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Abstract

Efficient irrigation and fertilization, early detection of landslide risks, the moni-
toring of soil remediation processes and many other issues of soil physics require
knowledge of the spatial water content distribution in the soil. Established soil wa-
ter content measurement methods can only partially deliver the information needed.
This work focussed on the improvement of the time domain reflectometry (TDR)
method.
TDR probes consisting of one conducting rod and a wave mode converter are an
alternative configuration which overcomes some of the disadvantages of conven-
tional two-rod probes. Four different single-rod probes and a two-rod probe were
examined for sensitivity to a small and a large conductive scatterer in their vicin-
ity. The single-rod probeswere assembled combining a small/large wave mode
converter with an uncoated/coated rod. It was found that the volume sampled by
single-rod probes is larger and more symmetrical than the volume sampled by a
two-rod probe of equal size. A comparison of the mode converters showed a higher
loss for the smaller converter but only a small difference concerning the spatial sen-
sitivity. Coating the conducting rod with a high dielectric constant material reduces
the spatial sensitivity. One of the single-rod probes and the two-rod probe were
calibrated in a sand tank (particle size 0.08-0.2 mm) with volumetric water con-
tent up to 0.35 m3m−3. The calibration showed only small differences between the
single-rod and the two-rod probe regarding the measured bulk dielectric constant.
TDR profile reconstruction algorithms reconstruct the water content along the probe
from the recorded TDR trace. Available algorithms are restricted to specific soil
classes. The more general approach of a multi-layer soil model with Debye para-
meters allows the inclusion of knowledge about the soil matric and the soil-water
exchange processes. The establishment of a relationship between local water con-
tent and pore water conductivity allowed the development of a profile reconstruc-
tion algorithm for this model. The new method is fast (a few minutes on an average
laptop) and converges well for the laboratory tested case of a sand column with
variable water content. In a field experiment, the correct water content profile was
indicated without any further knowledge of the pore water conductivity.
Coplanar strips (CPS) attached horizontally to a container wall are an advantageous
alternative TDR probe setup for laboratory column experiments. Contrary to con-
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ventional two-rod probes protruding through the container wall into the column,
CPS probes do not interfere with the medium in the container. A typical example
for a CPS probe was studied theoretically and experimentally. 2-D field simulations
allowed the establishment of a relationship between the measured apparent dielec-
tric constant and the water content in the proximity of the CPS. Experiments with
a sand column with variable water content confirmed these calculations. In princi-
ple, CPS conduct a different electromagnetic wave mode than protruding two-rod
probes, but this difference was found to be negligible in the studied case.



Zusammenfassung

Effizientes Bewässern und Düngen, frühzeitiges Erkennen von Erdrutsch-Risiken,
Überwachen von Bodensanierungs-Prozessen und viele weitere Themen in der Bo-
denphysik verlangen Wissen über die räumliche Wassergehaltsverteilung im Bo-
den. Etablierten Methoden für die Wassergehaltsmessung können dabei nur par-
tiell die benötigten Informationen liefern. Diese Arbeit konzentrierte sich auf die
Verbesserung der Time Domain Reflectometry (TDR) Methode.
TDR Sonden, die aus einem leitfähigen Stab und einem Wellen-Mode-Konverter
bestehen, stellen eine alternative Konfiguration dar, die einige Vorteile gegenüber
konventionellen Zweistabsonden aufweist. Vier verschiedene Einstabsonden und
eine Zweistabsonde wurden bezüglich ihrer Empfindlichkeit auf ein kleines und
ein grosses Metallobjekt in der Umgebung der Sonde untersucht. Die Einstabson-
den wurden zusammengesetzt, indem ein kleiner/grosser Wellen-Mode-Konverter
und ein beschichteter/unbeschichteter Stab kombiniert wurden. Es stellte sich her-
aus, dass das Messvolumen einer Einstabsonde grösser und symmetrischer ist,
als das einer Zweistabsonde vergleichbarer Grösse. Ein Vergleich der Moden-
Konverter zeigte einen höheren Konversionsverlust für den kleineren Konverter,
aber die Differenz bezüglich der Empfindlichkeit war gering. Die Beschichtung
des leitfähigen Stabes mit einem Material mit hoher Dielektrizitätszahl reduzierte
die Empfindlichkeit. Eine der Einstabsonden und eine Zweistabsonde wurden in
einem Sandtank (Partikelgrösse 0.08-0.2 mm) mit volumetrischem Wassergehalt
bis 0.35 m3m−3 kalibriert. Die Kalibration ergab nur kleine Differenzen zwischen
der Einstabsonde und der Zweistabsonde, was die gemessene Dielektrizitätszahl
des Mediums betrifft.
Algorithmen zur Profilrekonstruktion mit TDR rekonstruieren den Wassergehalt
entlang der Sonde von einer aufgezeichneten TDR Kurve. Verfügbare Algorithmen
sind beschränkt auf gewisse Bodentypen. Der allgemeinere Ansatz eines Boden-
modells mit mehreren Schichten, die durch Debye Parameter beschrieben werden,
erlaubt, Wissen über die Bodenmatrix und die Matrix-Wasser Austauschprozesse
einzuschliessen. Das Aufstellen einer Beziehung zwischen lokalem Wassergehalt
und Porenwasser-Leitfähigkeit ermöglichte die Entwicklung eines Rekonstruktion-
salgorithmus’ für dieses Modell. Die neue Methode ist schnell (einige Minuten auf
einem gewöhnlichen Laptop) und konvergierte gut für das Beispiel einer Labor-
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Sandsäule mit variablem Wassergehalt. Für ein Feldexperiment wurde das Wasserge-
haltsprofil dem Trend nach korrekt angezeigt, ohne weiteres, verfügbares Wissen
über die Porenwasserleitfähigkeit.
Koplanare Streifen, welche horizontal an Wänden von Tanks angebracht werden,
stellen eine vorteilhafte, alternative Konfiguration für Säulenexperimente im Labor
dar. Im Gegensatz zu konventionellen Zweistabsonden, die durch die Tankwand in
die Säule hineinragen, interferieren Sonden aus koplanaren Streifen nicht mit dem
Medium im Tank. Ein typisches Beispiel für eine Sonde aus koplanaren Streifen
wurde theoretisch und experimentell studiert. Zweidimensionale Feldberechnun-
gen erlaubten, eine Beziehung zwischen der gemessenen Dielektrizitätszahl und
dem Wassergehalt in der Sondennähe herzustellen. Experimente mit einer Sandsäule
mit variablem Wassergehalt bestätigen diese Berechnungen. Im Prinzip führt eine
koplanare Streifen-Sonde einen anderen elektromagnetischen Mode als Zweistab-
sonden, die ins Medium hineinragen, aber im studierten Fall ergab sich nur ein
vernachlässigbarer Unterschied.



Chapter 1

Introduction

Due to rainfall and subsurface flow, the local soil water and air content are the
dynamically varying state variables of the vadoze zone, that is the partly unsat-
urated region between the ground water table and soil surface. The local water
content governs many important aspects in the agricultural practice, e.g. plowing
time, fertilizer application or irrigation scheduling, and is critical for the stability
of slopes, desalinisation, soil remediation and construction work. Current mea-
surement methods, which are presented below, have - as all measurements - some
imitations. There is a wide-spread interest for the improvement of such methods.
This dissertation focusses on the improvement of soil moisture determination with
time domain reflectometry (TDR). Chapter 2 renders new insights about the single-
rod time domain reflectometry probe (SRP), introduced by Oswald et al. (2004).
Chapter 3 presents a new algorithm for the spatial reconstruction of the soil water
content from two-rod probe measurements, where a two-rod probe (TRP) is in-
stalled vertically into the soil. Chapter 4 is dedicated to a laboratory measurement
technique, where two-rod probes inserted into a measurement tank are replaced
by coplanar metal strips (CPS) attached to the tank wall. The following sections of
chapter 1 cover the basics of soil water content measurements including a summary
of elementary electromagnetics.

1.1 Soils and water

Soil as a typical porous medium is in the most simple model a composite of three
phases: the solid soil matrix, liquid soil water, and gaseous soil air. The rigid solid
soil matrix consists predominantly of mineral particles. Pore water encompasses
water and dissolved chemicals. Soil air may have different compositions, but is
generally inert. If the soil air is completely displaced by pore water, it is saturated,
else the soil is unsaturated. The effective saturation, Se, is expressed as a function
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of θ, the volumetric water content:

Se =
θ−θr

θs −θr
Saturation [m3m−3] (1.1)

where θs is the volumetric water content at saturation and θr is the residual vol-
umetric water content. It is often experimentally found that the maximum water
content is smaller than the porosity. This is caused by air entrappment and the
presence of very large pores which drain so rapidly that they cannot be saturated.
The residual water content on the other hand is usually attributed to strongly sorbed
water.
With the volume of soil water, Vw, and the volume of soil air, Va, the total volumetric
pore space in the rigid soil model is V0 = Vw +Va and the volumetric fractions of
the two fluid phases are

θ =
Vw

V0
Volumetric water content [m3m−3] (1.2)

η =
Va

V0
Volumetric air content [m3m−3] (1.3)

with θ, the volumetric water content, and with η, the volumetric air content. The
porosity φ of the soil is equal to the sum

φ = θ+η Porosity [m3m−3] (1.4)

The density of the solids is ρr (soil mass per volume of solids). The bulk density
ρs (soil mass per bulk soil volume including pore space) is

ρs = ρr(1−φ) Bulk density [kg m−3] (1.5)

With the mass density of the fluid phase ρw, the gravimetric water content θg can
be determined:

θg =
ρw

ρs
θ Gravimetric water content [kg kg−1] (1.6)

Cohesion of water (mutual attraction of fluid molecules) and especially adhesion
(attraction of water molecules by solid surface) varies considerably in soils. The
usually hydrophilic grain surfaces adsorb water molecules due van der Waals and
electrostatic forces as well as due to hydrogen bonds. These water molecules are
firmly bound at the surface (Stern, 1924). The thickness of the adsorbed water
film depends on numerous factors such as temperature and vapor pressure in the
soil, type of solids, amount of clay content, surface charge of the particles and
cation allocation. In grainy materials, e.g. sand, the portion of adsorbed water is
negligibly small.
Adsorption and desorption of soil water is a dynamic process. Menisci conecting
adsorbed water of neighboring particles are formed by cohesive forces in the soil
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pores, similarly as in cylindrical capillaries. The higher the water content of a soil,
the more the capillary water outweighs the adsorbed water. Since the interaction
between matrix and molecules of the water phase decreases rapidly with distance,
the total energy of the pore water becomes dominated by forces between its mole-
cules and by gravity.
In order to extract soil water in the course a drying process, forces must be applied
against the binding connections. Since the connection strength is usually not di-
rectly measurable, an energy consideration is adopted to analyze the system. The
potential is defined as the work, which is necessary, to transport a unit quantity
of water in a force field from a given point to a point of reference. Water moves
from points of higher potential to points of lower potential, until the difference of
potential is vanished. The total potential ψw can be split up into partial potentials:

