448
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Fig. 5. The relation n(&) for soil samples moistened by KCI solutions of different electrical conduc-

tivities, EC,,

2.8. Measurement of the spectrum of complex permittivity of porous
materials in frequency domain — FDR method

At present, the most frequently used instrument permitting the measurement
of the spectrum of complex permittivity is the vector network analyser (VNA).
VNA is a measurement instrument permitting the measurement of complex am-
plitude-phase relations and transmitted sinusoidal signals of a set frequency be-
tween two or more input/output ports. It is most often used for the measurement
of frequency characteristics of antennas and for the analysis of electronic micro-
wave circuits. VNA is used in observing the frequency characteristics of electron-
ic elements and telecommunication systems, as well as the dielectric spectroscopy
tool for characterization of materials treated by electrical field of variable fre-
guency. Increase in the frequency of the measurement signal causes a decrease in
the accuracy of measurement of amplitude and phase. Therefore, in modern ana-
lysers operating in the range of high frequencies, of the order of GHz, a lowering
of the frequency supplied to the detector is applied with the use of the process of
mixing. Through that process, the resultant amplitude of the intermediate fre-
quency signal is largely proportional to the amplitude of the high frequency signal
and the phase relations are preserved.

The basic functional elements of a simplified VNA (Fig. 6) are the following:
a PLL (Phase Locked Loop) frequency synthesiser, directional couplers, an am-
plitude and phase detector, and a control unit — a microcontroller connected to
a PC (Agilent Application Note 2000). The operation of the analyser consists in
the generation of a signal with a given frequency and supplying it to measurement
port 1. Next, the directional couplers are used to isolate signals going towards the
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port and the reflected signals. A typical analyser has two ports for which a four-
element complex scattering matrix is defined, describing all measurement combi-
nations of signals supplied to and reflected from the particular ports. For reflec-
tometric measurements a single port is sufficient, for which only one element of
the scattering matrix is measured — the coefficient of reflection S;;. Parameter Sy,
is a complex number which describes the ratio of the amplitude of the reflected
signal to the supplied signal with their mutual shift in phase.

@ directional coupler directional coupler
> port1

L frequency wide bandwith microwave amplifiers
synthesizer

mixer mieszacz
mixer
intermediate frequency heterodyne generator i )
amplifier intermediate frequency

amplifier

phase detector

®
USB N
T L

v A\ 4

microprocessor [« phase and amplitude detector for incident and reflected signal

Fig. 6. Block Schematic of Vector Network Analyser VNA

One of the applications of the vector network analyser is dielectric spectros-
copy (Logsdon 2005, Nelson 2005) which permits the study of dielectric proper-
ties of materials in the function of the frequency and amplitude of applied electric
field in the form of a sinusoidal signal. In particular, the instrument is equipped
with dedicated software and with probes or calibration-measurement sets (Agilent
85070D 2002) that permit the determination of the complex permittivity of the
material studied. Only certain specialised types of analysers are factory equipped
with such functionalities. The most frequently used measurement methods are:
open-ended coaxial probe and the transmission method in a waveguide (Saed et
al.1989). The measuring capabilities of those instruments are limited to a speci-
fied volume or thickness of samples due to the need of placing them in the
waveguide, or to a specific state of matter of the sample tested, e.g. measurements
conducted exclusively on liquids. The software is strictly integrated with the set
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of measurement probes and there is no possibility of transferring it to another
analyser or of using it with non-typical probes in combination with an instrument
from a specific manufacturer. The fundamental problem in the development of
methods of dielectric spectroscopy as applied to the study of properties of porous
materials is the lack — in the product range offered by manufacturers of VNA
instruments — of suitable measurement probes that would permit non-destructive
testing of large-volume samples, comparable to those measured with TDR probes
within the frequency range of 0-1 GHz.

2.9. Open-ended coaxial probe

One of the methods of measurement of dielectric permittivity, with measure-
ment signal frequency range of 200 MHz-20 GHz, is the method of open-ended
coaxial probe extensively applied for the measurement of dielectric properties of
liquids and homogeneous solids. At present, Agilent is the only company known
to the author offering commercial probes of this type, cooperating with imped-
ance analysers or with vector network analysers. An example here can be the set
for the measurement of dielectric properties 85070E, working with vector net-
work analysers series 87XXET/ES (Agilent 85070D 2002). Another design is the
range of coaxial probes built on the basis of a modification of calibration air lines
through their cutting and filling with a dielectric, or made of connectors of SMA
or N types designed for the connection of microwave printed circuit boards and
coaxial cables. Those probes and suitable electrical models were developed in the
nineteen eighties and they were used primarily for the measurement of dielectric
properties of biological materials and agricultural products within the range of
radio and microwave frequencies (Gajda and Stuchly 1983, Skierucha et al.2005).
Open-end coaxial probes do not measure permittivity directly, but the complex
coefficient of reflection S;; converted to the impedance of the probe placed in the
material tested. Only the process of calibration with the use of a suitable model
and calibration points selected for it permits an accurate measurement of the
permittivity of the material tested. The literature (Behari 2005, Bérubé et al.
1996) provides descriptions of numerous models of open-end coaxial probes, the
most frequently encountered being the following:

e capacitance model (Application note 1287-2 2000),

o two-terminal-pair network type “T” (Yan-Zhen Wei and Sridhar 1989),

e antenna model (Stuchly et al. 1994),

¢ virtual line model (Ghannouchi and Bosisio 1989).

The measurement of dielectric properties of materials in frequency domain,
with the application of microwave frequencies, needs expensive instrumentation.
The basic elements of a simplified Vector Network Analyser (VNA), working
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only in reflection mode, for determination of reflection parameter S,; is presented
in Figure 6. The device consists of a very stable frequency synthesizer generating
sinusoidal waveforms of variable frequency feeding a sensor — Open-Ended Coax
probe connected to the output/input port of the VNA. For a defined frequency the
directional couplers sense the amplitudes and the phases of the waveforms pro-
duced by the generator and reflected from the probe. The detected difference in
amplitude and phase depends on the dielectric properties of the tested material at
the end of the open-ended coaxial probe. The signals from the directional couplers
are mixed with the signals from another generator, heterodyne, which frequency
is adjusted by the phase detector. The reason for this frequency conversion is to
have the constant frequency, not dependent on the synthesized frequency, of the
signals reaching the measuring detector. The detected signals are characterized by
constant frequency but their amplitudes and phase shifts do not change. The
whole process of waveforms generation and detections is controlled by a micro-
processor that changes the frequency of the synthesizer and registers the detected
signals. All elements used in the presented system work in broad frequency range,
from kHz to GHz, and they must have linear characteristics. Moreover, the mea-
suring system accomplishes continuous recalibration to maintain parameters sta-
ble in time and temperature.

Fundamental to use the Open-Ended Coax probe (Fig. 7) is an accurate model
relating the reflection coefficient at its end to the permittivity of the material con-
tacting with the probe. The lumped capacitance circuit model described by Stuch-
ly and Stuchly (1980) is applied in the presented example.

The capacitance model is built on the assumption that a probe placed in a di-
electric with the complex permittivity £ can be described by means of a parallel
connection of two capacities Cr and C,.

A 50 Q

coaxial line
Vector Network :R
Analyzer :L[,i;:
J o

O

B | Z, —LC J_e‘(:'
T T

Fig. 7. A — Open-ended coaxial probe in the form of coaxial line open to the space with material of
unknown dielectric permittivity &, B — modeling the discontinuity of electromagnetic field by
lumped capacitances C; and C,
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Capacity C, describes a capacitor whose electric field lines close outside of
the probe in the material tested. The capacity and the loss of that capacitor change
in a manner corresponding to changes in real part, Re(g), and the imaginary part,
Im(¢), of dielectric permittivity ¢. Capacity Cy, so-called fringe capacity, describes
a capacitor whose field lines close within the dielectric of the probe. The values of
parameters C; and C, are determined for every measurement frequency in the
process of calibration, based on a measurement in a dielectric with well character-
ised dielectric properties. Probe impedance Z, for parallel connection of the ca-
pacitors equals:

1

" jo(Cy +Cye) 1o

Z,

Knowing that the complex coefficient of reflection S;; measured with the vec-
tor analyser is given by the formula:

Z,-Z¢

S, =
HUZo+2Z,

dla Z,=50Q (17)

Substituting relation (16) into (17) we can calculate the real and the imaginary
parts of dielectric permittivity of a material from the formula below (Athey 1982):

Re(s) = —2[Sy [sing . G (18)
wCyZo(L+2]S;; [cosp+]S,[7) Co

-8, [
@CoZ(1+2]S;; [cosp+| Sy |2)

Im(g) = (19)

where: Z.— characteristic impedance of cable connecting probe the probe and the
VNA, equal to 50Q, f - frequency of electric field, @ —angular velocity equal to
2nf, |S11],0 — module and phase of the complex coefficient of reflection S;; meas-
ured by the VNA.

The model considered does not take into account electromagnetic radiation
increasing with the frequency of the measurement signal f. Such radiation causes
overestimation of loss of capacitor Cy, which is reflected directly in an overesti-
mated value of the imaginary part Im(¢) of dielectric permittivity of the material
studied.
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Before performing measurements on unknown materials the Open-Ended
Coax probe should be calibrated on media with known dielectric properties,
usually distilled water, methanol or air to find the values of C; and C,. The de-
scribed measurement method and the lumped capacitance model were verified by
measuring the dielectric permittivity of polytetrafluoroethylene PTFE (teflon). It
was found that the C; value is negligible and C, calculated from (19) equals to the
C, coefficient of the correction polynomial obtained during calibration. The value
of C, describes the geometry of the probe and the frequency range of its applica-
tion. The larger dimensions of the probe, the bigger its value and the better accu-
racy in applications for the materials of small values of dielectric permittivity, and
simultaneously the high frequency range of measurement is limited. This limita-
tion comes from the fact that in case of materials of high dielectric permittivity
and at high frequencies, the changes of the dielectric permittivity of the material
causes very small changes of the phase shift of the reflection coefficient. This
drastically decreases the accuracy of measurement and the need to apply calibra-
tion media of small value of dielectric permittivity.

Below the dielectric permittivity values of three soils were compared and Ta-
ble 3 presents the basic physical parameters of these soils.

Table 3. Localization and selected physical parameters of tested soil samples

Soil texture 1SSS

Soil Density d il | Specific
No. Localization type (@ cm) san silt clay surface
- 2 -1
2.0.02 mm 0.02-0.002 <0.002 (m?g?)
mm mm
611 Olempin brown soil 1.59 94 5 1 9
606  Wodlka katna muck 1.42 97 2 1 23
619 Saharyn chernozem 1.16 87 12 1 69

Dry soils were mixed with appropriate amount of distilled water to achieve four
samples for each analyzed soil with different water content values and taking care to
get homogeneous distribution of water in the soil samples. Twelve containers with
soil samples covered with plastic foil (to minimize evaporation) were left for 24 hours
in room temperature for water distribution in the samples in natural way. The gravi-
metric water content, &, and bulk density, p, were determined according to 1SO stan-
dard 16586 (2003) for each soil sample directly after the dielectric permittivity mea-
surements were completed. The values of p in Table 3 are the mean for all applied
water contents for each tested soil. Soil texture was determined by standard Bouyou-
cos method (Turski 1993). The values of soil specific surface, S, was determined with
water vapour adsorption method (Oscik 1983).
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Time Domain Reflectometry (TDR) and Open-Ended Coax Probe methods of
determination of the complex dielectric permittivity of porous materials were
applied.

TDR measurements were performed using the oscilloscope frame HP54120
with the TDR unit HP54121A, featured by 20 ps rise-time step pulse. The TDR
probe was based on the standard coaxial connector (type N jack) with three stain-
less steel wires soldered to the centre contact and two others symmetrically to the
connector flange (Fig. 8A). The diameter of the rods was 2 mm, the distance to
the central rod — 13 mm and the length of the rods — 114 mm. The characteristic
impedance in air Z,, of the parallel waveguide measured from the reflection coef-
ficient by the TDR unit was 165 ohm (Agilent Application Note 2002).

Fig. 8. The three-rod TDR probe — A, and an Open-Ended Coax probe — B, used in the measurement
of dielectric permittivity of soils

The data from the Open-Ended Coax probe were collected by the 20kH-8GHz
Rohde&Schwarz ZVCE Vector Network Analyser (Blackham and Pollard 1997,
Stuchly and Stuchly 1980). It enables to calculate, on the base of the measured S,
parameter, the complex reflection coefficient and the complex admittance at the end
of the probe. The probe was constructed on the base of type N coaxial connector
machined flat at the side where it contacts with the tested material (Fig. 8B).

The Open-Ended Coax Probe method was verified by comparing the meas-
ured data to Cole-Cole model (Blackham and Pollard 1997). The Cole-Cole equa-
tion models the permittivity of free water and other polar substances:

* Es — &y

e =g—-je"=¢e,+ (20)

l-a

1+(ja”'rel )

where: ¢, is the relative high frequency permittivity, £ is the relative static per-
mittivity and 7, =1/ f . is the relaxation time (inverse of relaxation frequency
fre1) Of orientation polarization defined as the time at which the permittivity equals
(6s +&,)12, ais an experimental correction. The Cole-Cole model values of
£.,.,65,Tre and crare 4.45,33.7, 4.95-10™s and 0.036, respectively.