ψw = ψg +ψs +ψtp Total potential [kg m−1s−2] (1.7)

The gravitation potential ψg describes the influence of the force of gravity on the
soil water. The osmotic potential ψs measures the energy density required to add
dissolved molecules. The tensiometer pressure potential ψ tp is the energy density
which is needed to add or remove soil water (including the dissolved molecules) in
an isothermally, reversible way. This potential is the sum of the effects of surface
adsorption, surface tension, air pressure, and hydrostatic pressure.
In the important special case of a rigid, unsaturated soil at constant air pressure,
the only component of the tensiometer pressure potential is the energy required
to remove water from the porous matrix to a free water state at a given elevation.
Since this potential is solely determined by the soil matrix it is called the matric
potential ψm, and in this special case

ψtp = ψm (1.8)

Instead of the matric potential, the matric head may be used, which is defined as

h =
ψm

ρwg
Matric head [m] (1.9)

with the gravitation constant g.
The soil water characteristic is defined as the relation between the matric potential
ψm and the volumetric water content θ. Since this relationsship is hysteretic, the
desorptive curve θd(ψm), obtained by slowly and monotonically removing the wa-
ter from an initially water saturated soil, is not identical to the the adsorption curve
θa(ψm) obtained by the reverse process.
Air can only enter the porous medium after the matric potential has dropped below
the air-entry value ψ0

m, which is determined by the largest pore at the surface of the
soil. The decrease of the water content with increasingly negative matric potential
is irregular, once air has entered the porous medium. Discontinuities result when
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Figure 1.1: Soil water characteristics for the three sand types specified in Table 1.1.

pores are connected to the surface through thin channels. In these channels, a
process, which is similar to the air entry into the entire medium, occurs.
The soil water characteristic is usually parametrized with Van Genuchten’s equation

Se(h) = (1+(−αh)n)−m (1.10)

where α, n and m are positive parameters. The parametrization is often simplyfied
by choosing

m = 1−1/n (1.11)

which results in
Se(h) = (1+(−αh)n)−1+1/n (1.12)

Assumption 1.11 allows to explicitly express h as h(Se) which is required for solv-
ing the local mass balance equation. Given a set of pairwise measurements of θ and
ψm, these parameters are chosen such that the deviation between S e(h) and the set
of measured points is a minimum. The soil water characteristic is then described
by the paramters θs,θr,α,n and eventually m.
The parameters for some quartzsands of different particle size are presented in Ta-
ble 1.1 and their soil water characteristic is plotted in Figure 1.1.
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Table 1.1: Van Genuchten parameters for some sand types (unpublished, data by Lehmann,
P., Institute of Terrestrial Ecology, ETHZ ).

Sand type fine medium coarse
Grain diameter range [µm] 80-200 100-500 300-900
θs 0.35 0.32 0.32
θr 0.00 0.02 0.02
α [1/cm] 0.0196 0.0364 0.0631
n 6.63 9.19 12.0

1.2 Soil water content measurement methods

Soil water content can be measured directly or indirectly. Direct methods are those,
where the water of the sample is removed and measured by evaporation, extraction
or chemical reaction. Indirect methods are based on physical characteristics, which
are influenced by soil moisture. A calibration function then relates the measured
quantity to the soil water content.
The most accurate method for the measuring the water content is to determine of the
weigth loss by drying, termed gravimetric procedure. This procedure serves usually
as a reference method, to which other methods are compared. A soil sample is taken
in the field, weighed, oven-dried at 105 ◦C for 24 hours, and weighted again. The
weight loss related to initial sample mass is the gravimetric water content θg. The
main drawback of this method is the destructive sampling. An observation of water
content changes over the time is practically not possible, except in case of spatially
dense and intense sampling. The procedure is time and labor intensive and depends
on the temperature distribution and air humidity in the furnace and on the sample
container.
The most common indirect methods are time domain reflectometry, frequency do-
main reflectometry and resistivity measurements. They are based on the effect, that
soil water heavily influences the electric and dielectric properties of soils. These
methods are described in detail in the following sections. Their advantages are
a fast measurement process with accurate estimation of water content except for
the resistivity method and the possibility of automated measurements. Disadvanta-
geous are the cost of the equipment, the invasive character and a limited sampling
volume. As these methods are wide-spread, any improvements in this field would
have a large impact.
Alternatively, methods using radioactive sources, e.g. the fast neutron moderation
and gamma ray attenuation, can be used. The neutron probe allows volumetric
water content measurements, the gamma probe allows for density measurements
and direct gravimetric measurement of soil water content. The drawbacks of these
two methods are high costs and radiation safety concerns.
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Remote sensing technologies as passive microwave remote sensing or ground pen-
etrating radar may be used to measure soil water content. These non-invasive,
larger-scale methods have the draw back of high equipment cost. The quantitative
determination of soil water content from such measurements has not been routinely
established yet.

1.3 Electrical characteristics of soils

This work focuses on measuring water content with time domain reflectometry, an
indirect method which relies on determining soil electrical properties. Electromag-
netic characteristics of materials are described by the constituive parameters, per-
mittivity ε, permeability µ, and zero-frequency conductivity σ. For stationary elec-
tromagnetic conditions the frequency dependance can be expressed by the complex
permittivity ε and permeability µ

ε = ε′ − jε′′ complex permittivity [As/Vm] (1.13)

and µ = µ′ − jµ′′ complex permeability [Vs/Am] (1.14)

If the permittivity and permeability of a material are normalized with respect to the
permittivity and permeability of vacuum, ε0 and µ0, respectively:

κ =
ε
ε0

= κ′ − jκ′′ relative permittivity (1.15)

µrel =
µ
µ0

= µ′rel − jµ′′rel relative permeability (1.16)

(1.17)

The conductivity σ is associated with the zero-frequency current. Losses due to
polarization and due to conduction cannot be distinguished, as they are in-phase
and are measured together. An “effective” imaginary permittivity can be defined as

κ′′eff = κ′′ +
σ
ε0ω

effective imaginary permittivity (1.18)

The ratio between κ′′
eff and κ′ is called the loss tangent:

tanδ =
κ′′eff

κ′
loss tangent (1.19)

1.3.1 Magnetic permeability

Permeability values for selected substances are presented in Table 1.2. Most soil
constituents are either paramagnetic or diamagnetic. Therefore, from the point of
view of wave propagation, the non-ferromagnetic assumption µ = µ 0 is appropriate
in most cases.



1.3 Electrical characteristics of soils 7

Table 1.2: Real relative magnetic permeability µ′rel of selected materials

Material µ′rel
Diamagnetic, µ′

rel slightly <1
water 0.99991
quartz (SiO2) 0.9999988
kaolinite 0.99999995-1.0000023
Paramagnetic µ′

rel slightly >1
montmorillionite (2.8% FeO, 3% Fe2O3) 1.000026
illite (1.4% FeO, 3.4% Fe2O3) 1.000034
shale 1.000005-1.0015
granite 1-1.004
hematite 1.002-1.003
Ferromagnetic µ′rel >1
iron (commercial) ≈550 (may exceed 6000)
Source: Santamarina et al. (2001)

1.3.2 Electrical conductivity

Most soil minerals exhibit a very low conductivity relative to the conductivity of
the fluid phase, see Table 1.3. The latter is composed of water and ions. It is an
aqueous electrolyte. Hydrated ions are not electrically neutral. They are acceler-
ated in the presence of an electric field up to a terminal velocity, which depends on
the viscosity of the fluid. If the electrolyte is completely ionized, the molar con-
ductivity of the electrolyte is the sum of the molar conductivities of the individual
ions. In general, σel is

σel =∑
i

ciΛi electrolyte conductivity [S/m] (1.20)

where ci [mol/m3] is the concentration and Λi is the molar conductivity of the ith
ion. For a mono-ionic electrolyte

σel = cΛ [S·m2/mol] (1.21)

These equations are restricted to the case, where ion-ion interactions can be ne-
glected, i.e. for low concentrations as those in fresh water environments (Santama-
rina et al., 2001).
In wet soils the conduction occurs within connected pore spaces, influenced by the
porosity and the structure of the pore space. The continuity of the water phase is
critical. Below a certain level of saturation, called the percolation saturation, the
conductivity decreases abruptly (Santamarina et al., 2001).
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Table 1.3: Electrical conductivity of selected materials

Material Conductivity [S/m] Material Conductivity [S/m]
Quartz 5.0·10−15 Oil 10−11

Calcite 10−14 Pure water 10−6

Glass 10−12 Fresh water 10−3

Granite 10−11 Seawater 4
Kaolinite 10−8

Iron 107

Aluminium 3.7·107

Copper 5.9·107

Table 1.4: Conductivity of NaCl solutions (T = 20◦C)

Concentration (mol/L) Conductivity [S/m]
0.01
0.1
4.0

0.12
8.5

22.0

Ions in the counterion clouds near particle surfaces are mobile and can contribute
to the conductivity. Soils with a large specific surface and negative surface charge,
e.g. clays, may therefore exhibit considerable conductivity even when saturated
with deionized water. This additional conduction term is called “surface conduc-
tion”. The broad range of particle shapes and sizes, as well as a high tortuosity in
conduction paths limit the accuracy of physical models describing surface conduc-
tion.
For low ion concentrations and soils with low specific surface an approximate em-
pirical relationsship can be applied to estimate the conductivity:

σel = 0.15 TDS approximate conductivity [mS/m] (1.22)

with TDS, the total amount of dissolved salts in [mg/L], at T = 20 ◦C. Without
considering surface conduction, Archie’s law relates σ el, the porosity φ, the degree
of saturation S = θ/θs to the conductivity σ of the porous medium with a,c and m
as fitting coefficients (m varies between 1 and 2.4, c is generally about 4 to 5)

σ = aσelS
cφm Archie’s law [S/m] (1.23)
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1.3.3 Permittivity

Polarization occurs, when charges are moved out of some equilibrium state, the
amount of polarization, expressed as �P, is equivalent to the vectorial sum of the
nd elementary dipoles �µd in the unit volume. The maximum polarization �P0 is
reached at zero frequency. Because of inertia of the charge carriers, polarization
processes requires time. The polarisation �P is therefore in general not in-phase
with the electric field �E. A frequency-dependent complex permittivity κ= κ ′ − jκ′′
is used to capture both amplitude and phase information:

�P = κε0�E Polarization [As/m2] (1.24)

The spectra of polarization mechanisms have the form of relaxation or resonance.
If the charge is moved against a restoring force, a resonance spectrum results. This
is the case for electronic and ionic polarization. Electronic polarization occurs
in atoms, when the electron cloud is moved out of the equilibrium trajectory by
an applied alternating electric field. The relative displacement is well below one
angstrom. The polarization is resonant at ultraviolet frequencies. Ionic polarization
occurs in molecules, when atoms are moved out of the equilibrium state. Ionic po-
larisation is resonant at infrared frequencies. Resonance polarization can be mod-
eled as a single degree freedom system with a mass, a velocity dependent loss due
to radiation and a spring representing the stiffness of electrical forces. The complex
permittivity follows then as

κ = κ′∞ +
κ′0 −κ′∞

1+2 jν ω
ωres

− ( ω
ωres

)2 (1.25)

where κ′0 and κ′∞ are the real permittivities at frequencies well below and well above
the resonant frequency ωres, and ν represents the damping coefficient. Plotting the
equation in the complex plane of κ, i.e. performing a Cole-Cole plot, results in a
full circle.
In absence of restoring forces, e.g. when they vanish by diffusion or if the system is
severely damped, the material exhibits a relaxation spectrum, which is the case for
molecular, spatial, and double layer polarizations (as explained below). A typical
relaxation equation is then given by Debye (1929):

κ = κ′∞ +
κ′0 −κ′∞
1+ j ω

ωrel

Debye relaxation model (1.26)

where ωrel is the characteristic relaxation frequency, which is the inverse of the
relaxation time τ = 1/ωrel . The Cole-Cole plot of relaxation is a half circle (cf.
Figure 1.2). The intersections with the real axis are at the points κ ′

0 and κ′∞. As the
electromagnetic wave velocity is inversely proportional to the square root of the
real permittivity, relaxation renders anomalous dispersion, which means increase
in velocity with frequency.
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Figure 1.2: Cole-Cole plots of the real, relative permittivity κ′ versus the imaginary, relative
permittivity κ′′ for free water according to the Debye (D), the Cole-Cole (C-C) and the
Davidson-Cole (D-C) model of relaxation.