29

The comparison of measured and the modeled data, using Cole-Cole model of
complex dielectric permittivity of methanol is presented in Figure 9.
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Fig. 9. Frequency change of real and imaginary parts of the complex dielectric permittivity of me-
thanol for Cole-Cole modeled data and measured using open-ended coaxial probe

The measured and modeled data are very close to each other proving the ap-
plied measurement procedure to be adequate. The comparison of the measured
real and imaginary parts of the complex dielectric permittivity of the analysed
soils is presented in Figure 10.

The curves representing the relation &'(f) for soils of different water content,

6, determined by gravimetric method, are collected by the Open-Ended Coax
probe. In the lower frequency limit of 10 MHz the real part of the complex dielec-
tric permittivity is relatively high. This is attributed to the influence of ionic
double layers associated with colloidal soil particles. This effect is often referred
to as the “Maxwell-Wagner” effect (Hilhorst and Dirksen 1994). There was no
orientation relaxation found in the measured frequency range from 10 MHz to
7 GHz because the tested soils have very small clay content. There is slight de-
crease of the measured & with the frequency increase.

The real part of dielectric permittivity of tested soils, & open-coax, taken for the
comparison with the soil bulk dielectric constant determined by TDR method,
&-Tor, are values for 1 GHz frequency. There is high correlation between the val-
Ues &€ open coax aNd &.tor, €Xcept for high water content, where the measurements
in the frequency domain show higher values than time domain measurements.

More differences between the measurements from the both probes can be
found for the imaginary parts of the &', where the values from TDR measurements
were much lower than for frequency domain. This inconsistency may result from
two reasons:
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e problems during the calibration of the Open-Ended Coax probe (the Vec-
tor Network Analyser calibration kit was not perfectly fitted for the per-

formed measurements),

e the assumption that the dielectric loss, & in Eq. (21), was negligible in
TDR measurements is false.
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Fig. 10. Comparison of real, &, and imaginary, &”,

parts of the complex dielectric permittivity for

the selected soils, calculated from the TDR and Open-Ended Coax probe measurements. &-tor iS
the bulk dielectric constant measured by TDR
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The both methods of the determination of the dielectric permittivity of porous
materials have advantages and drawbacks. The parallel waveguide can have the
length ranging from 5 cm to 50 cm or more and the tested material constitutes its
propagation medium, therefore as opposite to the Open-Ended Coax method, the
propagation velocity is an average along the probe rods and the volume of mea-
surement is much larger. For small samples of material or in cases when it is not
possible to insert the rods into it, the Open-Ended Coax method is more suitable.
The frequency of the TDR measured &, is not precisely defined, as it is a superpo-
sition of sinusoidal waves making a final step or a needle pulse. Also, for the fre-
quencies in the range 0.5-1.5 GHz the real and imaginary parts of the dielectric
permittivity do not change for the majority of agricultural materials. In the case of
the Open-Ended Coax probe the user has the whole available frequency spectrum
for analysis.

The meters for the TDR and Open-Ended Coax measurements must work in
high frequency to sense the physical phenomena associated with dipolar polariza-
tion of water molecules. The TDR meter working in time domain (Fig. 1) is much
simpler to construct as compared to the meter working in frequency domain
(Fig. 6), although both require much effort and test instrumentation. The tempera-
ture and long-term stable frequency conversion in the required range of change,
from kHz to GHz, need the selection of electronic elements, which requires time
and investments. However, for the selected material only one frequency can be
applied. The choice of this frequency can be determined by the preliminary tests
with the use of a professional VNA. As the summary of this part, it can be con-
cluded that:

e Real parts of gof the tested soils, determined by the both measurement
methods, are highly correlated and the measured values are close to each
other. However for soils of high water contents the value of the real part
& determined by the Open-Ended Coax probe is higher than by TDR me-
thod. The imaginary parts are highly correlated but differ significantly.

e The difference of the imaginary parts of £ of the tested soils needs addi-
tional research for explanation, it may result from the not adequate cali-
bration tools applied.

e Open-Ended Coax and Time-Domain Reflectometry methods need further
developments in the field of modeling (to provide models of tested media
and identify the measured quantities with indicators of material proper-
ties) and hardware (to select appropriate geometry of applied sensors for
different porous materials and to decrease the price of the meters).
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2.10. Multi-rod probe

Examples of commercially available two-rod probes include probes CS616,
Campbell Scientific, or SM200, Delta—T Devices, and of multi-rod probes - probe
ML2, Delta—T Devices, which are probes integrated with a gauge (Fig. 11).

Fig. 11. Commercial milti-rod FDR probes

Probe CS616 (CS616 Instruction Manual, Campbell Scientific, 2006) with 30
cm rods length, is unsuitable for the measurement of moisture in soils with elec-
trical conductivity exceeding the value of 0.6 dS/m. It makes use of delayed re-
flection of differential signal from probe ends, which triggers the generation of
the next signal. This creates a generator whose vibration cycle is proportional to
the volumetric moisture of the soil studied. The generated frequency, of the order
of 10% Hz, is then brought down by means of frequency dividers to the range of
30-60 kHz so that it can be easily registered by the recorder. Probes SM200 (User
Manual SM200, 2006) and ML2 (User Manual ML2x, 1999) work at a constant
measuring signal frequency of 100 MHz and their operation is based on the prin-
ciple of measurement of standing wave coefficient. This method does not provide
satisfactory selectivity of measurement as for that frequency dielectric permittiv-
ity is modified by electrical conductivity, causing overestimation of the measure-
ment results. The probes provide a voltage signal proportional to the root of di-
electric permittivity, and after calibration — to the volumetric moisture of soil. The
manufacturers recommend that the calibration of the volumetric moisture of soil
should be performed with the oven-dry method. Measurements performed with
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the probes described do not provide data for the acquisition of the frequency spec-
trum of the complex permittivity of soil.

One of the methods of measurement of the spectrum of the complex permit-
tivity with a two-rod probe is the application of the TDR method and performing
the Fourier transform, but this requires the knowledge of the exact form of the
impulse supplied, so as to be able to determine the complex coefficient of reflec-
tion Sy1. Next, with the help of suitable algorithms and calibrations (coaxial probe
description — chapter 0) it is possible to determine the complex dielectric permit-
tivity. This subject-matter is described in publications concerned with the calcula-
tion of dielectric permittivity from the spectrum of TDR signal (Lin 2003, Hei-
movaara 1994). Studies on the application of multi-rod probes for the measure-
ment of the spectrum of the complex permittivity of soils in field conditions with
the use of the FDR method have not been conducted to date.

2.11. Index of soil salinity

It is known that the imaginary part of dielectric permittivity for an electrolyte
with a specific electrical conductivity (Hasted 1973) is equal to the sum of two
components described by the formula:

o
Im(g) = De 21
(6)=¢&4 + 27z, (21)

where: ¢4— dielectric loss, g,—dielectric permittivity of vacuum, opc —low fre-
quency conductivity.

The value of dielectric loss ¢4 results from the behaviour of polar molecules of
water in a variable electric field. The behaviour of that component in the function of
frequency depends on a number of factors, such as the amount of unbound water
described with the Debye model, the amount of bound water dependent on the surface
area of the solid phase of soil and the content of colloidal particles causing the Max-
well-Wagner effect. Molecules of bound water situated close to the slid phase of soil
have limited freedom of movement due to the intermolecular effect which causes that
a part of energy of electric field in transformed into heat. Dielectric loss for free water
increases with increase in the frequency of electric field, whereas for bound water it
decreases. For soil, in the frequency range of 10° MHz both processes may be bal-
anced but also one of them can dominate over the other.

Another element of equation (21), dominating in the range of low frequencies,
is the direct current conductivity opc of the material studied, representing the
ionic conductivity. That component decreases in reverse proportion to the fre-
guency of external electric field.
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The concept of the salinity index (SI) of soil has been introduced by Malicki
(Malicki 1993) as the value of a partial derivative of the electrical conductivity of
soil after dielectric permittivity (22). In that study the TDR method was applied.
The apparent permittivity and the electrical conductivity of soil were determined
from the rate of propagation of electromagnetic impulse and from its attenuation
in a waveguide placed in soil, respectively. The salinity index as a function of
electrical conductivity of soil electrolyte, does not depend on the volumetric
moisture of soil.

_00pc
oe

In the study it was observed that Sl is dependent on the texture of soil. The author
gave also the relationship between soil salinity (taken as the electrical conductivity of
soil electrolyte), salinity index, and the content of sand fraction in the soil.

Index Sl is a convenient measure of soil salinity also in relation to other di-
electric methods permitting the determination of complex dielectric permittivity,
e.g. the FDR method.

sl (22)

3. DIELECTRIC MODELS
3.1. Debye's model

The Debye model (Chetkowski 1993) describes the frequency dispersion and
absorption for molecules with a permanent dipole moment. On the base of the
model it is possible to determine the behaviour of the complex dielectric permit-
tivity in the function of electric field frequency. The Debye model assumes that
the molecules are free and there is no interaction among them. A constant external
electric field applied, acting on molecules with a permanent dipole moment,
causes their orientation polarisation. That polarisation, however, is not instanta-
neous, as it depends on the inertia and temperature of the molecules. The thermal
movement effectively counteracts the achievement of polarisation of all mole-
cules simultaneously. Hence the temperature dependence of dielectric permittivity
that decreases with increase if temperature. When the electric field disappears, the
vector of orientation polarisation changes in time in an exponential manner ac-
cording to the function described by the formula:

t

P(t)=Pe * (23)

where: Ps— vector of polarisation in constant electric field, t— time, 7 — relaxation
time.
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The relaxation time depends on the temperature of the medium and on its vis-
cosity. The maximum value of the polarisation vector is related with the dielectric
permittivity of the medium. For low frequency fields, the polarisation vector is
phase-coincident with the external electric field causing it. Dielectric permittivity
is then a real value. With increase of frequency, a phase shift may appear between
the direction of the polarisation vector of dipoles in the electric field and the di-
rection of the electric field applied, related with the lag of the polarisation vector.
Then the dielectric permittivity becomes complex in character, its imaginary part
describing the thermal losses in the dielectric. The relation of the complex dielec-
tric permittivity to the frequency of electric field for gas or for diluted solutions
was given by Debye and is known as the Debye dispersion equation:

E=¢,+ Es " ox __g“’ (24)
1+ jor
where: g,— dielectric permittivity for a static field, ., — dielectric permittivity for
field frequency above the relaxation frequency, f—electric field frequency,
@ —angular velocity equal to 2xf.

To obtain the frequency characteristics of dispersion one should consider the
runs of the real and imaginary components of dielectric permittivity in relation to
the frequency of the applied electric field. For water those characteristics are pre-
sented in Figure 12.
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Fig. 12. Spectrum of both component of complex dielectric permittivity of water calculated from
Debye'a model for coefficient from Table 6
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The Figure shows the appearance of relaxation of water molecules for fre-
guency of ca. 18 GHz, at which the maximum dielectric loss occurs, and a sudden
decrease of the real part of dielectric permittivity of orientation polarisation.
Above the relaxation frequency the orientation polarisation disappears.

3.2. Evaluation of dielectric mixing models of mineral soils

The increasing popularity of Time Domain Reflectometry (TDR) technique in
the dielectric determination of soil water content (Or and Wraith 1999, Topp et al.
1988) implies the necessity of verification of the dielectric mixing models. The
commonly used models describing the soil dielectric constant as the mixture of
solid matter, water and air are: « model (Birtchak 1997, Bohl et al. 1994, Steru
1959), the model proposed by de Loor (1964) and empirical models (Malicki and
Skierucha 1989, Malicki et al. 1996, Skierucha 1996, Topp et al. 1980).

The soil water content sensor used in TDR method and presented schematical-
ly in Figure 13, consists of two parallel metal rods or three metal rods (Heimovaa-
ra 1994, Wright and Or 1999, Zegelin et al. 1989) of the length L, inserted into
the tested soil (Gardner et al. 1991, Heimovaara 1993). The time, t, for the elec-
tromagnetic (EM) wave to cover the distance L may be calculated as the sum of
propagation times along the individual soil phases (Kraszewski et al.1976):

t=t,+t, +t, (25)

where the indexes s, a and w stand for solid, gas and water phases, respectively.

. i
SR S P PR S

Fig. 13. TDR interpretation of soil as a tree phases medium in dielectric mixing model «

In most practical conditions the velocity of EM wave propagation, v, in the
soil may be presented as:

Ve—=— (26)

Je ot

where c is the velocity of light in free space, ¢ is the soil dielectric constant. The
total propagation time, t, of EM wave can be expressed by dividing it into ele-
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mentary propagation times along the solid, water and air phases of the soil ex-
pressed by (25) by means of (26):

2Le 2|_S\/Z+ 2Laya |, 2Luy/en
C C C C

t=t,+t, +t, = (27)
with: L, L, L, are idealized by the presented model parts of the probe inserted
into an elementary soil phase. After conversion the Eq. (27), multiplying by the
elementary cross-section S and then dividing by the whole volume of soil in the
cylinder defining the sphere of influence of the TDR measurement method one
receives:

JZ:\/Z\\’/—S+\/§\\’/—3+\/a\\’/—wz\/g(1—¢)+\/g(¢—9)+ a0 (28)

or using a parameter «, which summarizes the geometry of the medium with rela-
tion to the applied electric field (Roth et al.1990):

1
e=(1-9)ec +(p-0)er +028) (29)

which is the 3-phase dielectric mixing model ¢, expressing the square root of the
apparent dielectric constant of soil in the terms used by soil scientists: ¢ — soil
porosity and € — volumetric water content. Whalley (1993) presented the similar
discussion.