Soils with their complex structure exhibit multiple relaxation times, which follow a
statistical distribution. Modifications to Debye’s equation capture this effect. Cole
and Cole (1941) introduced a spread in relaxation times with the factor α:

κ = κ′∞ +
κ′0 −κ′∞

1+( jωτ)1−α Cole-Cole relaxation model (1.27)

A skewed spread in relaxation times may be obtained with the Davidson and Cole
Model (Hasted, 1973):

κ = κ′∞ +
κ′0 −κ′∞

(1+ jωτa)α
Davidson-Cole relaxation model (1.28)

where τa is the characteristic value in the distribution of relaxation times and α
shifts the semi-circle from the x-axis and reflects the spread in the relaxation times.
Below the relaxation frequency, the permittivity κ ′

0 is higher than the permittivity at
frequencies above. Ultimately, κ ′

∞ = 1, because of the inertia of the charge carriers.

Orientational polarization

Orientational polarisation occurs, when polar molecules are aligned by an external
electric field. Only very few solids show relevant orientational polarization, as
the movement of molecules is restricted. Orientational polarisation is prominent
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Table 1.5: Real relative permittivity κ′ of selected materials

Material κ′ (upper MHz to GHz)
Quartz 4.2-5.0
Halite 5.7-6.2
Gypsum 5.0-11.5
Calcite 7.7-8.5
Mica 6.0
Water 78.5

in fluids, which consist of polar molecules. The polarity, i.e. the resulting dipole
moment of a molecule depends on the shape of the molecule; the dipole moment
of each bond is added vectorially. For example, the linear O-C-O arrangement
in CO2 results in a non-polar molecule; the opposite situation is the case for the
unaligned hydrogen atoms in H2O. Orientational polarization exhibits relaxation at
microwave frequencies.

Electrolyte polarization

In electrolytes with low concentration, water is involved in hydrating ions, which
results in a lower permittivity than that of free water. However, as the concentration
of ions increases, ion pairs are formed which again increase the dipole moment per
unit volume, and add an additional relaxation term with a longer relaxation time
than that of pure water, according to the magnitude of the dipole moment of the ion
pairs.

Spatial polarisation

Mixtures of constituents with different polarizability and conductivity exhibit spa-
tial polarization as the result of charge accumulations at interfaces. The relaxation
occurs within radio frequencies. Equations for the complex permittivity were first
solved by Maxwell and Wagner. Therefore, spatial polarization is also known as
Maxwell-Wagner interfacial polarization. Wet soils with a high specific surface
(particle surface per volume) are strongly affected by spatial polarization.

The complex permittivity of soils

At low frequencies in the kHz range the permittivity spectrum reflects the compo-
sition of the solid and fluid phases, and their interactions. The effective imaginary
permittivity κ′′eff in wet soils is then usually governed by conductivity losses. Ori-
entational polarization losses start to prevail over conductivity losses at about 100
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MHz. In the upper MHz and in the GHz band the permittivity mainly depends on
the volume fraction of free water (the real relative permittivity of soil constituents
in this frequency range is listed in Table 1.5). Various models were proposed to
express the relationship between permittivity and volumetric water for fresh water
environments in the frequency range f = 108−109 Hz:

κ′ = κ1−φ
m κφS

w Lichtenecker’s geometric mixing (1.29)

with porosity φ, degree of saturation S and κm,κw the relative dielectric constants
of soil matrix and soil water,

κ′ α = (1−φ)καm +θκαw +(φ−θ)καa Roth et al. (1990) (1.30)

with the relative dielectric constant κa of soil air, the volumetric water content θ,
and the geometry factor α=−1...1 (most soils α= 0.46±0.007 according to Roth
et al. (1990)), and the complex, refractive index model

√
κ′ = φ(1−S)+φS

√
κ′w +(1−φ)

√
κ′m Complex refractive index model

(1.31)
For the use of soil water determination, where the fractions are not known, the
empiric relationsship proposed by Topp et al. (1980) has proven to perform well
for bulk densities in the range ρs = 1.35−1.5g/cm3 and low specific surface As =
0−100 m2/g, i.e. for most mineral soils

κ′ = 3.03+9.3 θ+146.0 θ2 −76.7 θ3 (1.32)

for f = 108−109 Hz.
The temperature dependence of the dielectric constant of free water in the MHz and
GHz range was empiricly regressed as

κ′ = 78.54
(
1−4.6 ·10−3(T −25)+1.2 ·10−5(T −25)2−2.8 ·10−8(T −25)3)

with temperature T in ◦C according to Weast (1988). The dielectric constant of free
water changes from κ′ = 86 at T = 5 ◦C linearly down to κ′ = 80 at T = 20 ◦C.

1.4 Electromagnetic waves and transmission lines

Time domain reflectometry relies on electromagnetic wave propagation, which is
summarized in the following sections.

1.4.1 Harmonic electromagnetic waves in a homogeneous medium

Within the assumption of a linear time-invariant material behavior (which is ap-
plicable to soils regarding the high velocity of electromagnetic waves), any discrete
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signal can be Fourier transformed and expressed as the summation of sinusoids. It
is thus sufficient to analyse the stationary case of harmonic field vectors, and the
following complex notation for the electric field vector �E can be applied:

�E(�r,t) = Re
(
�E(�r) e jωt) (1.33)

with �E(�r) = �E0 · e jϕ complex amplitude (1.34)

with the imaginary unit j2 = −1. The magnetic field vector �H becomes:

�H(�r,t) = Re
(
�H(�r) e jωt) (1.35)

with �H(�r) = �H0 · e jϕ (1.36)

If we consider an isotropic, homogeneous medium with complex constitutive para-
meters ε,µ and σ (real-valued), the Maxwell equations are formulated as follows:

∇×�E = − jωµ�H Faraday’s law of induction
∇× �H = jωε�E +σ�E Ampere-Maxwell’s law
∇ · ε�E = ρ Gauss’ law of electricity
∇ ·µ�H = 0 Gauss’ law of magnetism

Assuming no excess free charges ρ = 0. These relations can be rearranged to the
Helmholtz equations

(∆− jωµσ+ω2µε) �E(�r) = 0 (∆− jωµσ+ω2µε) �H(�r) = 0 (1.37)

The Helmholtz equations have solutions of the form

�E(�r) = �E0 e− j�k�r �H(�r) = �H0 e− j�k�r (1.38)

which are traveling waves in the�k direction with full wave number

|k| =
√

k2
x + k2

y + k2
z =

√
ω2εµ− jωµσ Wave number [m−1]

The wave number is complex and thus it can be written as a complex number as
follows:

k = β− jα (1.39)

The variation of the electric field along the propagation direction is then

�E(�r,t) = Re
(
�E0 e−α�r e jωt− jβ�r) (1.40)

where the first exponential describes the attenuation with distance according to
the attenuation coefficient α =-Im(k). On the other hand, β = Re(k) is the phase
constant, describing the velocity of the wave:

v =
ω
β

Wave velocity [m s−1] (1.41)



14 Introduction

For a wave propagating in z-direction we find from Maxwell’s equations

∇×�E = − j�kz ×�E0 = − jωµ�H

and
∇× �H = − j�kz × �H0 = (σ− jωε)�E

This means, that if Ez �= 0 the wave mode must have Hz = 0 and if Hz �= 0 the wave
mode must have Ez = 0. Nonzero values for Ez and Hz, the field components in z-
direction, are mutually exclusive. The case Hz = 0 is called “transverse magnetic”
mode (TM), Ez = 0 is called “transverse electric” mode (TE) and Hz = Ez = 0 is
called “transverse electromagnetic” mode (TEM).
In the case of a TEM wave, where �E and �H lie in the same plane perpendicular to
the propagation direction, an impedance Z of a medium can be defined as the ratio
of the electric to the magnetic field vector, which is simplified due to the Maxwell
equations to

Z =
E
H

= j
ω
|k|µ =

c0√
κ

Impedance [Ω] (1.42)

For non-ferromagnetic materials, the electromagnetic impedance becomes

Z =
c0√

κ′ − j
(
κ′′ + σ

ωε0

) (1.43)

If the medium is loss-less and non-ferromagnetic, then the impedance of the medium
is real, and the fields �E and �H vary in-phase. Finally,

Z = µ0c0 = 377Ω (1.44)

is the characteristic impedance of vacuum.