Following Birchak et al. (1974), Alharthi and Lange (1987) who assumed
a=0.5, gives the Eq. (28). After introducing adsorbed water as a fourth phase (Dob-
son et al. 1985) the authors determined « by regression data for different frequencies
(ranging from 1.4 to 18 GHz) and soil types (ranging from sandy loam to silty clay)
and obtained « = 0.65. The four-phase dielectric mixing model ¢, accounting for the
bound water adsorbed to soil solid phase has the following form:

e” = (L) el +(p—0) s +(0—0,,)es +Oets, (30)

where water exists in two phases: as free water, w, like capillary water and bound
water, bw, like molecular or film water. Generally the a-model of soil dielectric
mixture may be presented as follows:

£ =) Vgl (31)

where V; is the volumetric concentration of i-th phase and & is the dielectric con-
stant of this phase.
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The four-phase model proposed by de Loor (de Loor 1964,1990) and used by
Dirksen and Dasberg (1993) and Dobson and Ulaby (1885) is:

— 3‘95 + 2ew(‘c"w _gs)+ 20bw(‘9bw — 8s)+ 2ga(‘ga _gs)
3+9W(85—1J+9bw( & —1J+<9a[‘95—1]
Ew Ehw €a

where the indexes s, w, bw and a refer to solid phase, water, bound water and air,
respectively. This model describes heterogeneous mixture where foreign granules
with dielectric constant &; are imbedded in a homogeneous and isotropic dielectric
with dielectric constant . The imbedded foreign granules in Eq. (32) represent

free water, bound water and air. The host medium is the solid phase.
The empirical models £ 6) and & 6,p), where p is the soil bulk density, form the
formula of the appropriate regression curves (Malicki et al.1996, Malicki and Skie-

rucha 1989, Skierucha 1996, Topp et al.1980). The formula (33) presented below
and discussed in Skierucha (1996) will be used in this paper as the reference:

(32)

£ =(0,573+0,582p + (7,755 +0,792p) )’ (33)

where p (g cm™) is the soil bulk density.

The verification of the discussed 3-phase and 4-phase models is presented in
the following part.

Sixteen mineral soils of different texture, volumetric water content and bulk
and particle density were investigated (Tab. 4).

The following variables were measured: dielectric constant, & bulk density, p,
particle density, o, and gravimetrically determined volumetric water content, 6.
Dielectric constant, & was determined using TDR (LOM/m from Easy Test, Ltd.
Easy Test 2004). The remaining variables were measured with the application of
standard methods.

The solid phase dielectric constant, &, was calculated from the formula (de-
rived from the formula (29)):

‘. :;S:Hi((g(e :_02“—?% j”l‘ (34)

where = 0,5.

The solid phase dielectric constant was calculated on the base of three-phase
model « applied to all soil samples from table 4 fitting the exponential function to
the experimental data.
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Table 4. Selected properties of the investigated mineral soils, where p (g cm™) is the soil bulk den-
sity, ps (g cm™) is the soil particle density

No Localization Soil type (FAO) ( deplzﬁ\;slcm) @ 571 Y (@ é) ;1,3) %m
1 Parana. Brazil Haplic Ferrasol Ah (0-10) 1.27-1.60 2.62 82 6 12
2 Parana. Brazil Haplic Ferrasol Bws (120-140) 1.31-1.77 2.67 72 8 18
3 Grunewald. Germany Haplic Luvisol Bt (90-120) 1.35-1.55 2.53 2 75 23
4 Grunewald. Germany Haplic Podzol Bhs (30-45) 1.21-1.60 254 88 10 2
5 Elba. Italy Chromic Luvisol Ah (0-20) 1.34-1.64 2.63 46 31 23
6 Elba. Italy Chromic Luvisol Bt (150-180)  1.33-1.73 2.65 35 21 34
7 Elba. ltaly Luvic Calcisol Ah (0-20) 1.25-1.68 2.57 50 26 24
8 Elba. Italy Luvic Calcisol Btk (80-100)  1.14-1.52 2.53 26 28 46
9  Werbkowice. Poland Haplic Chernozem Ap (0-20) 1.18-1.40 2.28 2 52 46
10 Parana. Brazil Rhodic Ferrasol Ah (0-10) 1.01-1.37 2.88 4 16 80
11 Parana. Brazil Rhodic Ferrasol Bws (120-160) 1.04-1.24 2.88 3 16 81
12 Ohlendorf. Germany Haplic Luvisol Bt (60-80) 1.31-1.62 2.70 2 75 23
13 Ohlendorf. Germany Arenic Cambisol C (70-120) 1.59-1.70 2.63 98 2 0
14 Markuszéw. Poland Orthic Podzol Bh1 (40-60) 1.58-1.80 2.64 85 12 3
15 Czestawice. Poland Orthic Luvisol Ck (150) 1.25-1.61 2.48 0 68 32

16 Janéw Lubelski. Poland  Eutric Cambisol Bh (20-30) 1.14-1.53 2.43 1 31 68

For dry soil (6= 0) only solid and air phases are present, therefore knowing
the porosity of the most dry soil from the tested samples it is possible to estimate
the & as the average of all tested mineral soil samples according to Eq. (34).

This extrapolation gives the average value of dielectric constant soil solid
phase equal to 4.72, which is in agreement with the published data (Dirksen and
Dasberg 1993, Friedman and Robinson 2002). The detailed statistics of the per-
formed calculations are in Figure 14.

It is assumed that for each soil type there is a transition water content value, Gyp,
which makes the distinction between soil water as bound or free. This water content
can be determined from the empirical formula (Wang and Schmugge 1980) as:

Ay =0,0674—-0,00064 - SAND +0,00478-CLAY (35)

where SAND and CLAY are percents of sand and clay in the tested soils. The in-
dex WP stands for wilting point as Wang and Schmugge correlated the transition
water content with the wilting point water content.
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Fig. 14. Determination of the dielectric constant of soil solid phase using extrapolation and three-
phase soil dielectric mixing model «

Further discussion concerning 4-phase models assumes:

— If @>86yp, the soil dielectric constant is represented by the 3-phase mod-
els, that is the formula (29) for the a-model, and the formula (32) for the
de Loor model at 4,,= 0.

— If 8>8p, the soil dielectric constant is represented by the 4-phase mod-
els, that is the formula (30) for the a-model, and the formula (32) for the
de Loor model, at &,~= & and ghw:gSJr(SO’z_gs)Zﬂ, where & is the soil

solid phase dielectric constant, according to (34) for «=0,5.

The relation between the soil dielectric constant, ¢, and soil water content, 4, is
presented in Figure 15. It comes that for water content below 0.3 the values calcu-
lated from the empirical model (33) are higher than the measured ones. This is
particularly evident for samples with high clay content (Tab. 4, no. 10, 11 and
16), i.e. for clay content more than 60%. High clay content is positively correlated
with the amount of bound water surrounding soil solid particles (Or and Wraith
1999). These particles of water have the dielectric constant lower than that of free
water. Therefore the model (29) is not adequate for clayey soils.

The value of dielectric constant of bound water, &, increases with the dis-
tance from the solid particles. Dirksen and Dasberg (1993) confirmed this for
soils of high specific surfaces.

The comparison of ¢ values calculated from the 3-phase model (29) and
measured by TDR device is presented in Figure 16. There are two distinct ranges
of & below and above the transition value of &pr = 15, and this distinction gen-
erally does not depend on the value of the parameter «.
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Below the transition value, the soil dielectric constants values calculated from
the model are higher than the measured ones. For each « parameter the distribu-
tion of data is similar (R*= 0.96), the slope of the trend line is near 1 for =0.6.
For ¢ greater than the transition value, the 3-phase a model generates numbers
close to the measured ones.
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Fig. 15. Relation between the soil relative dielectric constant, ¢ and soil volumetric water content,
6, for the investigated mineral soils. The solid line represents the empirical model (33) calculated
for the average bulk density of the soil samples 1.42 (g cm™)
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Fig. 16. Comparison of soil relative dielectric constants of the investigated soil samples measured by TDR
method (horizontal axis) and calculated from 3-phase model « (29) for different values of « parameter
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Fig. 17. Comparison of the soil dielectric constants measured by TDR method (horizontal axis) and
calculated by the empirical model (33) accounting for soil bulk density

The empirical regression model (33), accounting for the soil density, does not
eliminate the characteristic decline of data around the transition value of &, al-
though it makes it smaller (Fig. 17)

The inclusion of soil bulk density to the empirical model of £(8) significantly
increases the accuracy of TDR soil water content determination (Malicki et al.
1996, Skierucha 1996).

The 4-phase models (30) and (32) account for the presence of soil bound wa-
ter, &, the magnitude of which can be expressed as:

Oy = XS+ p (36)

where x(m) is the distance from the solid phase surface and S[m?g] is the soil
specific surface depending mainly on the soil clay content. According to Or and
Wraith (1999) and Sposito (1982) the bound water is formed by no more than 3
monomolecular layers of water, where the single layer thickness is 3-10™° (m).

The dielectric constant of the bound water is lower than that of capillary water
because of hindering effect of solid phase induced to water dipoles. The relation
between the bound water dielectric constant and the distance from the solid phase
surface is unknown.
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Fig. 18. Values of dielectric constant of bound water, g, related to the distance, x, from the phases
interface

Or and Wraith (1999) assume the exponential function, similar to the pre-
sented below (Fig. 18):

&y, =80,2-77-e7 (37)

where k is the parameter influencing the change of &,, with the distance of water
particles from the phases interface.

4 measured data, soils no. 10 and 11 & measured data, soils no. 10 and 11 & TDR data, soils no. 10 and 11
A d-phase modele, soils no. 10 and 11 4 de Loor model, soils no. 10 and 11 & regrassion model, soils no. 10and 11
—— regression mode, all tested soils —— regression model, all tested soils ——regression model, all tested soils
401 y=05 ?

¢ determined by TDR method

08 0.0 0.2 0.4
0 determined gravimetrically [cm’cm?]

Fig. 19. Effects of the 4-phase models for the investigated clay soils (Tab. 4, no. 10 and 11): A -
for model «, B — for de Loor model and C — effect of regression model (33) accounting for soil bulk
densities, the solid line represents model (33) for p = 1,42 (g cm™)
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To verify the observations concerning the influence of bound water on the
£(6) relation the soils 10 and 11 (Tab. 4) are examined. They have the highest
clay content from among the investigated soils and the transition water content is
distinct on the (@) curve (Fig. 15).

® 4-phase model

401 — trendline
€=0.96"¢,,,
R’=0.98

301
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« 20
10
0
0 10 20 30 40

ETpr

Fig. 20. Comparison of the analysed soil dielectric constant measured by TDR method (horizontal
axis) and calculated from the 4-phase model «

The value of transition water content, Gyp, is calculated from the formula (35)
presented after Wang and Schmugge (1980). The assumptions presented earlier
are applied to 4-phase models (30) and (32) for two selected soils (Fig. 19).

The regression model shows higher values as compared to the measured ones
for water contents below 0.35 (Fig. 19C).

The data calculated from the modified 4-phase models follow the measured
data in the range where the regression model produces higher values. In the range
of & <15 the 4-phase models work in agreement with the TDR measured data.
Better correlation is achieved after application of « model than the model of de
Loor. For all tested soils the values of ¢ produced by 4-phase modified & model as
compared to the TDR measured ones are presented in Figure 20.

Scatter of data in Figure 20 is comparable with that from the empirical model
(33) accounting for the soil bulk density. It can be concluded that:

- Effect of bound water on the dielectric mixing model can be accounted for if
clay content is known.
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- The modified model « with the clay content as the corrective parameter of
bound water works equally well as the regression model with soil bulk densi-
ty as the corrective parameter.

4. MODELS DESCRIBING MEASUREMENT PROBES IN BROADBAND
FREQUENCY DOMAIN

Measurements with the TDR method provide information on the apparent di-
electric permittivity and on the electrical conductivity of soils, with their values
being averaged for a broad range of frequency. To obtain accurate frequency rela-
tions of the complex dielectric permittivity it is necessary to apply the FDR tech-
nique and models of suitable measurement probes, which is described below.

4.1. Coaxial open-ended probe modeled as a two-terminal-pair network type T

The model of two-terminal-pair network type T (Wei and Sridhar 1989) is
a modified capacitance model, in which capacity C; was replaced with a two-
terminal-pair network type T built of three impedances Z;, Z,, Z; (Fig. 21). The
application of such a system was based on the properties of a two-terminal-pair
network type T used as a fitting system of transmission antennas. As applied for
a coaxial probe, it permits the elimination of such sources of error as the attenua-
tion effect and the phase shift of the cable and the connectors between the vector
analyser and the probe.

Y Z, ::S = Z,
o 5 E

Fig. 21. Two-terminal-pair type T model of a coaxial open-ended probe
The impedance of capacitor C, filled with a lossy dielectric can be described as:

7 =t (38)

o joCye
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The equivalent impedance Zr of a serial-parallel connection (Horowitz and
Hill 1997) can be described as:

7, 7,4 22Zs% %) @)
Z,+72,+2Z,
Next, the formula can be transformed to the form of a linear equation:
a+bz,-cz, =2; 2, (40)

gdzie a=2,Z,+Z,Z5+Z3Z,, b=2,+Z,, c=Z,+Z5 are complex coefficients.

Knowing the impedance Z, is dependent on dielectric permittivity in a manner
described by formula (38), for air (&,,=1+j0) it assumes the form:

1
Zi = 41
alr JC()CO ( )
Substituting (41) to (38), impedance Z, can be written as:
Z,=2,, 1 (42)

Formula (40) can be transformed so that its complex equation coefficients will
also include impedance Z;.

a'+E +C'7Z = Zr (43)
& &

where:

Zr— equivalent impedance of two-terminal-pair network type T measured with
a VNA, ¢— complex dielectric permittivity of the material studied.