1.4.2 Wave propagation in layered media

Soils in the vadose zone rarely represent a homogeneous dielectric medium. As
the local water content varies, the spatial electric properties change. Maxwell’s
equations define the boundary conditions, that the electromagnetic fields �E and �H
must fulfill at the interface between two media with different electrical properties.
Condition for the normal component of �E:

ε1E1⊥− ε2E2⊥ = ρs (1.45)

with the amount of free surface charge ρ s at the boundary. If there are no free
charges in the media, the ratio E2⊥/E1⊥ = ε1/ε2 and the normal components of �E
are discontinuous.
Condition for the normal component of �H:
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µ1H1⊥ = µ2H2⊥ (1.46)

The normal components of �H are discontinuous, if the media have different perme-
abilities.
Condition for the tangential component of �E:

E1‖ = E2‖ (1.47)

The tangential component of �E is continuous across the boundary.
Condition for the tangential component of �H:

H1‖ −H2‖ = Jsurf (1.48)

The tangential component of �H is discontinuous across the boundary by the amount
of the surface sheet current that develops along the boundary. If the media have
finite conductivities, then no surface sheet current Jsurf can exist, in this case, the
tangential component of �H is continuous across the boundary.
A vertically layered soil with homogeneous electric properties in horizontal direc-
tion is an often encountered case in the field. For a plane electromagnetic wave
approaching the interfaces between two layers with normal incidence, a part of the
energy is transmitted and part of it is reflected. The resulting fields in the two layers
follow from the boundary conditions as:

(Ei +Er)1‖ = (Et)2‖ (1.49)

(Hi +Hr)1⊥ = (Ht)2⊥ (1.50)

where the subscripts ’i’, ’r’ and ’t’ refer to incident, reflected and transmitted, re-
spectively. These are two equations with four unknowns, Hr,Ht ,Er,Et . However,
the magnetic field and the electric field in each medium are related by the im-
pedance of the medium:

Z1 =
Ei‖
Hi⊥

=
√

µ0

ε1
(1.51)

and

Z2 =
Et‖
Ht⊥

=
√

µ0

ε2
(1.52)

The resulting two equations with two unknowns are solved to obtain:

Er = R Ei, where R =
1− (Z1/Z2)
1+(Z1/Z2)

Reflection coefficient (1.53)

The reflection coefficient R is real-valued in loss-less media.
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1.4.3 Two conductor transmission line

If a two conductor transmission line is embedded in a linear time-invariant dielec-
tric material, any discrete signal can be Fourier transformed and expressed as the
summation of sinusoids. It is sufficient to analyse the stationary case of harmonic
signals, and the following complex notation for the voltage U can be applied:

U(z,t) = Re
(
U(z) e jωt) (1.54)

with U(z) = U0 · e jϕ complex amplitude (1.55)

with the imaginary unit j2 = −1. The current I becomes:

I(z,t) = Re
(
I(z) e jωt) (1.56)

with I(z) = I0 · e jϕ (1.57)

A cylindrical transmission line with a fixed cross-section shape can be modeled as
a lumped circuit with

C′ capacitance per meter [F/m] (1.58)

L′ inductance per meter [H/m] (1.59)

R′ resistance per meter [Ω/m] (1.60)

G′ conductivity per meter [S/m] (1.61)

(1.62)

The telegraph equations, derived from circuit analysis,

∂2U
∂z2 = ( jωL′ +R′)( jωC′ +G′)U

∂2I
∂z2 = ( jωL′ +R′)( jωC′ +G′)I

have solutions of the form

U(z,t) = U0 e±γz I(z,t) = I0 e±γz

which are traveling waves in the ±z direction with the propagation constant

γ =
√

( jωL′ +R′)( jωC′ +G′) Propagation constant [m−1]

The propagation constant is complex and thus it can be written as a complex num-
ber:

γ = α+ jβ (1.63)

The variation of the voltage along the transmission line is

U = U0 e−αz e j(ωt−βz) (1.64)
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where the first exponential describes the attenuation with distance according to
the attenuation coefficient α = Re(γ). On the other hand, β = Im(γ) is the phase
constant, describing the velocity of the wave:

v =
ω
β

Wave velocity [m s−1] (1.65)

The ratio between the amplitudes U and I, derived from circuit analysis, turns out
to be constant for a given frequency:

Zw =
U0

I0
=

√
R′ + jωL′

G′ + jωC′ Transmission line impedance [Ω]

1.4.4 Transmission line protruding a layered media

A transmission line protruding a layered media, where the layers are perpendicu-
larly orientated, can be divided into consecutive, connected transmission line sub
elements with homogeneous dielectric environment. On one of these transmission
line elements, the voltage at a certain location z is

U(z) = Ua +Ub (1.66)

with Ua the complex amplitude of the forward travelling wave, and U b the backward
travelling wave. Similarly the current is

I(z) = Ia − Ib (1.67)

with Ia the complex amplitude of the forward travelling current, and I b the backward
travelling wave, the impedance of the element is

Z =
Ua

Ia
=

Ub

Ib
(1.68)

At the boundary of two transmission line elements no. 1 and no. 2, the voltage is
the same for both elements:

Ua1 +Ub1 = U = Ua2 +Ub2 (1.69)

where as the current must fulfill Kirchhoff’s law of charge conservation, which
becomes

Ia1− Ib1 = Ia2 − Ib2 (1.70)

Assuming a wave incident to the boundary from one side, e.g. from 1, the back-
wards travelling current and voltage of the second element are zero

Ub2 = 0 Ib2 = 0 (1.71)
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The impedance at the boundary is therefore

Ua2

Ia2
= Z2 =

Ua1 +Ub1

Ia1− Ib1
(1.72)

according to the boundary conditions above. This can be modified to

Z2 =
Ua1 +Ub1

(Ua1 −Ub1)/Z1
= Z1

1+Ub1/Ua1

1−Ub1/Ua1
= Z1

1+R
1−R

(1.73)

with the reflection coefficient R defined as the voltage amplitude ratio of the forward-
and backward traveling waves:

R =
Ub

Ua
=

Z2 −Z1

Z2 +Z1
(1.74)

On the other hand, if the transmission line element no. 2 is supposed to be properly
terminated Z3,4,...∞ = Z2, the effective impedance Zin at the input of transmission
line no. 1 with length L becomes

Zin =
Z2 +Z2 tanhγ1L

1+ Z2
Z1

tanhγ1L
(1.75)

according to the impedance transformation formula (Bächtold, 1994). This rela-
tion allows to subsequently concatenate all individual sections up to an equivalent
system input impedance Zin,sys. The reflection coefficient is then

Rsys =
Zin,sys −Zsource

Zin,sys +Zsource
(1.76)

with Zsource the source impedance (usually 50Ω).

1.4.5 Transmission line waves and free waves

The electric and magnetic fields generated by a signal travelling on a two- or mul-
tiple conductor transmission line embedded in a single dielectric correspond to a
valid solution for the Helmholtz equation for free waves, i.e. a special TEM wave.
Because both waves must have the same attenuation and phase constants, the prop-
agation constant is linked to the wave number

γ = α+ jβ = jk (1.77)

therefore
γ =

√
jωσµ−ω2εµ (1.78)

For non-ferromagnetic materials with µ = µ0,ε = ε0(κ′ − jκ′′) and σ:

γ =
ω
c0

√
−κ′+ j

(
κ′′ +

σ
ε0ω

)
=

ω
√
κ′

c0

√
−1+ j tanδ (1.79)
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The term in parentheses is the effective imaginary permittivity κ ′′
eff.

An electromagnetic wave propagates with the phase velocity:

v =
ω

Im(γ)
=

ω
Im

(√
jωσµ−ω2εµ

) (1.80)

The frequency ω remains in the equation, therefore the wave velocity is frequency
dependent. Simplified relations can be obtained for special cases. For example if
the medium is non-ferromagnetic, and polarization losses are much smaller than
conduction losses (κ′′ � σ/ε0ω) then

v =
c0√

1
2

(
κ′ +

√
κ′2 + σ2

ε2
0ω2

) (1.81)

Furthermore, if conduction losses are also ignored, σ = 0, then

v =
c0√
κ′

(1.82)

The averaging of the propagation velocity through a layered media with layers of
thickness L changes depending on the ratio wavelength λ/L (Chan and Knight,
2001). In terms of permittivity, the averaging changes from refractive index aver-
aging to arithmetic averaging with the transition zone occurring at λ/L ≈ 4. For
two layers with dielectric constants κ′

1,κ
′
2 the effective dielectric constant κ′

eff for a
wave, travelling through both media changes as

λ
L ≥ 4 (1.83)√

κ′eff =
ctot

Ltot
=

√
κ′1 +

√
κ′2

2
→ κ′eff =

κ′1 +κ′2
2

(1.84)

Schaap et al. (2003) demonstrated that the refractive index averaging regime is
appropriate for most soils and TDR probe lengths.
The spatial attenuation coefficient is obtained from the propagation constant:

α = Re(γ) = Re
(√

jωσµ−ω2εµ∗ )
(1.85)

For non-ferromagnetic materials and ε = ε0(κ′ − jκ′′), the attenuation coefficient
becomes

α = Re
( ω

c0

√
−κ′+ j

(
κ′ +

σ
ε0ω

))
=

ω
√
κ′

c0

√
1
2

(√
1+ tan2 δ−1

)
(1.86)

Once again, losses are the combination of conduction and polarization. In the case
of a low-loss medium, tanδ� 1 the attenuation coefficient can be simplified to

α =
ω
√
κ′

2c0
tanδ (1.87)
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The impedance for a TEM transmission line can be calculated with quasi-static
field analysis. A TEM mode has no field components in propagation direction.
Therefore, the electromagnetic field distribution in a plane perpendicular to the
transmission line is solely defined by the charges on the conductors in the same
plane. This poses a static, 2-D electromagnetic problem. There are various ways to
solve such problems analytically and numerically (Ramo et al., 1993). In the case
of a two-rod transmission line, the impedance becomes

Z =
120√
κ

arcosh
D
d

[Ω] (1.88)

with conductor diameter d and distance between the centers of the conductors D.

1.4.6 Single conductor waveguide

A single conductor structure can act as as waveguide (Sommerfeld, 1899; Goubau,
1950). It primarily conducts a TM mode with Ez �= 0,Hz = 0 (Stratton, 1941).
Because of the cylindrical symmetry of the guide, Ez can be separated in the form

Ez = R(r)Φ(φ), (1.89)

therefore Eq. 1.37 can be decomposed into

r2 ∂2R
∂r2 + r

∂R
∂r

+(k2
T r2 −n2)R = 0

∂2Φ
∂φ2 +n2Φ = 0. (1.90)

The expression Φ is a harmonic differential equation with solution

Φ(φ) = an cosnφ+bn sinnφ, (1.91)

and the expression in R is a Bessel differential equation. The general solution of
this linear differential equation of second order is expressed by the combination of
two linearly independent partial solutions, e.g. (Abramowitz and Stegun, 1984)

R(r) = aH(1)
n (kT r)+bJn(kT r)

This representation of the general solution is most meaningful from a physical
standpoint of view. The Bessel function J of a real argument corresponds to a
standing wave solution. The Hankel function H relates to a spreading wave, for an

argument in the first quadrant of the complex plane (positive imaginary part), aH (1)
n

describes an outgoing wave (which is exponentially damped).
For kT r in the first quadrant of the complex plane:

Function kT r = 0 kT r < 1 kT r � 1 kT r = ∞(1+ j)
Jn(kT r) 0 like ±(kT r)n like sin(kT r) real-valued

H(1)
n (kT r) −∞ log(kT r) like e−kT r 0
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For a domain including r = 0, and an integer value of n all physically relevant
solutions are of the form R(r) = aJn(kT r) alone. There (may) exist other solutions,
but they are not physical. For a domain extending to r = ∞ all physically relevant

solutions are given by R(r) = aH (1)
n (kT r) because a non-zero field value at infinity

would correspond to infinite power. It is only in a domain excluding 0 and infinity,
where the physical solutions needs both linearly independent solutions as given
above.
The full solution for the general case is

Ez(r,φ) = A0H(1)
0 (kT r)+B0J0(kT r)

+
∞

∑
n=1

(
AnH(1)

n (kT r)cosnφ+BnH
(1)
n (kT r)sinnφ

+CnJn(kT r)cosnφ+DnJn(kT r)sinnφ
)
. (1.92)