To determine parameters a', b', ¢' we need to build and solve a system of three
equations (43), using the data obtained from measurements of impedance of the
modelled open-ended coaxial probe at three calibration points described below.
The probe impedance Z; is determined from measurements of the complex coef-
ficient of reflection Sy; with a vector analyser, based on the formula:
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(44)

where: Zc — characteristic impedance of connecting cable between the probe and
the VNA (Zc =50 Q).

Most frequently adopted calibration points are the following:

- probe shorting, e.g. with mercury, for which Re(g) =, Im(g) = 0 was
adopted,

- measurement in the air — Re(g) = 1, Im(¢g) = 0,

- measurement in a liquid with known dielectric properties described with
the models of Debye or Cole—Cole, e.g. distilled water, acetone or metha-
nol.

In the process of calibration the parameters a', b', ¢' are calculated, on the ba-

sis of which the complex dielectric permittivity of studied material is determined
in accordance with the transformed formula (43):

Z; -b'
&=
a+c' Z;

(45)

4.2. Probe rods as a lossy capacitor — capacitance model C,

Analysing the structure of the two-rod probe one can note that, with relation
to the open-ended coaxial probe, it has a considerably greater capacity C, relative
to capacity C; (Stuchly and Stuchly 1980) which, therefore, can be considered as
negligible.

Making use of the analogy to a flat capacitor, parallel rods of the probe can be
described as a capacitor filled with a lossy dielectric, i.e. soil (Fig. 22). The probe
is connected to the vector analyser by means of a coaxial cable with characteristic
impedance of Z¢ = 50Q.

S
Vector Network é 0'( 2.=50Q eOJ
Analyzer o

Z, - probe impedance A O-I
N

7

Fig. 22. Capacitance model C, two-rods probe inserted in soil
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The capacity of a capacitor filled with a lossy dielectric with complex permit-
tivity ¢ is equal to the product of a capacitor filled with air C, and &. If we adopt
the assumption that the electrical capacity of the probe rods in the air is Co, then
the impedance Z, of a two-rod probe placed in soil with complex permittivity &
can be described by means of the formula:

1
Z, = 46
0 joCye (46)

for @ = 2=f, where f — frequency of the measurement signal.
If we write that the impedance of the probe in the air Zy; is:

air — L (47)
JoC,
then the impedance of the probe can be written as:
Z.
Z,=—2 (48)
£

From this formula we can directly obtain ¢ as the ratio of the impedance of the
probe in air to the impedance of the probe placed in soil. The vector network ana-
lyser measures the complex coefficient of reflection given by the formula:

Sy = |311|ej¢ (49)

where |S;1],¢ — module and phase of the measured complex coefficient of reflection.
Knowing that the impedance of the probe with the cable can be determined
from the formula:

1+S,,

Z,=2
0 01_811

dlaze=50Q  (50)

substituting into (48) the relation (50) after transformation we obtain:

&= (1 + S1lair )(1 — Sllm ) (51)
(1 = S11air )(1 +Siim )
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where: S;1.:— measured coefficient of reflection for the probe in the air, Syyn—
measured coefficient of reflection for the probe placed in soil.

4.3. Impedance model Zs, Zg

The description of capacitors by means of the single parameter of electrical
capacity within the range of high frequencies is insufficient. This is evident from
the data given in manufacturers’ catalogues of those elements, that give frequency
characteristics of impedance of capacitors which behave as parallel-serial connec-
tions of resistance, induction and capacitance elements.

Wektorowy S — P CE
analizator sieci <_]>$ =300 AHRIE J—C AR A I:] Go;
Vector Network ? L T h

Analyzer :

Fig. 23. Location of impedance for two-rods probe model Z;, Z,

The impedance model (Fig. 23) has been developed in relation to the ineffec-
tiveness of determination of the imaginary part of dielectric permittivity when
using the model of C;and C,. It was assumed that both capacities can be replaced
with impedances Z;and Z, which provide a much better description of the behav-
iour of the end of the line, and in the considered case of the two-rod probe they
take into account the conductivities G¢, G, which describe the probe attenuation
and the dielectric loss of the soil, respectively. The values of parameters Z, Z,, as
in the case of the capacitance model, are determined for each frequency in the
process of calibration. The equivalent probe impedance Z of parallel connection
of impedances Z;, Z is equal to:

Z=g——ro (52)

Using formula (20), from the parameter S;; measured with the VNA we can
determine impedance Z. The calibration of the model consists in solving a system
of two equations, (53) and (54), from which the parameters sought, Z;, Z,, are
determined.
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1
Zo=1 (53)
7_’_7
Zf ZO
1
Za= s (54)
7_’_7
Zf Z0

where: Zp— probe rods impedance in the air calculated from measurement,
Z,— probe rods impedance in acetone calculated from measurement, g=1+j0 —
dielectric permittivity of air, g, —dielectric permittivity of acetone determined
from Debye model with parameters presented in Table 6.

The dielectric permittivity of an unknown dielectric can be determined in ac-
cordance with the transformed formula (52):

c= ZO(Zf _Z) (55)
Z-Z,

5. MEASUREMENT AND CALIBRATION METHODS IN BROADBAND
FREQUENCY DOMAIN

5.1. Configuration of vector network analyser

In the study we used the vector network analyser type ZVCE, Rohde&
Schwarz (Operating Manual 2001) (Fig. 24), with measurement signal frequency
range of 20 kHz — 8 GHz. The VNA was applied for the measurement of the
complex coefficient of reflection S;; of a two-rod probe placed in the material
studied. In accordance with the recommendations of the manufacturer, the in-
strument was warmed prior to the measurements for at least an hour, following
which all calibration and measurement procedures were performed. During the
measurements the air temperature in the room was 20.6+1°C.

The measurements were performed at the following configuration of the
VNA:

¢ range of frequency change 10-500 MHz,

e measurements for 99 values of frequency in the set range of changes, with

5 MHz step,
e 11-fold averaging of results,
e Switched on active filter with band width of 300 Hz,
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e output signal power level of —4 dBm, which corresponds to power of
0.39 mWw,

o calibration of port 1 performed with OSM method (opening, shorting,
mating) using a calibration set made by ROSENBERGER,

o calibration of the electrical length of the probe cable performed after fix-
ing the probe in the stand,

o format of data registration and display - POLAR COMPLEX,

e measurement results recorded in ASCII format for ease of import by cal-
culation program described in section 5.7.

") ) MOHDEASCIWARZ VECTOR NETWORK ANALYZER - T0kH . 8GHE - TVCR L, |

(T A P

Fig. 24. Vector Network Analyser used for determine dielectric permittivity of investigated soils

The configuration parameters were selected with a view to obtain the opti-
mum accuracy and speed of measurements. During preliminary measurements it
was noted that changes in the position of the connecting cable of the probe reduce
the repeatability of measurement causing an increase of error of measurement of
the coefficient of reflection S;; at the level of 0.3 degree, which could be the
cause of serious measurement errors. Therefore, the probe was mounted on
a stand and the connecting cable was fixed in position. It was also observed that
in the graph of the measured complex coefficient of reflection Sy; (Fig. 25) there
appear repeatedly characteristic loops and deflections, known from literature
(Sheen and Woodhead 1999) for open-ended coaxial probes. Signal frequency at
which the described phenomenon appears changes slightly with relation to the
dielectric permittivity of the material tested in which the probe is placed and to
the length of the probe rods. It was also noted that the length of the connection
cable of the probe has an effect on the frequency value at which the phenomenon
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appears. This led to the conclusion that it was a phenomenon related with reso-
nance in the open line. Such resonance appears when the electrical length of the
cable together with the probe equals an odd multiple of a half of the measurement
signal wavelength (Dobrowolski 2001).
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Fig. 25. Resonance distortion of S;, parameter measured by VNA marked by circle

The electric length is a parameter describing the length of the transmission
line of the cable with relation to the electromagnetic length in vacuum (air). The
electric length of a cable with air insulation is equal to its physical length. A di-
electric filling the space between the cable wires is responsible for the shortening
of the wavelength or the extension of the electric length. Therefore, to define phase
delays or shifts introduced by a transmission line it is necessary to know its electric
length. Stability of that parameter in the function of temperature and frequency is
highly important during with work with the use of the vector network analyser.
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The resonance behaviour of measurement probes described above caused
a limitation of the frequency range of changes in the measurement signal to 10-
500 MHz. Too broad a range of frequency changes caused incorrect calibration of
the electrical length of the cable with the probe by the VNA, which led to the
appearance of large errors in the measurement of the phase of the complex reflec-
tion coefficient Sy;. Calibration of the electrical length performed by the vector
network analyser consisted in measurement of the shift of the signal phase in the
function of frequency. The narrowing of the band permitted the acquisition of
satisfactory results of measurements of dielectric permittivity with the use of the
models developed, and the upper frequency of the band chosen is higher by
300 MHz from the highest measurement frequency of commercially available
FDR instruments (CS616 Campbell Scientific 2006, User Manual SM200 2006,
User Manual ML2x 1999). For the reason of stability of resonance frequency
bands, for further processing of the measurements a spectrum with removed
bands indicated in Figure 25 was used.

5.2. Two-rod measurement probes

A specially designed two-rod probe was used for the study. The probe is built
of two stainless steel rods with diameter of 2 mm and spaced at 13 mm. Three
kinds of probes were built, with rod lengths of 1, 2 and 3 cm (Fig. 26). The spac-
ing of the rods and their diameter were selected following the design of the field
TDR probe manufactured at the IA PAS (Skierucha and Malicki 2004).

Fig. 26. Two-rods probes used in measurements

That choice was based on the possibility of application of probes with me-
chanical parameters identical to those of the field TDR probes type FP/mts, but
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with a new interface and measuring instrument, which permit the comparison of
measurement results obtained with the FDR and TDR methods. TDR probes with
so short rods are not used due to the imitations posed by the measurement me-
thod. Commercially available TDR instruments with impulse rise time of 200 ps
can be used to work with probes of lengths not less than 5 cm. FDR probes with
short rods can fill the gap for that type of dielectric sensors appearing between the
method of open-ended coaxial line (Skierucha et al. 2004) and the TDR probes.

polypropylene enclosure

EPIDIAN-53
epoxy resin filling

A
stainless rods

RG 58
coaxial cable

:

aluminium foil
shield

copper braid

Fig. 27. The Interface of two-rods probe FDR: picture (left side), photo (right side)

The reflection interface of the probes was designed so as to achieve the shortest
possible zone of impedance discontinuity, thanks to which commonly known theoret-
ical formulae can be applied for the description of reflection (Dobrowolski 2001). The
design and a photograph of the probe interface are presented in Figure 27.

5.3. Method of calibration of two-rod probe with two-terminal-pair network
type T— model T_Z,

Calibration with the use of a two-terminal-pair network type T permits the
elimination of the sources of errors that are not taken into account in the capaci-
tance model, such as the variable frequency characteristics of the connection ca-
ble between the VNA and the probe rods and the discontinuities of impedance of
the connection of coaxial cable and probe rods.

The method under consideration, described in section 4.1, was used for the
calibration of the two-rod probe. Figure 28 presents a schematic of the connection
of the vector network analyser with the probe, indicating the measured impedance
Z: and the probe impedance Z, at the point of entry of the rods into the material
tested.
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To determine parameters a', b', ¢' of equation (45) three calibration points
were adopted:

- probe shorting, for which Re(g) = o0, Im(g) = co was adopted,

- measurement in the air, Re(¢) = 1, Im(g) = 0,

- measurement in acetone with permittivity determined from the Debye

model (Tab. 6).

Acetone as the probe calibration material was selected because the values of
both components of its complex dielectric permittivity are characterised by small
changes both in the function of temperature and in the function of frequency
within the considered frequency range of 10-500 MHz. Acetone can be a dielec-
tric substitute of soil with a volumetric moisture of about 43% from equation (33).

Zl Zs ........... ZO ..........

F 1} or TF :

Z : :

Vector Network <_T> A Z J— ’ [:] Goé
Analyzer ? T i

Fig. 28. Two-rods probe calibration used two-terminal-pair network type T
5.4. Probe rods as a lossy transformer of impedance — model T+

Another method of describing a probe composed of two parallel metallic rods
with length comparable to the wavelength of the measurement signal is to use the
model of a long line with dispersed parameters (Osiowski and Szabatin 2006).
Analysis of phenomena taking place in a long line is best performed by modelling
it as a chain of mutually connected sections of length A,, that can be substituted
with two-terminal-pair networks built of compact elements with unit values of
resistance R, inductivity L, conductivity G and capacity C (Fig. 29). The values of
R, L, G and C are given as converted to a unit of line length.