An,Bn,Cn,Dn are parameters, n is the mode order.
The fundamental and the only mode of interest is n = 0. The higher modes n > 0
suffer from severe attenuation (Stratton, 1941). Knowing H z = 0 and the func-
tion for Ez all field vector components can be calculated using the formulas given
above. If a coated wire in a homogeneous medium is considered, the solution in
the dielectric domain (subscript “d”) , which does neither include r = 0 nor r = ∞
becomes

Ez,d = Ad
kz

kD
(H(1)

0 (kDr)+adJ0(kDr))e j(ωt−kzz) (1.93)

Er,d = jAd
kz

kD
(H(1)

1 (kDr)+adJ1(kDr))e j(ωt−kzz) (1.94)

Hφ,d = jAd
k2

d

ωµdkD
(H(1)

1 (kDr)+adJ1(kDr))e j(ωt−kzz) (1.95)

with the parameters Ad ,ad , the transverse wave number kD =
√

k2
d − k2

z , and the

full wave number kd = ω√εdµd .
Because r = 0 is included in the metal domain, the solution given above in the
conductor is

Ez,m = Am
kz

kM
J0(kMr)e j(ωt−kzz) (1.96)

Er,m = jAm
kz

kM
J1(kMr)e j(ωt−kzz) (1.97)

Hφ,m = jAm
k2

m

ωµmkM
J1(kMr)e j(ωt−kzz) (1.98)

with the parameter Am, the transverse wave number kM =
√

k2
m − k2

z and the full
wave number km =

√ωµmσm e− jπ/4.
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In the soil medium, because r = ∞ is included in the domain, the solution is

Ez,s = As
kz

kS
H(1)

0 (kSr)e j(ωt−kzz) (1.99)

Er,s = jAs
kz

kS
H(1)

1 (kSr)e j(ωt−kzz) (1.100)

Hφ,s = jAs
k2

s

ωµskS
H(1)

1 (kSr)e j(ωt−kzz) (1.101)

with the parameter As, the transverse wave number kS =
√

k2
s − k2

z and the full wave
number ks = ω

√
εsµs.

In general, the parameters Ad,Am,As, and ad are not equal. The transverse wave
numbers kD,kM and kS are different. In contrast, to maintain a coherent wave front,
the wave number in propagation direction, k z, must be equal in all domains.
The boundary conditions (section 1.4.2) require that E z is continuous across all
boundaries, the same applies for Hφ, i.e. the ratio Ez/Hφ must be continuous at
the boundaries. For a conductor with circular cross-section and radius r c, this ratio
becomes at the metal surface

µmJ0(kMrc)
k2

mJ1(kMrc)
=

µd(H
(1)
0 (kDrc)+adJ0(kDrc))

k2
d(H

(1)
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(1.102)

from which follows
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µdk2

mJ1(kMrc)H
(1)
0 (kDrc)−µmk2
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(1)
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mJ1(kDrc)J1(kMrc)
(1.103)

Similarly, from the boundary conditions at the dielectric-soil interface at radius r d

one obtains
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µdk2

s H(1)
1 (kSrd)H

(1)
0 (kDrd)−µsk2

dH(1)
0 (kSrd)H
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(1.104)

Equating these two relations for ad the transcendental eigenvalue equation for the
only remaining variable kz is obtained. For an uncoated rod, the eigenvalue equa-
tion simplyfies to

µmJ0(kMrc)
k2

mJ1(kMrc)
=

µsH
(1)
0 (kSrc)

k2
s H(1)

1 (kSrc)
(1.105)

Both eigenvalue equations have an infinite number of roots, a primary one which
is near ks and side roots, which belong to asymmetric (leaky) modes. Asymmetric
modes are highly damped according to Stratton (1941). No physical solution can
be found if the dielectric constant of the coating is lower than the dielectric constant
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of the soil. For any practical case κ ′
d > κ′s and thus κ′rd > κ′r with κ′rd = κ′d/κ

′
0 and

κ′r = κ′s/κ′0.
An uncoated single-rod probe for time domain reflectometry for measuring soil
water content has been introduced by Oswald et al. (2004). The results of his work
is summarized in the next chapter, along with the examination of a coated single-
rod probe for soil moisture TDR.

1.5 Conventional soil water measurement with TDR

1.5.1 Direct readout of the mean dielectric constant

Based on the preceeding sections, soil water content measurements with time do-
main reflectometry are possible due to several facts. With a suitable open-ended
transmission line, the signal round trip time can easily be determined. The ve-
locity of a signal on a transmission line is a function of the dielectric constant of
the embedding medium, in the loss-less case κ ′ =

√
c0/v. In the frequency range

f = 108−109Hz the real part of the dielectric constant of soils is mainly a function
of the volumetric water content and can be described with an empiric relationship
θ(κ′), e.g. the one by (Topp et al., 1980). If the medium is inhomogeneous along
a transmission line embedded in a soil, the refractive index averaging is applicable
according to (Schaap et al., 2003), thus the effective dielectric constant represents
the correct mean water content.
The mean volumetric water content of a soil, if it is homogeneous in the plane per-
pendicular to an inserted open-ended transmission line, can therefore be determined
by measuring the travel time of a signal (Fellner-Feldegg (1969); Fellner-Feldegg
and Barnett (1970); Hoekstra and Delaney (1974); Davis and Chudobiak (1975);
Topp et al. (1980) for the main historical perspective). In principle, the signal used
should be band-limited to f = 108 −109 Hz (a chirp signal). However, this would
require some kind of correlation technique for evaluation. Common TDR measure-
ment equipment instead use a step signal, the reason for this is also historically (see
section 1.5.3). Consequently, an evaluation procedure, which weights frequency
components in the upper frequency range more is used (Baker and Allmaras, 1990;
Heimovaara and Bouten, 1990). By means of regression, tangents are fittet to the
probe head reflection slope and to the end reflection slope, Figure 1.3. They are
intersected with tangents fitted to a certain range before these reflections. From
these intersections the two-way travel time of the signal including the travel time
through the head section is obtained. Preliminary measurements in water and air
allow to determine the head section offset.
Common probe rod designs are focussed on minimizing disturbance of the soil,
round cross-sections are chosen and the diameter of the conductors is kept as small
as possible but large enough to avoid bending. Usual rod cross-section diameters
are around 3 mm. The spacing of the rods is kept as small as possible to reduce
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Figure 1.3: A typical soil moisture TDR trace. Indicated is the evaluation method of Baker
and Allmaras (1990) and of Heimovaara and Bouten (1990): tangents are fitted to the head
and to the end reflection through the turning points of the slopes, the time between the two
intersections (marked with crosses) is read out.

probe size but large enough to cover the measured volume. A typical value for
rod separation is 30 mm. In principle, a balun (balanced-unbalanced) transformer
should be used at the connection of the coaxial cable from the measurement device
to the probe rods, as the probe rod is a symmetric transmission line, whereas the
coaxial cable is not. In general, this balun is omitted, because it reduces the mea-
surement bandwith. If no balun is used, even modes develop on the coaxial line.
The latter can be suppressed with ferrite filters. An impedance transformer is not
used commonly either, the usual algorithm to determine the travel time as described
above even requires a reflection from the probe head.
Careful calibration can result in accurate (κ ′ ± 0.1) measurements of permittivity
(Robinson et al., 2003).
Despite the wide-spread use of soil water content measurement with the above
summarized conventional TDR method, some fundamental issues remain unsolved:

- The evaluation procedure using tangent fitting is questionable for dispersive
media, e.g. soils with high specific surface (clays) which exhibit consider-
able surface conduction and a relaxation frequency below 1 GHz due to the
high amount of bound water, or for saline soils. Different frequency compo-
nents of the step signal travel with different velocities. From inverse analysis
of waveforms it is known, that the point at which the tangent lines inter-
sect represents the fastest moving part of the signal (Weerts et al., 2001) .
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Topp et al. (2000) proposed to use the rise time of the reflection from the
end of the probe to estimate this frequency, which they called “maximum
passable” frequency fmax. However, experiments conducted by Or and Ras-
mussen (1999) showed a better match for a certain frequency below f max

(depending on the medium), which they termed “effective” frequency. The
topic remains unsettled, but its importance has decreased in the light of most
recent developments in terms of soil spectroscopy and profile reconstruction
(see below).

- Even if the question of the “effective” frequency for dispersive soils could be
answered precisely, the uncertainty would remain which calibration function
to apply in such cases. Calibration functions obtained for low-loss media will
overestimate water content, as the effect of slow-down due to high losses is
attributed to an apparent higher real part of the permittivity. The calibration
function by Topp et al. (1980) is known to fail for clays, e.g. for bentonite
(Dirksen and Dasberg, 1993).

A known disadvantage of two-rod TDR probes is their limited sampling volume,
the shape thereof is equivalent to the energy density distribution u around the probe
(Knight, 1992; Petersen et al., 1995):

u =
1
2
ε0κ′s|∇Φ|2 (1.106)

with Φ the electrostatic potential. In a charge free volume, Φ has to satisfy the
Laplace equation

∇2Φ = 0 (1.107)

which can be readily solved using a two-dimensional field solver. Figure 1.4 shows
the energy density distribution of a probe with conductor cross-section diameter of
3 mm and a separation of 30 mm between the rods in a homogeneous dielectric
with κ′ = 10. The probe is mainly sensitive at the surface of the rods and towards
the center of the probe. The cross-section of the sampling volume has the shape of
an “8”. Chapter 2 discusses the issue of sampling volume in detail.

1.5.2 Direct readout of the electrical conductivity with TDR

TDR can be used to measure bulk electrical conductivity in addition to permittivity
(Giese and Tiemann, 1975; Nadler et al., 1991). Heimovaara and de Water (1993)
used the reflection coefficient at infinite time r∞ as a method of calculating the
sample resistance:

Rtot = Zc
1+ r∞
1− r∞

Resistance [Ω] (1.108)

where Rtot is the total resistance of the transmission line, Zc is the source impedance
of the reflectometer. This relationship is not exact, as r∞ also depends on the mate-
rial properties beyond the probe end. r∞ has to be scaled according to the open and
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Figure 1.4: Energy density distribution of a two-rod probe in the cross-section plane. Rod
diameter 3 mm, spacing between the centers of the conductors 30 mm, homogeneous dielec-
tric with κ = 10. Obtained with Ansoft Maxwell 2D field solver.

short end reflection levels ropen,rshort (Castaglione and Shouse, 2003):

rscaled = 2
rsample − ropen

ropen − rshort
+1 (1.109)

Performing good repeatable mesurements for the open and short are difficult using
conventional probes. Conductivity measurements with this method finally depend
on the geometric factor of the probe conductors

σ =
1

Rtotg
(1.110)

The geometric factor g for two rods with length L, conductor diameter d and dis-
tance between the centers of the conductors D can be approximated as (Robinson
et al., 2003)

g ≈ 12.1 L

ln
(

D
d +

√(
D
d

)2 −1
) (1.111)

The accuracy of this approximation increases with longer probes, with larger dis-
tance D and with smaller conductor diameter d.

1.5.3 TDR measurement systems

Time domain reflectometry has traditionally been used for the detection of cable
defects in communication and power line systems. In the 60ies, the same reflec-
tometers appeared in scientific labs for the determination of material properties.
One of these models, the Tektronix 1502, is still in use today. In the meantime
reflectometers specificly designed for soil moisture measurements have become
available. The device TDR100 from Campbell Inc. is now the standard reflectome-
ter used at the Institute of Terrestrial Ecology. Table 1.6 lists the TDR instruments
used in this work with some important properties.
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Table 1.6: TDR measurement systems (examples)

Manufacturer Tektronix Tektronix Campbell Scientific
Device 11801 SD24 1502(B,C) TDR100
Signal rise time tr [ps] 35 200 170
Bandwith (0.35/tr) [GHz] 10 1.75 2.05
Pulse amplitude [V] 0.25 0.3 0.25
Weight [kg] 22.3 6.5 0.7
Size [cm] 60x45x24 44x32x13 21x11x6
Transport mobile portable portable
Display options CRT, PC LCD, PC PC
Datalogger interface none optional included
Device output waveform waveform waveform, σ, κ ′, θ
Waveform size 512-5120 251 100-2048
Connection type SMA BNC BNC
Power supply AC AC, battery Battery

1.6 Advanced TDR measurement evaluation

1.6.1 The differential equation for the reflection coefficient of
the nonhomogeneous transmission line

The difficulty of a direct inversion to obtain the generating impedance profile is
more comprehensible by analyzing the differential equation for the local reflection
coefficient. A local, differential reflection coefficient can be defined as

dΓ =
Z +dZ−Z
Z +dZ +Z

≈ dZ
2Z

=
1
2

d(ln Z) =
1
2

d
dz

(ln Z)dz

with the local impedance Z of a differential slice and the impedance of the next
slice, Z+dZ, with a small difference dZ (Figure 1.5).
Applying the impedance transformation formula (Eq. 3.16), the input inpedance of
the differential slice becomes

Z′
in = Z(Zin + jZ tanβl)/(Z + jZin tanβl) (1.112)

= Z(Z′
in +dZ′

in + jZ tanβdz)/(Z + j(Z′
in +dZ′

in) tanβdz) (1.113)

with the input impedance Z ′
in of the slice after the regarded differential slice.

As βl � 1 the tangent can be replaced by the argument. Products of differential
terms can be neglected. Finally one obtains

dZ′
in

dz
= jβ

(Z′2
in

Z
−Z

)
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Figure 1.5: Illustration of the differential reflection coefficient on a nonhomogeneous trans-
mission line.

On the other hand, with the definition of the reflection coefficient,

Z′
in =

1+Γ′
in

1−Γ′
in

Z

with its derivative

dZ′
in

dz
=

1+Γ′
in

1−Γ′
in

dZ
dz

+
2Z

(1+Γ′
in)2

dΓ′
in

dz

By equating these two formulas and with dZ/(Zdz) = d(ln Z)/dz, one obtains the
differential equation for the reflection coefficent on a transmission line with vari-
able impedance:

dΓ
dz

= 2 jβΓ− (1−Γ2)
d(lnZ)

2dz

This is a Riccati equation, with the non-linear term (1−Γ2).

1.6.2 Attempts to solve the Riccati equation

Solving the Riccati equation would be the most direct way to extract more infor-
mation from TDR waveforms. However, there is no general solution known for
the Riccati equation. Attempts were made to inverse the Riccati equation by lin-
earization. The simplest approach starts with neglecting the higher order term in
the Riccati equation, Γ2 � 1, then

dΓ
dz

= 2 jβΓ− d(ln Z)
2dz
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Issuing the variable substitution

dφ
dz

= 2β(z)

the differential equation can be integrated for a medium of length L

Γin = −1
2

� φL

0
e− jφ d ln Z

dφ
dφ

This integration corresponds to a Fourier transformation, if no reflections for z < 0
and z > L are present. The solution is therefore

Γi =
1
2

FT
d
dφ

(ln Z)

with the Fourier transform operation FT. Inverting the equation with the inverse
Fourier transform IFT leads to the impedance profile

exp
(

2
� φ

0
IFT Γi du

)
= exp

(
2
� φ

0
r′(t)dt

)
= exp

(
2r(t)

)
= Z(t)

The obtained impedance profile has no imaginary parts. The method is therefore
only applicable for very low-loss dielectric media. On the other hand, as described
in the sections before, there are a multitude of loss effects apparent in soils in
general. For water-content profiles in soils, the method was presented by Laurent
and Pereira dos Santos (1994). The approach did not have any follow ups so far.
Improved reconstruction would result if the quadratic term is not completely ne-
glected. In practice, there is often a rather high reflection apparent at the probe
head, e.g. R = 0.6 → R2 = 0.36, which is not small compared to 1. If the Riccati
equation is divided by (1−Γ2) it reads

1
(1−Γ2)

dΓ
dz

=
2 jβΓ

(1−Γ2)
− 1

2
d(ln Z)

dz

A truncated power series expansion for the non-linear term could be used as an
approximation, e.g.:

Γ′ = Γ/(1−Γ2) = Γ+Γ3 +Γ5 +Γ7 (1.114)

However, according to the substitution rules, Γ ′ has to satisfy

dΓ′

dz
=

1
(1−Γ2)

dΓ
dz

The latter leads to

Γ′ = atanh Γ = Γ+Γ3/3+Γ5/5+
∞

∑
n=3

Γ2n+1

(2n+1)

which is in conflict with Eq. 1.114.
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1.6.3 Modelling the medium

Since the direct inversion of the Riccati equation is impossible, a modelling ap-
proach has to be adopted.

Layer model in the time domain

The simplest model assumes a media with layers with frequency-independent prop-
erties. This assumption allows to conduct the analysis in the time domain entirely,
assigning each transmission line element a voltage and a current. Applying a source
impulse and propagating this pulse through the layer structure, the reflection wave-
form can be obtained. Yanuka et al. (1988) proposed this procedure for the case of
a layered medium, as a method of simulating waveforms if the structure properties
are known. A comparison between measured and simulated waveforms however
showed, that the assumption of frequency-independent material properties clearly
results in the inability to express dispersion effects common to soils.

A “layer-peeling” optimizing algorithm for the real-valued model was presented
by Todoroff and Sun Luk (2001). A deliberate initial parameter distribution is
corrected as the model is iterated: the initial impulse reaches a previously signal-
free new segment at each next time step. Based on the multiple reflections before,
the properties of the next slice can be calculated as the difference between the
measured and the simulated trace. A fundamental problem exists, in that a change
may be attributed to a permittivity change (water content) or an attenuation effect.
Todoroff and Sun Luk (2001) calculated the profile as beeing loss-less (all changes
attributed to water-content changes), but then were forced to use a filtering process
with arbitrary hand-tuned parameters to get closer to the measured trace obtained
from a field site measurement.

Earlier, Todoroff et al. (1998) and later, Oswald et al. (2003) approached the op-
timization problem of the frequency-constant model with genetic algorithms. Ge-
netic algorithms are a sophisticated form of Monte Carlo simulations, where re-
sulting profiles with a low fitting error are combined by a second random process
and altered again. Genetic algorithms are the most general approach which is able
to fit any parameter distribution. Consequently, Todoroff and Oswald were able to
get an approximate fit to the measured profile without any assumption regarding
the losses. However, the result was obtained at the cost of huge computative effort,
as the convergence of genetic algorithms is extremely slow. Even with tomorrows
computer power, genetic algorithms could only perhaps optimize the simplified
frequency-constant model in reasonable time. With the many frequency dependent
material properties of soils, and with conductivity having a dominant effect on the
waveform we are clearly forced to adopt a more sophisticated model and an opti-
mization process with a soil-characteristic physical background.
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Frequency dependent single layer model

van Gemert (1973) proposed a procedure for a single layer model - a homogeneous
soil - with frequency-dependent parameters. First, the time-domain reflection co-
efficient is measured without the probe rods attached. This reflection coefficient,
denoted with v0(t), describes the cable tester, the cable and the probe head. Second,
the reflection coefficient is measured with the probe rods attached. This response
function r(t) describes the entire system including the sample being measured. The
relation between v0(t) and r(t) is a convolution integral:

r(t) =
� t

−∞
v0(t − τ)s(t)dτ (1.115)

where τ is the variable of integration and s(t) the impulse response of the trans-
mission line formed by the rods in the medium. Through Fourier transform, this
relation is equivalent to the expression in the frequency domain

S11( f ) =
R( f )
V0( f )

(1.116)

with the scatter function S11, with R( f ), the Fourier transform of r(t), and with
V0( f ), the Fourier transform of v0(t). The impedance of the medium can then be
derived as

Z( f ) = Zsource
1+S11( f )
1−S11( f )

(1.117)

with Zsource the source impedance of the reflectometer. For a two rod probe, the
dielectric constant of the medium is then obtained by solving Eq. 2.10 for

κ =
( 120

Z( f )
arcosh

D
d

)2
(1.118)

To separate κ into permittivity and conductivity parts, Heimovaara (1994) and Friel
and Or (1999) adopted the Cole-Cole relaxation model including losses

κ = κ′∞ +
κ′0 −κ′∞

(1+ jωτa)α
− j

σ
ε0ω

(1.119)

to fit κ( f ) to scatter function data of different liquids. The optimization procedure
depends on the model and the parameters chosen and is not critical, as the model
has only a few parameters. The fitting may take place in the time domain, or, after
Fourier transform, in the frequency domain.
Using inverse analysis of 2000 simulated TDR waveforms, Weerts examined the
Debye model parameter sensitivity and determined correlations between model pa-
rameters and waveform characteristics. He found that conductivity has a strong
influence on the general waveform character, wheras the end reflection slope steep-
ness is mainly determined by the relaxation frequency.
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Alternatively, a multiple section model may be used for the cable-head part of the
measurement system. Lin (2003b) adopted the “layer-peeling” algorithm to the
frequency domain for this purpose (see Chapter 3 for details). Because the ma-
terials involved in this part of the system can be assumed to be loss-less and to
exhibit frequency-independent parameters a direct reconstruction is possible. The
dielectric properties of the soil layer are assumed to follow a relaxation model.
Lin (2003b) modeled the frequency-dependent dielectric permittivity of soil con-
stituents (i.e., solid, air, water, and bound water) of two soil samples using the
Debye model including losses

κ = κ′∞ +
κ′0 −κ′∞
1+ j ω

ωrel

− j
σ
ε0ω

(1.120)

by fitting in the frequency domain. He used the dielectric mixing model by Dobson
et al. (1985) to obtain the parameters of the soil constituents. The method was con-
firmed by the experimental results as being superior to the scatter function method
at high frequencies if an appropriate dielectric relaxation model was used.