RA, LA,

T Z~characteristic impedance

i y - propagation constant Gy CAx Z=10MQ+0Q
o— __________

| x- length of probe rods |

Fig. 29. Probe rods as a long line
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Secondary parameters describing the behaviour of voltages and currents in
a long line are the phase constant « expressed in rad/m and the attenuation con-
stant S (attenuation) expressed in dB/m, being the real and imaginary components
of the propagation constant ¥ (56), respectively, and characteristic impedance Z¢
(57). The values can be expressed by means of formulae on the basis of the unit
parameters of the line and of the angular velocity o= 2=f. The propagation con-
stant is expressed by the formula:

y=a+jf =R+ joL)G+ joC) (56)

Whereas, the characteristic impedance:

7, = R+ .ja)L (57)

G+ joC
The description of the input impedance of the probe was done with the use of
the phenomenon of transformation of the probe open-end impedance Zx in a long
line with length x and complex parameters of propagation constant y and charac-

teristic impedance Zc. The formula describing the transformation of impedance Zx
to the impedance at the beginning of the probe rods has the form:

Z +Zctghyx

Z =Z
LT 2o +Z, tghyx

(58)

Assuming that:

o the open end of the probe presents high resistance Zx= 10 MQ + j0 Q,

e soil is a paramagnetic medium with relative magnetic permeability p=1,
therefore the unit inductivity of the rods L is constant and independent of
the king of material tested,

e unit resistance R of the probe rods equals zero,

e unit capacity C can be replaced with unit lossy capacity equal to Cye, the
introduction of which permits to consider conductivity G as negligible
(Co — unit capacity in the air (vacuum), &£— complex dielectric permittiv-
ity of soil).

For the above assumptions the formulae (56) and (57) can be transformed into:

y=127z (59)

where c is the velocity of light in vacuum.
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7, = Zair (60)

NE

Impedance of the probe rods in the air Zy, treated as a symmetric line
(Nowakowski 1982), is calculated from formula (61), for geometric parameters of
the tested probes with rods with diameter of 2 mm and spacing of 13 mm and
amounts to 307 Q (Fig. 30). Knowing the long line parameters ¥ and Z¢ and using
the relation (58) describing the transformation of impedance by means of a sec-
tion of the long line with length x, we can determine the impedance of probe rods
Z, placed in a lossy dielectric described by the complex permittivity &.

Ia’=2mm

|T

2y =22 e
Jeo [ d Wd

| _lJ (61)

H=13mm

Fig. 30. Impedance of two wire symmetrical line in air

After inserting (59) and (60) into formula (58) it assumes the form:

Z, jox
7, + Zai tgh(\/zj
Z, = Ve ¢

1+Zzwztgh(lwwz]
, c

air

(62)

From formula (62) we can easily determine the impedance of rods with length
x knowing the complex permittivity & but it is much more difficult to determine
the inverse function i.e. £ =1(2Z,).

Treating the probe rods as a lossy transformer of impedance ensured independ-
ence of the result of the dielectric permittivity obtained from the length of the rods,
but problems appeared with the uniqueness of the measurement results obtained. As
follows from analysis of the described model performed in section 5.5, with a single
frequency of measurement signal more than one value of dielectric permittivity can
be determined for the coefficient of reflection measured. Such behaviour appears
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when the wavelength of the measurement signal is shorter than the electrical length
of the probe rods in a medium with the highest dielectric permittivity encountered
in the tests. To solve the problem of the non-uniqueness, the authors used the fact
that for each probe, up to a certain limit frequency, there is only one solution of
equation (62), and above that frequency solution tracing can be applied through
narrowing the limits of its variability on the basis of the solution determined at
a lower frequency. The narrowing of the limits of variability ensures the achieve-
ment of uniqueness of determination of dielectric permittivity.

Basing on the above considerations, a computer program was developed that
makes use of the method of successive approximations, described in section 5.7.

5.5. Mathematical analysis of lossy transformer of impedance

To find an analytical solution of £=1f(Z,) the software Mathematica 4.0 was
used (Drwal et al. 2000). However, when we tried to solve equation (62) the pro-
gram returned a message proposing the application of a numerical solution. To
enable finding an analytical solution, the type of functions was unified to the
power functions. Formula (62) was modified, substituting the hyperbolic tangent
with the quotient of Taylor series of functions sinh(x) / cosh(x) described with the
formulae:

. S 1 2n41
Slnh(X) = émx (63)
_ & 1 2n
cosh(x) = %_(Zn)! X (64)

That approach should permit an analytical solution giving approximated results,
but after the above modification the program Mathematica generated analytical
solutions only for the first three terms of the series (63,64). The solutions had highly
complicated analytical form, and due to the small number of terms in the series the
results obtained had low accuracy. Ultimately, numerical methods were applied to
determine the complex dielectric permittivity ¢ from equation (62).

As it is known from mathematical analysis, the function hyperbolic tangent is
a periodic function for the imaginary component of the argument. For equation
(62) we can find the condition of periodicity, and thus also of non-uniqueness of
solution, which can be expressed with the formula:
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c

fe

A<2-X dla 1= (65)

where: ¢ —velocity of light, f— frequency of measurement signal, A — signal

wavelength in tested material with refractive index Je , X — electrical length of
probe rods in the air. If that condition is met, for the whole range of variability of
Z, it is possible to obtain multiple solutions of & For a better illustration of the
problem, a transformation of impedance Z, was performed, substituting it as Z,
into formula (17) which expresses the complex coefficient of reflection S;;.

Im ?s)
Re (g)

1 08 06 04 02 0 02 04 06 08 1
Re (S,)

Fig. 31. Four-dimension chart of the complex dielectric permittivity & (left side), obtain from analy-
sis of loss transformer model, view in Re(g), Re(S11) plane (right side)

Using the program Matlab R2008b (Pratap 2007), a graph of the complex
function &£=1(S;;) was plotted (Fig. 31), with the following assumptions:
x = 10 cm — electrical length of probe rods in the air, f=500MHz —frequency of
measurement signal.

In the Figure 31 one can see that if from the plane S;; a perpendicular line is
created, and it will intersect the graph of ¢in several points. For this reason, in the
numerical method a tracing function was added, consisting in prior calculation of
the value of ¢, for such signal frequency that the condition (65) could not be met;
then there is the certainty of only one solution. After exceeding the measurement
signal frequency by the values of the limit frequency, two or more solutions may
appear. Those can be identified using the value obtained from the previous calcu-
lation, thanks to which it is possible to properly determine the limits of the range
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of variation of the function. This approach permits the interpretation of measure-
ments at high frequencies, for which the wavelength is shorter than the electrical
length of the probe rods.

5.6. Calibration of lossy transformer of impedance with two-terminal-pair
network type T

The method of calibration with a two-terminal-pair network type T requires
the determination of at least three calibration points, for which we know the exact
values of impedance of the probe modelled (section 5.3). This requirement is re-
lated with the necessity of solving a system of three equations.

The calibration under consideration consists in the substitution, in formula
(40), of impedance Z, of the capacitance model with the lossy transformer imped-
ance Z, described with formula (62), where x is the measured length of the probe
rods. The formula then assumes the following form:

a+bz, -cZ=227, (66)

For three calibration points we obtain a system of three complex equations.

a+bz,-cz,=2,7, (67)
a+hzZ,-cz,=2,2, (68)
a+bz,-cz,=2,2, (69)

where: Z; = 0+j0 — impedance of shorting of the rods at the point of their connec-
tion with the probe body, Z, — impedance of probe rods in the air calculated from
formula (62) for £=1+j0, Z,— impedance of probe rods in acetone calculated
from formula (62) for the Debye model (Tab. 6), Z;, Z,, Z3— impedances meas-
ured by the VNA with the probe rods shorted, and for rods placed in the air and in
acetone, respectively.

Parameters a, b, ¢ are calculated for a given measurement signal frequency
and for a single probe rod length x. Due to the degree of complexity of function
Z,=f(e) it is not possible to express the value of ¢ directly as in the case of the
capacitance model (section 4.1), but only the value of impedance Z, which, for
the ¢ value sought, should be equal to the value of impedance Z; calculated from
calibration with a two-terminal-pair network type T.
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Zy =4y = (70)

The substitution of the capacitance model with a lossy transformer of imped-
ance involves an additional difficulty related with the effect of the line open end,
that was neglected by adopting the assumption that x is the physical length of the
probe rods. In reality, a lossy transformer which is a long line with a specific,
physically measurable, length x requires additional calibration of electrical length
in air. The electrical length x of a long line placed in air and open-ended is differ-
ent from its physical length. The difference results from the effect of the open end
of the line, where there is both energy radiation identified with lossy, and electri-
cal capacity. The capacity at the end of the line causes its apparent electrical elon-
gation, therefore the electrical length should be determined at the stage of the
probe calibration. For the determination of the electrical length of the probe an
additional, fourth, calibration point should be used. The problem of correct and
accurate determination of the electrical length of a measurement probe, which
requires mathematical and numerical analysis and additional calibration meas-
urements, can be the subject of a separate dissertation.

5.7. Software for calibration and for determination of measurement results

The designed two-rod probe connected to port 1 of the vector network ana-
lyser permits the determination of the complex coefficients Sy; for probe placed in
soil solutions being tested or in reference solutions. The result of measurement of
a single soil sample is a file that contains 99 values of the measured complex co-
efficient of reflection for the frequency range of 10-500 MHz.

To process that file and obtain the spectrum of dielectric permittivity it is nec-
essary to perform the calibrations described in section 5.6, acquiring from them
the calibration parameters. Those parameters should be determined for each fre-
quency of the measurement signal and they can be considered as constant, until
the moment of probe change or of a change in the position of the cable connecting
the probe with the VNA. The obtained measurement data were processed by
means of the software (Fig. 32) developed with the help of the compiler C++
Builder from the Borland Developer Studio 2006 package. The function of the
software is the import of files from the VNA, created during the calibrations, and
the calculation of calibration parameters for the measurement frequencies applied,
depending on the model used. The software permits the determination of the
complex dielectric permittivity for all the models described herein.
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Fig. 32. The window of program for conversion data from VNA using various model

The operation of the numerical method used to find the frequency spectrum of
dielectric permittivity of the material studied from the solution of equation (62) is
described below.

(1) We select the lowest measurement frequency (10 MHz) for which the

uniqueness of solution is ensured, i.e. condition (65) is not fulfilled.

(2) Equation (62) is solved numerically for the selected frequency, assuming
the maximum limits of variability of ¢ for the material studied and of pa-
rameter Z, calculated after the calibration (70) from the value of Sy
measured by the VNA. The effects of this operation are the real and the
imaginary values of ¢ for the selected frequency.

(3) The initial frequency is then increased by 5 MHz and the limits of the
search for ¢ are modified with relation to the solution obtained in the pre-
ceding step. Next the procedure from item (2) is repeated.

(4) Items (2) and (3) are repeated until the moment of reaching the maximum
frequency within the measurement range (500 MHz).
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5.8. Validation of the model

The validation procedure was performed with the use of four mineral soils
with varied physicochemical parameters which are presented in Table 5. The soils
were selected so that the values of the measured dielectric permittivity could be
affected to a minimum extent by factors other than moisture and salinity. Such
other factors could be e.g. soil swelling of high levels of organic matter. The soils
came from the bank of Polish soils collected at the IA PAS (Glinski et al. 1991)
and have individual numbering assigned to them by the bank. For soils No. 569,
610 and 622 ten samples each with varied moisture were prepared. At the start the
maximum water capacity was determined for each of the soils, and then doses of
water were calculated that should be added to the containers with the soil samples
to achieve moisture levels changing in steps of 0.1 of the maximum water capac-
ity. Prior to the dosage of water, the soil samples were placed in plastic containers
with capacity of 125 ml, and then dried at 105°C for 24 hours.

Table 5. Localization and selected properties of investigated soils

No. 569 610 622 529
Soil type Brown Brown Chernozem Black soil
. N~ Majdan . .

Soil localization Skierbieszowski Kol. Olempin Terebin Annopol
Dry bulk density (gcm™) 1.33 1.59 1.4 1.76

Sand 71 94 60 100
Soil texture by -
FAO (%) Silt 25 5 34

Clay 4 1 6
Specific surface (m?g) 21 9 37 8
Water»flloldlng capacity 039 013 0.36 016
(kg kg™)

After the drying the soil samples were closed tight and weighed. Varied moisture
levels of the soil were obtained through the dosage of distilled water amounts calcu-
lated earlier to a specific volume of dry soil. To achieve uniform water distribution in
each of the soil samples, the samples were closed tight in the containers and warmed
at 45°C for three days. Soil samples prepared in this manner were tested with probes
(section 5.2) with various rod lengths, beginning with the shortest.

For testing the effect of soil salinity, 5 series of 10 samples of black earth No.
529 were prepared. To achieve varied salinity of the soil, moistening of each se-
ries of samples was made using KCI solutions with electrical conductivity values
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of 0, 5, 10, 15 and 20 dS/m. As in the case of soils No. 569, 610 and 622, the
moisture of the soil samples was modified uniformly at every 0.1 of the maximum
water capacity.

Due to the non-homogeneity observed in porous materials, and in soil in par-
ticular, the accepted practice in the estimation of the accuracy of a given method
and probe model is to use reference liquids with known frequency characteristics
of dielectric permittivity at a given temperature. Also the calibration of probes
requires the use of media with known parameters. Those liquids are most often
described by the models of Debye and Cole—Cole. For the study we selected lig-
uids well described in the literature (National Bureau of Standards 1958), with
parameters as presented in Table 6.

The tests were conducted also in solids, such as polyoxymethylene and teflon,
with dielectric permittivity of 3.8 and 2.1, respectively, for which the effect tem-
perature and dielectric loss for frequencies below the level of several GHz is neg-
ligible.

Table 6. Parameters of Debye'a model of applied reference liquids

Name Temperature (°C) & En 7(ps)
Distilled water 20 80.4 5.2 9.45
Acetone 20 212 19 3.34
Methanol 20 33.64 5.7 53
Isopropanol 20 29 3.2 292

Estimation was performed of the applicability of two-rod probes for the
measurement of the frequency spectrum of the complex dielectric permittivity of
soil, and measurements were made aimed at testing the effect of soil moisture and
salinity on its dielectric permittivity determined with the method of frequency
reflectometry — FDR. The work consisted in designing and constructing suitable
two-rod probes and developing for them the following:

e a mathematical model,

e methods of calibration and measurement,

o software for calibrations and numerical determination of measurement re-

sults.

Based on the validation tests with the use of reference liquids and comparison
of the measurement results with literature data suitable for the Debye model, the
selection of the best mathematical model was performed. Next, laboratory ex-
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periments were conducted with the use of the developed FDR probes and soil
samples with varied salinity and moisture. Investigation was performed of the
effect of measurement signal frequency on the correlation between the volumetric
moisture of the soil samples, determined with the gravimetric method, and the
refractive index for the selected range of measurement signal frequencies. Also
the effect of salinity of the soil samples on the accuracy of measurement of the
real dielectric permittivity was studied, and the possibility of determination of the
salinity index (SI) from measurements of the spectrum of the complex dielectric
permittivity was examined.

5.9. Comparison of results obtained with various models

To test the applicability of a given probe model for the determination of the
complex dielectric permittivity of the material studied measurements were made
in the calibration liquids and then in methanol.
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40 \ Re(e) Debye model
- Y o \ v
w \
S
-~ 20
&J N/H
0
I T \ T 1
[0 100 2 300 40 500

Model C, \ /
\Y

-80
Frequency of the measurementsignal [MHz]

Fig. 33. Measured complex dielectric permittivity of methanol for C, model against reference
Debye'a model background

Methanol the most frequently referenced in literature medium for the verifica-
tion of dielectric methods. The results of those measurements were not processed
by the software described in section 5.7. The obtained values of dielectric permit-
tivity of methanol were compared with values obtained from the Debye model.
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The tests were performed for probes with rod length of 3 cm, and then, after satis-
factory results were obtained, probes with lengths of 1, 2 and 10 cm were tested.
Figure 33 presents the results obtained for the capacitance model C,, de-
scribed in section 4.2, which assumes that probe rods are an element with com-
pact parameters and that they can be substituted by a capacity with a lossy dielec-
tric. That model permits correct determination of only the real component Re(¢)
of dielectric permittivity within measurement signal frequency range up to
200 MHz. Above that frequency both components of dielectric permittivity are
burdened with error exceeding 10%. The next model to be analysed was the
model Cy, C;. The results were coincident with those obtained for the model C,,
which was to be expected in view of the assumed negligible effect of the addi-
tional capacity C;. To achieve better results, it was decided to improve the model by
replacing capacities C,, C; with impedances Z,, Z;. As can be seen in Figure 34,
while the accuracy of measurement of the real component remained unchanged, the
imaginary component became measurable within the same range of frequencies.
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Fig. 34. Measured complex dielectric permittivity of methanol for Z;, Z, model against reference
Debye'a model background

Searching for a model ensuring higher accuracy of measurement in the range
of high frequencies, the model of the two-terminal-pair network type T described
in section 4.1 was applied. It is used for the calibration of open-ended coaxial
probes in tests of the dielectric permittivity of liquids. The calibration consists in
the substitution of the unknown parameters of the cable and of areas of impedance
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discontinuity with a two-terminal-pair network composed of three impedances in
the “T” layout. The measurement results presented in Figure 35 permit the con-
clusion that this model provides an improvement of the accuracy of measurement
of both components of dielectric permittivity, but still measurements above
200 MHz for the 3 cm probe and above 350 MHz for the 2 cm probe are totally
different from the reference values from the Debye model. The performance of
the model is satisfactory for the 1 cm probe.

In view of the unsatisfactory performance of the models in question in the fre-
quency range up to 500 MHz and of the reduction of the maximum frequency of the
measurement signal with increase in the length of the probe rods, an attempt was
made at developing a new model in which the advantages of the earlier calibrations
based on the two-terminal-pair network type T were utilised (section 5.6).
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Fig. 35. Complex dielectric permittivity of methanol for T_Z, model measured by probes of differ-
ent length against reference Debye'a model background

In the new model the capacity reactance was replaced with the terminals of
a lossy transformer of impedance (section 5.4), formed of probe rods treated as
along line. Figure 36 presents the results obtained after the application of the
model. As can be seen, the real component of dielectric permittivity is independ-
ent of the length of the probe rods for the whole range of measurement signal
frequency. There is only a certain constant underestimation of results, which was
observed also for the other models, but at higher frequencies it was masked by the
growing error resulting from the imperfect performance of the models. The effect
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of underestimation of results can be attributed to probable overestimation of the
dielectric permittivity of acetone used for the calibration. The length of the probe
rods causes a deterioration of the accuracy of measurement of the imaginary
component, i.e. the shorter the rods the lower the accuracy.
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Fig. 36. Complex dielectric permittivity of methanol for lossy transformer T; model measured by
probes of different length against reference Debye'a model background

Table 7. Combination of calibration points

Calibration points 1 2 3

1 (SAW) short air water
2 (SAA) short air acetone

3 (WAA) water air acetone

4 (WAM) water air methanol
5 (SAI) short air isopropyl
6 (SAM) short air methanol
7 (WAI) water air isopropyl

8 (MAA) methanol air acetone
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To estimate the accuracy of the lossy transformer model applied, calibrations
of the 3 cm probe were performed in various combinations, presented in Table 7.
The results are given in Figure 37.

In the graphs one can see the changes in the accuracy of measurement of the
real component of dielectric permittivity resulting from the adopted calibration
points. Out of the eight combinations, the lowest measurement error was obtained
for calibration 3_WAA (water, air, acetone) where for low values of the root

JRe(e ) < 2 the error is less than 4%, and for \/Re(z) > 2 it is below 2.2%.

Due to the fact that positive effects of performance of the model of the lossy
transformer T+ were obtained for the probe with 3 cm rods, its performance was
tested for the 10 cm probe (Fig. 38).
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Fig. 37. The percentage relative measurement error of the real part of dielectric permittivity depen-
dent on combination calibration points

As can be seen from the graph, within the band of 125-375 MHz the real
component of dielectric permittivity of methanol is burdened with a large meas-
urement error reaching 20% of the measured value, but its mean value is very
close to the model value. The behaviour of the imaginary component is similar.
This can be attributed to a strong effect open line resonance phenomena (p. 52)
that intensify with increase in the length of the probe rods. The large discrepan-
cies in the measured dielectric permittivity do not permit at present for such
a long probe to be applied in studies of soils. The application of 10 cm probes in



70

the FDR method described appears to be possible after the elimination of the
resonance phenomena and after developing a new method of calibration of the
probe.
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Fig. 38. The Complex dielectric permittivity of methanol for lossy transformer Tt model measured
by probe of 10 cm length against reference Debye'a model background

5.10. Effect of measurement signal frequency on measurement of refractive index

The frequency of the measurement signal has a notable effect on the result of
measurement of the refractive index of soil with the FDR method (Hilhorst and
Dirksen 1994). Depending on the measurement signal frequency an effect of re-
laxation of colloidal molecules or of bound water molecules is observed.

Analysis of the effect of frequency on the result of measurement was conducted
by comparing the averaged values of the refractive index for six selected bands of the
spectrum, i.e. 10-30, 35-50, 80-120, 125-190, 245-300, 390-485 MHz. The bands
were selected so as to exclude those ranges in which the open line resonance appears.

The analysis was performed for results obtained for soil No. 529, measured with
the probe with rod length of 3 cm with the use of the lossy transformer model.

In Figure 39 one can observe that with a decrease of frequency the value of the re-
fractive index increases by a constant value over the whole range of moisture (fitted
trend lines are almost parallel), its linear relation to moisture being maintained, which
indicates that for the non-saline sandy soil studied the results obtained with low-
frequency methods can be comparable with those obtained with high-frequency
methods. For all the bands trend lines were determined, for which the coefficient of
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determination R* was not lower than 0.989. In Figure 39 only the trend lines for the
extreme bands of frequency are shown for clarity of representation.
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Fig. 39. Influence of the frequency measurement band on correlation between refractive index and
volumetric water content of 529 soil moisturized by distilled water
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Fig. 40. Influence of the frequency measurement band on correlation between refractive index and
volumetric water content of 529 soil moisturized by KCI solution with electrical conductivity
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In the case of soil moistened with KCI solution with conductivity of 20 dS m™
the behaviour of the refractive index is different.

As can be seen in the Figure 40, the lower the measurement frequency the more
distorted and overestimated the value of the refractive index for the same moisture
of the soil samples. For the range of 390-485 MHz the relation to moisture is de-
scribed by a linear function with the coefficient of determination of R? = 0.997,
while for the band of 10-30 MHz we need to use a 3" degree polynomial to obtain
a similar value of the coefficient of determination R?= 0.994. This means that in the
case of the saline sandy soil measurement with low-frequency methods is burdened
with notably greater error than is the case with the same soil but non-saline. The
distortion of the low-frequency characteristics (10-30 MHz band ) can be elimi-
nated through individual calibration for a given type of soils. It should be kept in
mind, however, that the form of the characteristics depends on the level of salinity.
While the salinity itself (taken as the electrical conductivity of the soil extract) may
not change during the experiment, the electrical conductivity of the soil, strongly
dependent on temperature, will change. This clearly demonstrates the superiority of
high-frequency dielectric methods of soil moisture measurement, the selectivity of
which largely eliminates the sensitivity of the results obtained to the effect of elec-
trical conductivity. This feature is especially important in field measurements, for
which it is impossible to maintain constant temperature.

5.11. Correlation between volumetric moisture of soil samples determined
with the gravimetric method and the refractive index

For analysis we selected the data obtained for the probe with 3 cm rod length
and for the measurement signal frequency band of 390-485 MHz, for which the real
component of dielectric permittivity undergoes the least changes in the function of
frequency. Data from 20 measurement points within that range were averaged for
each soil sample. Next, the square root of the dielectric permittivity, i.e. the refrac-
tive index, was calculated. The standard deviation for all measurements did not
exceed 0.16 of the absolute value. The result obtained in this manner was corre-
lated with the volumetric moisture obtained from gravimetric measurement. The
results are presented in Figure 41. In the graph the linear functions were fitted for
comparison with literature data. Deviations from the linear characteristics can be
attributed to the non-homogeneity of the soil, i.e. to moisture distribution within the
soil sample tested or to the effect of density for the particular soil samples.

The soils studied are characterised by varied density, which was the cause of
the differences in the slope of the characteristics. The trend line with the form of
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Re(s) = a,0 + a,, fitted to all the measurement points, has coefficients a, = 8.86;

a; = 1.48.

Those coefficients determined for the models of Malicki (1993), elaborated
from measurements with the TDR method and presented in table 8, are similar to
the above. It can also be noted that correction for soil density improves also the
level of agreement of the coefficients. This can lead to the conclusion that results
obtained with the FDR probe are in agreement with results obtained with the TDR

technique.
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Fig. 41. Dependence of refractive index on volumetric water content investigated soils

Table 8. Comparison of FDR calibrations coefficient of the analyzed sensors with Malicki model
for the TDR method

Re(¢)=a,0+a,

coefficient

FDR measurements (Fig. 41) Malicki Model Ma“Ck' quel .
(correction on soil density)
ao 8.86 7.16 8.96

a 1.48 1.44 1.44
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5.12. Accuracy of measurement of the real component of dielectric
permittivity and the salinity of soil samples

Selectivity of a measurement method is one of the most important methodo-
logical features. The determination of selectivity requires measurement performed
under conditions of controlled variation of the interfering value. In the case under
consideration the verification of selectivity of measurement of the refractive index
for soil No. 529 was performed at variable salinity of samples, which was
achieved by means of variable conductivity of the moistening solution within the
range of 0-20 dSm™. The same measurement procedure was applied as that de-
scribed in the preceding section. The results of the measurements are presented in
Figure 42.

As can be seen in the graph, the refractive index is correlated in a linear man-
ner with the volumetric moisture of the soil. High values of coefficient of correla-
tion for all five levels of soil salinity and absence of variation in the slope of the
lines indicate the lack of effect of salinity on the measured refractive index, con-
firming high selectivity of the method, as in the case of the TDR method (Malicki
and Walczak 1999).
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Fig. 42. Dependence of refracive index on volumetric water content of 529 soil moisturized by KCI
solution with different value of electrical conductivity
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5.13. Measurement of salinity based on the imaginary component
of dielectric permittivity of soil, determination of salinity index

Obtaining information on salinity from measurement of the frequency spec-
trum of the imaginary component of dielectric permittivity requires analysis of
both of its components (section 2.11). If the measurement is performed for a sin-
gle frequency the two components are indistinguishable. Is there is a possibility of
analysis of the frequency spectrum of the response of the material tested to exter-
nal electrical stimulation then it is possible to separate the components on the
basis of knowledge of their behaviour in the function of frequency. Measurement
with the TDR method permits such an analysis with the assumption that the di-
electric loss g4 Is constant within the range of changes of the measurement signal
frequency f. For correct performance of the analysis three frequency bands were
removed from the spectrum, at which there was resonance interfering with the
measurement, i.e. 60-65, 205-220, 320-360 MHz (section 5.1).
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Fig. 43. Calculate dielectric loss g4 and op¢ direct current conductivity from z linear characteristic
of Im(e)-f on example selected sample of 529 soil with 27% volumetric water content moisturized
by distilled water

To permit the determination of both elements &4 and opc from formula (21), it
was transformed through multiplying both sides of the formula by f, obtaining
a relation in the form:
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Im(g)- f =af+b (71)

where: a = gq—dielectric loss, b = opc/2ney.

Thus a linear relation was obtained, for which the slope a and the translation b
were determined with the least squares method, as presented in Figure 43.