Frequency dependent multiple layer model

A more realistic modelling fragments the probe part in cascaded transmission line
elements. Each transmission line element, i.e. each layer, has its complex valued
impedance Zi . Based on the transformation formula Eq. 3.16 the input reflection
coefficient in the time domain can be computed, if the impedances are known. Feng
and Lin (1999) demonstrated that this approach can be accurate in terms of simu-
lating TDR waveforms. They compared the waveform obtained from a two-layer
sample with a wet and a dry part of thickness 10 cm each to simulated waveforms.
The parameters of the layers, their complex, frequency-dependent impedance, were
obtained by analyzing the layers seperately, using a Cole-Cole model fitted to the
scatter function, as explained above.
To summarize, recent developments in advanced evaluation of TDR measurements
have shown that

1. the method of equivalent input impedance renders a correctly simulated TDR
trace if the complex, frequency dependent impedances of the slices are known

2. a multisection model including sections for the probe head should be as-
sumed rather than using the scatter function method.The loss-less head-section
can efficiently be reconstructed with a “layer-peeling” algorithm.

3. The dielectric constant in the sections in the medium should be modeled with
a relaxation model including losses

Chapter 3 details on the reconstruction technique further, based on these insights.
To our knowledge for the first time, a method of optimization in case of a multilay-
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ered, dispersive soil is described. The algorithm is applied to reconstruction of in
situ field site profiles.





Chapter 2

Single-rod probes: sensitivity
and calibration

This chapter perpetuates the investigations about single-rod probes for time-domain
reflectometry, which were initialized by Oswald et al. (2004). It is especially fo-
cussed on the possibility of tayloring the radial sensitivity of a single-rod probe
(SRP) by coating the rod with a high dielectric constant material. A further aim
consisted in verifying the expected larger sampling volume for SRPs compared
to two-rod probes (TRPs). Mode converters are needed to excite the correct SRP
wave if the probe is used with a standard TDR measurement device. Two differ-
ent mode converters were compared for their performance. The evaluation of SRP
traces and the calibration of the probe are crucial issues for the practical use. It has
been found, that the common algorithm for TRPs by Baker and Allmaras (1990)
and Heimovaara and Bouten (1990) is also applicable to TDR traces obtained with
an SRP. Several approaches were developed to gain an ideal calibration medium
which has a tunable, homogeneous and time-stable dielectric constant in the range
common to soils, i.e. κ′ = 3...25. Though calibration was finally performed with
an inhomogeneous sand-water mixture, a possible alternative is indicated where
gelating agents are used to prevent drainage.

For later use throughout this chapter, the coordinate system is defined according
to the Figures 2.1, 2.2 and 2.3. The main variables for the SRP are its length
LSRP, the diameter of the conductor d, the conductivity of the conductor σ c, the
coating thickness wd , the coating dielectric constant κ ′

d and the coating loss tangent
tanδd . The radius of the conductor is rc = d/2, the radius of the probe is rd =
d/2+wd . For the two-rod probe, d denotes the diameter of the conductors, D the
distance from center to center of the conductors in the perpendicular plane and σ c

the conductivity of the rods.
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Figure 2.1: Cartesian coordinate system used in this chapter. The z-direction is parallel to
the rod(s), the x-y plane is perpendicular to it. The length of the TRP rod is denoted by LTRP,
the length of the SRP rod is LSRP.
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Figure 2.2: Geometric variables in the plane perpendicular to the SRP rod. Additional
variables are: the conductivity of the rod σc, the relative dielectric constant of the coating κ′d
and the loss tangent of the coating tanδd .
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Figure 2.3: Geometric variables in the plane perpendicular to the TRP rods. An additional
variable is the conductivity of the rods σc
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2.1 Calculated properties of coated and uncoated SRP
waveguides

The electromagnetic properties of single conductor waveguides have been well
studied for the environment of free space (Sommerfeld, 1899; Harms, 1907; Goubau,
1950). Oswald et al. (2004) examined these properties for uncoated waveguides in
a homogeneous soil environment. Here, the properties of coated waveguides in
a soil environment are investigated. For the purpose of comparison between un-
coated and coated waveguides, some of the calculations of Oswald et al. (2004) are
repeated.
At a given frequency f and in an environment with a homogeneous, complex, rela-
tive dielectric constant κ, a coated or uncoated single conductor wave guide is fully
characterized by the wave number kz, i.e. the number wave periods per unit length
along the rod. The longitudinal wave number k z is a result of a transcendental
eigenvalue equation comprising f , κ, the conductor radius r c, the conductivity σc

of the conductor, the dielectric constant of the coating κ ′
d (if any), and the coating

thickness wd .
For a chosen frequency f and for a given setup, k z can be determined with Eq.
1.105. This equation has an infinite number of solutions but only the so called
primary solution corresponds to an useful low-loss mode. All other solutions con-
stitute asymmetric (leaky) modes which are highly damped and useless for practical
purposes (Stratton, 1941). Due to the transcendental nature of Eq. 1.105 solutions
can only be obtained with a numeric search process. However, this is a relatively
simple task for the primary solution, where the real value of k z is very close to the
wave number of the soil medium, kz ≈ ks and the imaginary part of kz ≈ 0. There-
fore, a good starting point for the search process is defined. A Matlab script was
developed, which searches for the primary solution on a subsequently refined grid
around the start point. The results obtained with this script were veryfied against
literature (Sommerfeld, 1899; Goubau, 1950; Kaden, 1951) and with the results
gained with the two-dimensional multiple multipole electromagnetic solver MaX-1
(Hafner, 1999).
For the investigations the conductor of the SRP is assumed to be a section of an
infinitely long rod embedded in medium with a homogeneous, complex dielectric
constant κ and a homogeneous permeability µ = µ 0. The parameters of the SRP
were varied in following ranges:

- The diameter of the rod was varied in the range d = 5...15 mm corresponding
to practical probes, where d is a trade-off between stability and disturbance
of the soil.

- The conductivity of the rod was varied in the range σ c =1.5 ... 60 MS/m,
according to the possible metals used for the rod. Steel has a conductivity
σc =1.75-8.7 MS/m, aluminum has σc =35.38 MS/m, copper has σc =58.0
MS/m. Alloys have conductivites in the same range (Weast, 1988).
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- The dielectric constant of the coating should be κ ′
d > κ′s for the propagating

wave (see theory section in the introduction). TDR probes are preferentially
calibrated with water, therefore κ ′

d > 80 is required.

- Two values were used for the coating loss tangent, tanδd = 0.001 and tanδd =
0.1. The former corresponds to a low-loss coating, the latter is a coating with
high losses.

- The dielectric constant of the soil was varied in the range κ ′
s = 3..25, where

κ′s = 3 corresponds to a dry soil and κ ′
s = 25 to a water saturated soil.

- The soil loss tangent was varied in the range tanδ s = 0...0.1, except for
the calculation about the influence of very high losses on the wave veloc-
ity, where tanδs = 1 and higher was assumed.

- The frequency f was varied in the range f = 0.3...3 GHz, which is the main
frequency band of the two most common TDR reflectometers, the Tektronix
1502 cable tester, and the TDR100 reflectometer (cf. section1.6).

2.1.1 Wave velocity

The velocity of a harmonic wave on the guide is given by the real part of the wave
number:

v =
2π f

Re(kz)
(2.1)

with the excitation frequency f . In Figure 2.4 v was plotted for the SRPs and a TRP
defined in Table 2.1.
For all those probes, the v has a very similar dependence on κ ′

s. Contrary, v is only
slightly influenced by the other parameters. The Figure shows especially that the
wave velocity on a SRP is approximately equal to the velocity of a wave on a TRP:

vSRP ≈ vTRP =
c0√
κ′s

(2.2)

d [mm] D [mm] σc [MS/m] wd [mm] κ′d tanδd

TRP 5 30 60
SRP 5 / 15 − 1.5 / 60 0 / 0.1 / 0.5 80 / 100 0.001 / 0.1

Table 2.1: Probe configurations for the calculations of v and α of Figures 2.4 and 2.5. The
SRP configurations correspond to all combinations of the indicated values. For an uncoated
SRP wd = 0.
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Figure 2.4: Wave velocity v vs. dependent on the dielectric constant κ′s of medium with
tanδs = 0.001 and with tanδs = 0.1 at the frequencies f =0.3, 1 and 3 GHz for different
SRP probes and a TRP as defined in Table 2.1.

For a TRP, the influence of the loss tangent on wave velocity is

v
vloss-less

=

√
2√

1+(tanδs)2 +1
(2.3)

with vloss-less the velocity in the lossless medium. Following from this equation, a
loss tangent of tanδs = 1.08 results in a 10% reduction of the wave velocity. The
same result was obtained numerically for the different SRP configurations defined
above, if tanδs = 1.08. The influence of tanδs on v is the same for the SRP as for
the TRP.

2.1.2 Losses

The attenuation is caused by two contributions: the losses of the dielectrics in the
medium and in the coating, and the resitive losses in the conducotrs. The losses of
the dielectrics in [dB/m] are given by the imaginary part of the wave number:

αd,dB = 8.686 Im(kz) (2.4)

For the resistive losses, the skin-effect resistance is calculated

Rskin =
√

π f µ
σc

(2.5)
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effect) attenuation αc,dB at 3 GHz vs. loss tangent tanδs of the medium for the SRP with
d = 5 mm, σc = 1.5 MS/m, wd = 0.5 mm, κ′d = 100, tanδd = 0. This SRP has the highest
skin-effect losses (smallest d, highest σc) and the lowest attenuation in the dielectric (lowest
tanδd , smallest wd ) of all coated SRPs in the parameter range. For tanδs > 10−3, αd,dB �
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Figure 2.7: Attenuation αd,dB of the coating at 3 GHz vs. loss tangent tanδs of the coating
for an SRP with d = 5 mm, σc = 60 MS/m, wd = 0.5 mm, κ′d = 100. Loss-less medium
with κ′s = 3. Compared with the total attenuation αdB shown in Figure 2.5, the attenuation
of the coating is negligible even at higher frequencies and for lossy coatings.

The resistance in [Ω/m] for a circular, cylindric conductor is

R =
Rskin

2πa
(2.6)

The attenuation due to the resistive losses is, in [dB/m],

αc,dB = 4.343
R
Z

(2.7)

with the wave impedance Z. Following Kaden (1951):

Z =
√

µ
ε

1

log
(

0.68 1
rc Im(kz)

) (2.8)

In the case of the TRP, the resistance per unit length, RTRP, is

RTRP =
2Rskin

πd

( D/d√
(D/d)2 −1

)
(2.9)

and the wave impedance

Z =
120√
κ

arcosh
D
d

(2.10)
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both according to Ramo et al. (1993).
The total attenuation in [dB/m] is

αdB = αc,dB +αd,dB. (2.11)

Figures 2.5, 2.6 and 2.7 show, that αdB is dominated by the soil loss tangent tanδs =
κ′′s /κ′s and becomes the same as the attenuation for two-rod probes.