To verify whether the coefficients obtained give well fitted characteristics,
they were substituted in formula (21), and the resultant graph was superimposed
on the measurement results, as presented in Figure 44.
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Fig. 44. Imaginary part of dielectric permittivity with overlapped function y = —a— b/f for selected
sample of 529 soil with 27% volumetric water content moisturized by distilled water

We can see very good fitting both for the low and the high frequencies, which
permits the conclusion that the developed method for the determination of DC
conductivity from the spectrum of the imaginary component of dielectric permit-
tivity can be used for further data processing. This method was applied to process
all results for 50 samples of soil No. 529 moistened with solutions of KCI. Ana-
lysing the results of conductivity obtained for those samples we can determine
index SI — salinity index described in section 2.11 as the slope of the linear rela-
tionships between the determined direct current conductivity and the real compo-
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nent of dielectric permittivity (determined for the frequency band of 390-
485 MHz). These relations are presented in Figure 45.

The graphs show high coefficients of determination at the level of 0.99, which
indicates good selectivity and suitability of the FDR method for measurement of
the salinity index f soil.

In the case of values of conductivity the coefficient of determination drops o
the level of 0.96, which indicates a lower accuracy of the method with relation to
non-saline soils.

In accordance to literature data (Malicki 1993), the index of salinity should
have a linear relation to the conductivity of the moistening solution, which is sup-
ported by Figure 46. Analysing the slope and translation of the fitted trend line
one can find that those values do not differ from those given in the literature for
mineral soils. This supports the applicability of the FDR method described above
for the measurement of the salinity index.
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Fig. 45. Salinity index as slope of linear characteristics of electrical conductivity of soil versus real
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6. CONCLUSION

The two-rod probes can be used for the study of the spectrum of complex di-
electric permittivity in frequency domain. In this paper we presented an example
of the application of probes with three different rod lengths. In the experiments
we used a vector network analyser and developed models of the probe types con-
sidered. Due to the specific nature of measurements in porous materials, related
with the occurrence of non-homogeneity, we focused on improving the model of
probe with 3 cm rod length. The best model proved to be the model of lossy trans-
former of impedance with calculation algorithm and method of calibration. The
performance of the model was positively verified by the results of measurements
in methanol. Table 9 presents a comparative compilation of the FDR method de-
scribed against the TDR method.

The developed model of FDR probe permitted the study of frequency spec-
trum within the range of 10-500 MHz, hitherto unattainable for commercial in-
struments in application for the measurement of soil moisture and salinity.
A number of spectra of the complex dielectric permittivity in soil samples with
varied salinity and moisture were examined. The two-rod FDR probes applied and
the method of study of the spectrum of complex dielectric permittivity permitted
selective and simultaneous determination of soil moisture and salinity for various
ranges of measurement signal frequency. Particularly interesting were the results
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Table 9. Comparison of dielectric measurement method TDR and FDR

Method

TDR

FDR with spectrum analysis

Calibration

2-point; water — air, or water — known
dielectric

3-point; water — air -known
dielectric

Amount of data

Reflectogram, 1024 points

Spectrum, 99 points of coefficient
of reflection S11 from the range
of 10-500MHz

Availability of field in-
struments

Available

Unavailable

Possibility of obtaining the
spectrum of frequency

Necessary modification of the probe
and Fourier transform after performing
3-point calibration typical for the FDR
method

Possibility of direct determination
with the use of the lossy
transformer model

Determination of dielectric
permittivity of material
studied

On the basis of analysis of reflectogram
taking into account blurring and drop
of amplitude of reflected impulse

the apparent dielectric permittivity

is obtained

Directly for selected frequency
band or for a single value from
the spectrum, separately the real
and the imaginary components
of dielectric permittivity

Determination of electrical
conductivity

From attenuation of reflected signal
amplitude

From imaginary component
of spectrum.

Determination of dielectric
loss

Negligible only after modifications
aimed at obtaining frequency spectrum

From imaginary component
of spectrum.

Level of complexity
of measurement instrument

Very complicated, electronic elements
hardy available

Complicated, elements easily
available

Measurement of soil
moisture

Comparable with oven-dry method

Comparable with oven-dry method

Cost of instrument

~2000 Euro

Estimated cost of prototype
~200 Euro

Energy saving in monitor-
ing systems

1.68 Ws/measurement

0.4 Ws/measurement

Application in remote
sensing systems

Possible

Possible

Multi-channel measure-
ments

Necessary use of multiplexers

Integrated probe
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of study of the effect of measurement signal frequency on the correlation between
the volumetric moisture of samples, determined with the gravimetric method, and
the refractive index. It was found that for the soils tested with the developed FDR
probe the values of the real component of dielectric permittivity in the range of
low frequencies were overestimated relative to those determined in the range of
high frequencies, especially in the case of soils with high electrical conductivity.
No effect was observed of the salinity of the soil samples on the accuracy of
measurement of the real component of dielectric permittivity measured within the
range of 390-485 MHz. The results confirmed the favourable effect of the appli-
cation of high frequency f measurement signal on the selectivity of measurement
of the real component of dielectric permittivity and, in consequence, of the volu-
metric moisture of soil. It was also found that the obtained results of measurement
of the imaginary component of dielectric permittivity permit the determination of
soil salinity with the use of the salinity index.

It was demonstrated that the results of measurement of the moisture and salin-
ity of the soils studied, determined with the developed FDR method, are compa-
rable to corresponding results obtained with the TDR method. Additionally, the
measurements of the frequency spectrum of the complex dielectric permittivity
create the possibility of estimating other physical parameters of soil, e.g. the
amount of bound water.

7. REFERENCES

Agilent 85070D Dielectric Probe Kit Product Overview. Agilent Technologies, Inc. 5968-5330E,
USA July 22, 2002.

Agilent Basics of Measuring the Dielectric Properties of Materials. Agilent Technologies, Inc.
5989-2589EN, USA June 26, 2006.

Agilent, 2002, Application Note 1304-2, Time Domain Reflectometry Theory.

Alharthi A., Lange J., 1987 Soil water saturation: dielectric determination. Water Resour. Res.,
23(4), 591-595.

Application Note 1287-2, Exploring the Architectures of Network Analysers. Agilent Technologies,
Inc. 5965-7708E, USA, 2000.

Athey T.W., Stuchly M.A., Stuchly S.S., 1982. Measurment of radio frequency permittivity of
biological tissues with an open-ended coaxial line: part I. IEEE Trans. Microwave Theory and
Tech., MTT-30, 82-86.

Behari J., 2005. Microwave Dielectric Behavior of Wet Soils. ISBN 1-4020-3271-4 Anamaya
Publishers, New Delhi, India

Bérubé D., Ghannouchi F.M., Savard P., 1996. A comparative study of four open-ended coaxial
probe models for permittivity measurement of lossy dielectric/biological materials at micro-
wave frequencies. IEEE Trans. Microwave Theory and Tech., vol.44, 1928-1944.



81

Birchak J.R., Gardner C.G., Hipp J.E., Victor J.M., 1974. High dielectric constant microwave
probes for sensing soil moisture. Proc. of the IEEE, 62(1), 93-98.

Blackham D.V., Pollard R.D., 1997. An Improved Technique for Permittivity Measurements Using
a Coaxial Probe. IEEE Trans. Instr. Meas., 46(5), 1093-1099.

Bohl H., Roth K., 1994. Evaluation of dielectric mixing models to describe the (¢) relation. Sym-
posium in Evaston, IL, USA, Sept. 8-9.

Chetkowski A., 1993. Physics of dielectrics (in Polish). PIW, Warsaw.

Chih-Ping Lin., 2003. Frequency Domain Versus Travel Time Analyses of TDR Waveforms for
Soil Moisture Measurements. Soil Sci. Soc. Am. J., 67, 720-729.

CS616 and CS625 2002—-2006. Water content reflectometers instruction manual. Campbell Scientific.

Davis J.L., Annan A.P., 1977. Electromagnetic detection of soil moisture: progress re-port I. Cana-
dian Journal of Remote Sensing, 3, 76-86.

Dalton F.N., Herkelrath W.N., Rawligs D.S., Rhoades J.D., 1984. Time-domain reflectometry si-
multaneous measurement of soil water content and electrical conductivity with a single probe.
Science, 224, 989-990.

de Loor G.P., 1964. Dielectric properties of heterogeneous mixtures. Appl. Sci. Res., B3, 479-482.

de Loor G.P., 1990. Dielectric properties of heterogeneous mixtures. BCRS (Nedherland Remote
Sensing Board), Rep. No. 90-13, TNO Physics and Electronics Lab., The Hauge.

Dirksen C., Dasberg S., 1993. Improved calibration of Time Domain Reflectometry soil water con-
tent measurement. Soil Sci. Soc. Am. J. 57, 660-667.

Dobrowolski J. A., 2001. Technika wielkich czgstotliwosci. Oficyna Wydawnicza Politechniki
Warszawskiej, str.21, Warszawa.

Dobson M.C., Ulaby F.T., Hallikainen M.T., EI-Rayes M.A., 1985. Microwave dielectric behaviour
of wet soil - Part Il: Dielectric mixing models. IEEE Transactions on Geoscience and Remote
Sensing, GE-23, 35-46.

Drwal G., Grzymkowski R., Kapusta A., Stota D., 2000. Mathematica 4. Pracownia Komputerowa
Jacka Skalmierskiego.

Easy Test 2004. Soil water status monitoring devices. Institute of Agrophysics PAS, Lublin.

Friedman S.P, Robinson D., 2002. Particle shape characterization using angle of repose measure-
ments for predicting the effective permittivity and electrical conductivity of saturated granular
media. Water Resour. Res., 38(11), 1-11.

Fellner-Feldegg H., 1969. The measurement of dielectrics in Time Domain. The Journal of Physical
Chemistry, 73, 616-623.

Gajda G.B., Stuchly S.S., 1983. Numerical Analysis of Open-Ended Coaxial Lines. IEEE Trans.
Microwave Theory and Tech., vol. MTT-31, 380-384.

Gardner C.M.K, Bell J.P., Cooper D., Dean T.J., Hodnett M.G., 1991. Soil Water Content. Soil
Analysis — Physical Methods (edited by Smith K.A., Mullins C.E.). Marcel Dekker, Inc. New
York, 1-73.

Gaskin G.J., Miller J.D., 1996. Measurement of soil water content using a simplified impedance
measuring technique. J. Agr. Engng Res., 63, 153-160.

Ghannouchi F.M., Bosisio R.G., 1989. Measurement of microwave permittivity using a six-port
reflectometer with an open-ended coaxial line. IEEE Trans. Instrument. Meas., vol. 38, no.2,
505-508.



82

Glinski J., Ostrowski J., Stgpniewska Z., Stgpniewski W., 1991. Bank soil samples representing the
Polish mineral soils (in Polish). Problemy Agrofizyki, 66, 1-57.

Golio M., 2001. The RF and Microwave Handbook. CRC Press LLC.

Gupta S.C, Hanks R.J., 1972. Influence of water content in electrical conductivity of the soils. Soil
Science Society of America Proceedings, 36, 855-857.

Hasted J.B., 1973. Aqueous Dielectrics. Hapman and Hall, London.

Heimovaara T.J., 1993. Design of triple-wire Time Domain Reflectometry probes in practice and
theory. Soil. Sci. Soc. Am. J., 57, 1410-1417.

Heimovaara T.J., 1994. Frequency domain analysis of time domain reflectometry waveforms, 1—
Measurement of the complex dielectric permittivity of soils. Water. Res. Res., 30, 189-199.
Hilhorst M.A., Dirksen C., 1994. Dielectric water content sensors: time domain versus frequency
domain. Symposium and Workshop on Time Domain Reflectometry in Environmental, Infrastruc-

ture and Mining Applications, Northwestern University, Evanston, Illinois, SP19-94, 23-33.

Horowitz P., Hill W., 1997. Art of Electronics (in Polish). Cze$¢ 1, 2 WKL Warszawa.

1SO 16586, 2003. Soil quality. Determination of soil water content as a volume fraction on the basis
of known dry bulk density. Gravimetric method.

Kerr Y.H., 2007. Soil moisture from space: Where are we? Hydrogeology Journal, 15, 117-120.

Kirkham D., Taylor G.S., 1949. Some tests of a four-electrode probe for soil moisture measure-
ments. Soil. Sci. Am. Proc., Vol. 14, 42-46.

Kraszewski A, Kulinski S, Matuszewski W., 1976. Dielectric properties and a model of biphase
water suspension at 9.4 GHz. Journal of Applied Physics, Vol. 47, No. 4, 1275-1277.

Logsdon S.D., 2005. Soil dielectric spectra from vector network analyser data. Soil Sci. Soc. Am. J,
69, 983-989.

Nelson S.O., 2005. Dielectric spectroscopy in agriculture. Journal of Non-Crystalline Solids, 351,
2940-2944.

Malicki M.A., Plagge R., Roth. C.H., 1996. Reduction of soil matrix effect on TDR dielectric mois-
ture determination by accounting for bulk density or porosity. European J. of Soil Science, vol.
47, 3, 357-366.

Malicki M.A., Skierucha W., 1989. A manually controlled TDR soil moisture meter operating with
300 ps rise-time needle pulse. Irrigation Science, 10, 153-163.

Malicki M.A., Walczak R.T., 1999. Evaluating soil salinity status from bulk electrical conductivity
and permittivity. European J. of Soil Science, 50, 505-514.