2.1.3 Electromagnetic fields

According to the theory in the introduction, the SRP supports a transverse-magnetic
mode with three non-zero field components, i.e., the azimutal magnetic component
Hφ, the radial electric component Er, and the z-directed electric component Ez (Fig.
2.1). At the surface of the rod, Ez is several orders smaller than Er. But as Ez decays
slower than Er as a function of r, the difference decreases. Up to a characteristic
radius r0, the field components Hφ and Er decay at rates inversely proportional to
the radial distance r from the wave guide. For r > r0 an approximately exponential
law applies. In Figure 2.8 the field strengths are plotted for the example of an SRP
with

d [mm] σc [MS/m] wd [mm] κ′d tanδd

5 60 0.5 100 0.001

at a frequency of 0.5 GHz and with the medium κ ′
s = 3, tanδs = 0.

The local power density, defined by the Poynting vector �S = �E × �H, can be split up
in a longitudinal and a transverse component:

Sz = Er ·Hφ (2.12)

ST = Ez ·Hφ (2.13)

Inspecting Eq. 1.105 in the introduction, Er and Hφ are found to be in-phase, but
Ez has a π/2 phase shift. Sz therefore has a time-independent sign. It points in the
same direction as the wave velocity and represents the power density transported
by the wave. ST in contrast has periodic sign, it is the power density transferred
into and recovered from the electromagnetic fields around the probe.
Up to r0, a decay of Hφ and Er with 1/r means a decay of Sz with 1/r2 (Fig.
2.9). According to Kaden (1951) the total power in the cross-section for r > r 0 is
negligible. The radius r0 can be approximated by calculating the negative inverse
of the imaginary part of the transverse wave number

r0 =
−1

Im(kTs)
(2.14)

with kTs =
√

k2
s − k2

z and the soil wave number ks = ω
√
κ′/c0. Figures 2.10 and

2.11 show, that the characteristic radius depends significantly on f , κ ′
s, on the ratio
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Figure 2.10: Characteristic radius r0 as a function of f for κ′s = 3 and 25. Uncoated and
coated SRP with d = 5 mm, σc = 60. Coating: wd = 0.5 mm, κ′d = 100, tanδd = 0.001. The
medium is lossless; frequency f = 0.5 GHz.

wd/rd and to a lesser degree on κ′
d . Above a certain value of wd/rd a further

increase of wd is without effect. A variation of the dielectric constant of the coating,
from κ′d = 80 to κ′d = 200 has only a small effect on r0.
In the case of the uncoated rod, r0 is very large. Therefore, Sz has already decreased
to a negligible value before r = r0. E.g., at 20 times the rod radius, Sz is 0.25% of
the corresponding value at the surface of the rod.

2.1.4 3-D Simulations

The numeric solutions of Eq. 1.105 allow to study the undisturbed single-rod mode
on a rod of infinite length. A 3-D simulation would be beneficial for the theoretic
investigation of the electromagnetics for a rod of finite length embedded in an inho-
mogeneous medium. The 3-D numerical field analysis was performed with the soft-
ware SEMCAD (Simulation platform for electromagnetic compatibility, antenna
design and dosimetry, by Schmid & Partner Engineering AG, Zürich). SEMCAD
is a versatile 3-D electromagnetic full-wave FDTD solver developed for problems
with complex geometries and high inhomogenity, e.g. for the portable-phone radi-
ation dosimetry of the head. Unfortunately, the program version 1.7 available to the
author did neither include a cylindrical TM-source nor a mode solver. The attempt
to excite the SRP mode with the available line sources (dipoles) was not success-
ful, a correct cylindrical TEM-mode, however, could be obtained. Consequently,
the whole TDR system comprising the coaxial cable, the horn and the rod were
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Figure 2.12: Contour plot of the magnitude of the electric field in radial direction away
from the metallic surface of a 50 mm long section of an SRP with d = 5 mm, σc = 60
MS/m, wd = 0.5 mm, κ′d = 100, tanδd = 0.001, at a frequency of 3 GHz in a loss-less
medium with κ′s = 3. The lines connect points of equal magnitude. The dashed horizontal
line marks the surface of the rod. On this boundary, the magnitude of the electric field is
discontinuous.
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modeled geometrically. However, even with the correct TEM mode in the coaxial
cable, still no TM mode developed on the rod and the solver ran into numeric prob-
lems. The geometric significant dimensions span several orders of magnitude, from
the discretization in the conductor in the 10−4m range up to a simulation volume
of several meters in radius for the uncoated rod. The discretization of the simulated
volume must therefore include a large range of cell sizes to keep the size of the
computational matrices low and the problem solvable within reasonable amount of
time. The high irregularity of the mesh introduced small errors which were accu-
mulated each iteration step and finally led to completely false results.
Though a correct 3-D electromagnetic modelling would have been instructive to
understand the effects of an inhomogeneous medium, a simulation of the TDR re-
flection curve would have required an enormous computational effort, as the broad-
band TDR signal spans several frequency decades. The outcome of such a simula-
tion would still have to be treated with considerable mistrust because of the model
limitations. As 3-D simulations were neither very reliable nor necessary to proceed
the investigations, but merely illustrative, they were finally dropped.

2.2 Waveguide coupler

Common TDR measurement systems have coaxial, transverse electromagnetic mode
inputs and outputs. A mode converter must be used to couple a coaxial transmis-
sion line to an SRP. One of the simplest converters is a cone-shaped horn where the
outer conductor of the coaxial cable is gradually extended (Fig. 2.13). Choosing
the horn opening radius rh is a trade-off: the launching loss and the reception loss
at frequency f becomes small when rh ≥ r0 (Goubau, 1950). Thus, optimum mode
conversion at low frequencies requires very large horns. For practical sized horns a
low-frequency cut-off must be accepted.
The conversion loss depends on the shape of the horn with its discontinuities: the
transition from the coaxial cable to the tapered inner conductor and to the cone, and
the transition from the horn end to the rod. Additionally, the coaxial TEM wave,
when expanded in the horn, tends to form spherical waves (Goubau, 1954). The
wave-front required at the horn opening, however, is plane, since the surface wave
has plane phase surfaces (Fig. 2.14). Also, the field distribution at the opening of
the horn does not match that of the surface wave. An estimation of the conversion
loss would require an electromagnetic simulation with the exact geometric shapes
in the converter range. The attempt to conduct such a simulation failed because of
numerical problems (see previous section).
In this study, the performances of the two different horns depicted in Figure 2.13
were investigated. The small horn was available from the former work by Oswald
et al. (2003). A second horn, with approximately double horn opening radius was
designed by the author. This large horn was manufactured by pressing a thin metal
sheet into the desired cone shape. The final radius of the rod is reached in the middle
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Figure 2.13: Linearly tapered horns as mode converters. A) An air-filled small horn with a
tapering angle of 15.1◦ and an opening radius of 45 mm. The attached PTFE disc holds the
conductor in place. The cone is made of a copper alloy and is 5 mm thick. B) A large horn
with a tapering angle of 33.4◦ has an opening radius of 100 mm. The shell is made of a 0.5
mm thick copper alloy sheet. A plastic fixation keeps the rod in place at the center of the
horn. The horns are shown with an attached rod of length 300 mm.

of the horn, as suggested by Goubau (1954). According to Goubau a discontinuity
from the inner conductor of the horn to the attached rod causes significant radiation
if located at the opening of the horn, and large standing waves, if located at the
beginning of the horn.

As an alternative to the expensive and bulky horns, couplers comprising incom-
pletely shielded coaxial cables have been studied (Kunz, 1972). The normally
densly woven outer shielding of the coaxial cable is loosened successively towards
the end of the outer conductor. The coaxial cable is tapered to the inner conductor,
the dielectric and the coating of the coaxial cable. This represents a coated SRP
rod in case of similar dielectric constants for the dielectric and the coating. As ele-
gant this coupler type may seem, it has a crucial disadvantage from the perspective
of TDR in being too narrowband. The bandwith of the coupler increases with de-
creasing coupler length, but at the same time its input reflection coefficient rises.
This trade-off renders the design of broadband couplers, with an constant efficiency
from the sub-MHz range up to over 1.5 GHz, impossible. A constant conversion
loss in the whole TDR band is important to maintain the slope steepness of the
step signal and to preserve the high timing accuracy of the method. Therefore, no
experiments with coaxial couplers were attempted.
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���

Figure 2.14: Sketched transition from the coaxial mode to the SRP mode.

2.2.1 Horn loss experiments

TDR signals on SRPs are attenuated by the two-way conversion loss of the launch-
ing and reception mode conversion. In Figure 2.15 the two-way conversion loss
and the return loss of two different horn-shaped mode converters are compared.
Two identical converters were attached to a copper alloy rod of 10 mm diameter
and 1 m length, in air. The transmission loss of this setup is approximately equal
to the two-way conversion loss of one mode converter. The transmission loss and
the return loss were measured in the frequency range from 0 to 6 GHz using an HP
8702 network analyzer.
The results reveal a mean two-way conversion loss in the frequency band 1 to 3 GHz
of 3.3 dB for the large horn and 6.5 dB for the small horn. The 10 dB attenuation
limit occurs at 60 MHz for the large horn, at 195 MHz for the small horn. The
return loss at the converter input (the mismatch) above 400 MHz is below -7 dB
for both horns. As expected from the theory, the two-way conversion loss of the
smaller horn is higher than for the large horn.
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Figure 2.15: Reflection and transmission coefficients of a 1 m long copper alloy rod of
diameter 10 mm which is (A) attached at both ends to the large horns with rh = 100 mm, (B)
attached to the small horns with rh = 45 mm. The mean transmission loss in the frequency
band 1 to 3 GHz is 3.3 dB for the large horns, 6.5 dB for the small horns. An attenuation of
10 dB occurs at 60 MHz for the large horns, at 195 MHz for the small horns. The horn types
are specified in Figure 2.13.
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Figure 2.16: The crystal structure of TiO2 in its rutile form (from Moulson and Herbert
(2003)).

2.3 Realization of coated rods

In the introduction it was mentioned that no propagating mode is supported if the
dielectric constant of the coating is lower than the dielectric constant of the soil.
Soils usually exhibit a dielectric constant κ ′

s < 30. However, TDR probes are pref-
erentially calibrated in water, because of a higher accuracy than a calibration in air
(Heimovaara and de Water, 1993). Therefore, the coating dielectric constant should
be κ′d > 80. On the other hand the above calculated properties of SRP show, that
a pronounced field concentration effect with significantly lower r 0 compared to an
uncoated rod can be achieved with a dielectric constant of the coating as low as
κ′d = 80 and a ratio wd/rd = 0.2.

Most solids have a low dielectric constant κ ′ < 80 (Weast, 1988). Solid dielectrics
with higher permittivities (κ′ around 100 and more) are based on special crystalline
structures, which contain charged components able to rotate. A typical and promi-
nent case are interlinked MO6 groups, where M is either a quadrivalent ion such as
Ti, Zr or Sn or a mixture of divalent, trivalent and pentavalent ions with an average
charge of 4+ (Moulson and Herbert, 2003). The oxygen octahedra share corners,
edges or faces in such a way that the O2− ions form a close-packed structure (Fig.
2.16). TiO6 octahedra are the most commonly found groups in medium- and high-
permittivity dielectrics. The behaviour of rutile TiO2 ceramic is typical of these
types of dielectrics. TiO2 in its pure rutile form typically exhibits a dielectric con-
stant of κ′