Malicki M.A., 1993. The influence of physical soil properties on the electrode|soil parameters in the
aspect of the measurement of soil moisture and salinity. Habilitation Thesis, Acta Agrophysica,
Instytute of Agrophysics Polish Academy of Sciences, Lublin (in Polish).

Marshall, T.J, Holmes J.W., 1979. Soil physics (eds.). Cambridge University Press. Cambridge.

Nadler A., 1981. Field application of the four-electrode technique for determining soil solution
conductivity. Soil Sci. Soc. Am. J., 45, 30-34.

Nowakowski W., 1982. Basic electronic circuits. Pulse circuits (in Polish). Wydawnictwo Komuni-

kacji i Lacznosci, Warszawa, pp.152.

O’Connor K.M., Dowding C.H., 1999. Geomeasurements by pulsing TDR cables and probes. CRC
Press.

Operating Manual, Vector Network Analyser ZVR/ZVRE/ZVRL. Rohde&Schwarz, 2001.



83

Oscik J., 1983. Adsorption (in Polish). PWN. Warszawa.

Osiowski J., Szabatin J., 2006. Fundamentals of circuit theory (in Polish). Tom 3, ISBN: 83-204-
2911-0 WNT.

Or D., Wraith J.M., 1999. Temperature effects on soil bulk dielectric permittivity measured by time
domain reflectometry: A physical model. Water Res., 35, No.2: 371-383.

Pratap R., 2007. Matlab 7 for scientists and engineers (in Polish). PWN.

Rhoades J.D., Raats P.A., Prater R.J., 1976. Effects of liquid-phase electrical conductivity, water
content and surface conductivity on bulk soil electrical conductivity. Soil Science Society of
America Journal, 40, 651-655.

Robinson D.A., Jones S.B., Wraith J.M., Or D. Friedman S.P., 2003. A review of advances in di-
electric and electrical conductivity measurement in soils using Time Domain Reflectometry.
Vadose Zone Journal, 2, 444-475.

Roth K., Schulin R., Fliihler H., Attinger W., 1990. Calibration of Time Domain Reflectometry for
water content measurement using a composite dielectric approach. Water Resour. Research, 26,
2267-2273.

Saed M.A., Riad S.M., Elshabini-Riad A., 1989. Wide-band measurement of the complex permittiv-
ity of dielectric materials using a wide-band cavity. IEEE Trans. on Instrumentation and Mea-
surement, 38(2) 488-495.

Sheen N.I., Woodhead 1.M., 1999. An open-ended coaxial probe for broad—band permittivity mea-
surement of agricultural products. J. agric. Engng Res., 74, 193-202.

Skierucha W., 1996. The dependence of the propagation velocity of electromagnetic wave in the soil
on the soil selected properties. PhD Thesis. Instytute of Agrophysics Polish Academy of
Sciences, Lublin (in Polish).

Skierucha W., Malicki M.A., 2004. TDR Method for the measurement of water content and salinity
of porous media. ISBN 83-87385-95-6. Lublin.

Skierucha W., Walczak R., Wilczek A., 2004. Comparison of Open—Ended Coax and TDR sensors
for the measurement of soil dielectric permittivity in microwave frequencies. Int. Agrophysics,
18, 355-362.

Skierucha W., Wilczek A., Walczak R., 2006. Recent software improvements in moisture (TDR
method), matric pressure, electrical conductivity and temperature meters of porous media. Int.
Agrophysics, 20(3), 229-235.

Skierucha W., 2005. Wptyw temperatury na pomiar wilgotnosci gleby metoda reflektometryczna.
Acta Agrophysica, no. 122.

Sposito G., Prost R., 1982. Structure of water adsorbed on smectites. Chem. Rev., 82, 553-572.

Steru M., 1959. Electrical control of water content of materials (in French). Measures & Contréle
Industriel., 24, 33-38.

Stuchly M.A., Stuchly S.S., 1980. Coaxial line reflection methods for measuring dielectric proper-
ties of biological substances at radio and microwave frequencies — a review. IEEE Trans. on In-
strumentation and Measurement, vol. IM-29, no.3, 176-182.

Stuchly S.S., Sibbald C.L., Anderson J.M., 1994. A new aperture admittance model for open-ended
waveguides. IEEE Trans. Microwave Theory and Tech., vol. 42, 192-198.

Table of dielectric dispersion data for pure liquids and dilute solutions. National Bureau of Stan-
dards Circular 589 Washington, DC, 1958.



84

Topp G.C., Davis J.L., Annan A.P., 1980. Electromagnetic determination of soil water content:
Measurements in coaxial transmission lines. Water Resources Research, vol. 16, 574-582.

Topp G.C., Yanuka M., Zebchuk W.D., Zegelin S., 1988. Determination of electrical conductivity
using Time Domain Reflectometry: soil and water experiments in coaxial lines. Water Re-
sources Research, 24, 945-952,

Turski R. (ed.), 1993. Pedology. Exercises for students of agriculture (in Polish). University of
Agriculture in Lublin.

User Manual for the SM200 Soil Moisture Sensor. Delta-T Devices Ltd. 2006.

User Manual, ThetaProbe Soil Moisture Sensor type ML2x, v1.21, 1999.

US Salinity Laboratory, 1954. (ed. Richards, L.A.) Diagnosis and Improvement of Saline and Alkali
Soils. US Dept. Of Agriculture Handbook No. 60.

Veldkamp E., O'Brien J.J., 2000. Calibration of a Frequency Domain Reflectometry sensor for
humid tropical soils of volcanic origin. Soil Sci. Soc. Am. J., 64, 1549-1553.

Walker J.P., Houser P.R., Willgoose G.R., 2004. Active microwave remote sensing for soil mois-
ture measurement: a field evaluation using ERS-2. Hydrol. Process, 18, 1975-1997.

Wang J.R., Schmugge T.J., 1980. An empirical model for the complex dielectric constant of soils as
a function of water content. IEEE Trans. Geosci. Remote Sensing., GE-18, 288-295.

Whalley W.R., 1993. Considerations on the use of time-domain reflectometry (TDR) for measuring
soil water content. Journal of Soil Science, 44, 1-9.

White 1., Zegelin S.J., Topp G.C., Fish A., 1994. Effect of bulk electrical conductivity on TDR
measurement of water content in porous media. Special Publication SP 19-94. Symposium and
Workshop on TDR in Environmental, Infrastructure, and Mining Applications. Northwestern
University, Evaston, USA.

Whitney M., Gardner F., Briggs L.J., 1897. An electrical method of determining the moisture con-
tent of arable soils. U.S. Dept. Agr., Div. Soils, Bull. 6.

Wright J.M., Or D., 1999. Temperature effects on soil bulk dielectric permittivity measured by time
domain Reflectometry: Experimental evidence and hypothesis development. Water Res. Res.,
35, No.2: 361-369.

Yan-Zhen Wei, Sridhar S., 1989. Technique for measuring the frequency dependent complex dielec-
tric constants of liquids up to 20 GHz. Rev. Sci. Instrum. 60, 3041-3046.

Zegelin S.J., White 1., Jenkins D.R, 1989. Improved field probes for soil water content and electrical
conductivity measurement using Time Domain Reflectometry. Water Res. Res., 25, No.11:
2367-2376.



85

8. SUMMARY

The study explores methodology of soil moisture and salinity measurement
based on FDR frequency domain reflectometry technique. As compared to the
TDR time domain reflectometry this technique has potential possibility of wider
application by building more economical measurement devices. The fundamental
part of the study concerns the design of two-rod probes and methodology allow-
ing to obtain the frequency spectrum of soil complex dielectric permittivity. Es-
pecially interesting were results of frequency dependent correlation between vo-
lumetric water content of soil measured by thermogravimetric method and the
soil refractive index. The results confirmed the advantage of using high frequen-
cies of signal on the measurement selectivity of the real part of soil dielectric
permittivity. It was found that the results obtained for low frequencies were de-
pendent on soil salinity. The obtained results of imaginary part of dielectric per-
mittivity allow to calculate soil salinity by using salinity index. The measured
data of moisture and salinity of investigated soils determined by FDR technique
were comparable with the corresponding ones determined by TDR technique.
Moreover, the measurement of frequency spectrum of complex dielectric permit-
tivity give possibility to evaluate other physical parameters of soil, for example
the volume fraction of bound water.

Keywords: agrophysics, dielectric permittivity, reflectometry, soil moisture,
soil salinity

9. STRESZCZENIE

WPLYW WILGOTNOSCI I ZASOLENIA GLEBY
NA JEJ PRZENIKALNOSC ELEKTRYCZNA

Praca podejmuje badania nad metodyka pomiaru wilgotnosci i zasolenia gleby
w oparciu o technike reflektometrii w dziedzinie czestotliwosci (FDR - frequency
domain reflectometry). W odréznieniu od techniki reflektometrii w dziedzinie
czasu (TDR — time domain reflectometry) metoda FDR ma potencjalne mozliwo-
$ci szerszego zastosowania poprzez zbudowanie tanszych urzadzen pomiarowych.
W pracy przedstawiono opracowane sondy i metodyke pomiaru widma czestotli-
wosciowego zespolonej przenikalnosci dielektrycznej gleby. Szczegolnie intere-
Sujace okazaty si¢ wyniki badan wpltywu czgstotliwosci sygnatu pomiarowego na
korelacje pomigdzy wilgotnoscia objgtosciowa probek wyznaczona metoda gra-
wimetryczng 1 wspotczynnikiem zatamania. Wyniki potwierdzity korzystny
wplyw zastosowania wysokiej czestotliwosci sygnatu pomiarowego na selektyw-
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no$¢ pomiaru czesci rzeczywistej przenikalnosci dielektrycznej i w konsekwencji
wilgotno$ci objetosciowej gleby. Wykazano réwniez, ze pomiary uzyskane dla
niskich czgstotliwosci podatne sa na wplyw zasolenia badanych gleb. Stwierdzo-
no, ze uzyskane wyniki pomiardow cze$ci urojonej przenikalnosci dielektrycznej
pozwalaja na wyznaczenie zasolenia gleby z wykorzystaniem wskaznika zasole-
nia. Wykazano, ze wyniki pomiaru wilgotno$ci i zasolenia badanych gleb wyzna-
czone opracowang metoda FDR sa porownywalne z odpowiednimi wyznaczony-
mi metoda TDR. Dodatkowo, dzigki pomiarom widma czgstotliwo$ciowego ze-
spolonej przenikalnosci dielektrycznej stwarzane sa mozliwosci do oceny innych
parametrow fizycznych gleby, np. ilosci wody zwiazane;.

Stowa kluczowe: agrofizyka, przenikalno$¢ elektryczna, reflektometria, wil-
gotno$¢ gleby, zasolenie gleby



Address of Authors:

Andrzej Wilczek

Wojciech Skierucha

Agnieszka Szyplowska

Institute of Agrophysics Polish Academy of Sciences
ul. Doswiadczalna 4, 20-290 Lublin

e-mail: awilczek@ipan.lublin.pl

Adresy Autorow:

Andrzej Wilczek

Wojciech Skierucha

Agnieszka Szyplowska

Instytut Agrofizyki im. Bohdana Dobrzanskiego PAN
ul. Do$wiadczalna 4, 20-290 Lublin

e-mail: awilczek@ipan.lublin.pl

87


mailto:awilczek@ipan.lublin.pl
mailto:awilczek@ipan.lublin.pl

	Monografia_wilczek- szcz.pdf
	1. INTRODUCTION
	2.    ELECTRICAL METHODS OF MEASUREMENT OF POROUS MATERIAL PROPERTIES
	2.1. Dielectric permittivity
	2.2. Electrical measurement of soil water content
	2.3. Electrical measurement of soil salinity 
	 2.4. Basics of TDR technique
	2.5. General idea of the TDR measurements
	2.6. Calibration of TDR soil water content measurement
	2.7. The influence of soil electrical conductivity on the soil water content values measured by TDR method
	2.8. Measurement of the spectrum of complex permittivity of porous materials in frequency domain  – FDR method
	2.9. Open-ended coaxial probe
	2.10. Multi-rod probe  
	2.11. Index of soil salinity

	3. DIELECTRIC MODELS
	3.1. Debye's model
	3.2. Evaluation of dielectric mixing models of mineral soils

	4. MODELS DESCRIBING MEASUREMENT PROBES IN BROADBAND  FREQUENCY DOMAIN
	4.1. Coaxial open-ended probe modeled as a two-terminal-pair network type T
	4.2. Probe rods as a lossy capacitor ( capacitance model C0
	4.3. Impedance model  Zf, Z0

	5.  MEASUREMENT AND CALIBRATION METHODS IN BROADBAND FREQUENCY DOMAIN
	5.1. Configuration of vector network analyser
	5.2. Two-rod measurement probes
	5.3. Method of calibration of two-rod probe with two-terminal-pair network type T( model T_Z0 
	5.4. Probe rods as a lossy transformer of impedance ( model TT  
	5.5. Mathematical analysis of lossy transformer of impedance
	5.6. Calibration of lossy transformer of impedance with two-terminal-pair network type T  
	5.7. Software for calibration and for determination of measurement results
	5.8. Validation of the model
	5.9. Comparison of results obtained with various models
	5.10. Effect of measurement signal frequency on measurement of refractive index
	5.11. Correlation between volumetric moisture of soil samples determined with the gravimetric method and the refractive index  
	5.12. Accuracy of measurement of the real component of dielectric permittivity and the salinity of soil samples
	5.13. Measurement of salinity based on the imaginary component 
	of dielectric permittivity of soil, determination of salinity index 

	6. CONCLUSION
	7. REFERENCES 
	str2-197.pdf
	Rada Redakcyjna
	Adres redakcji



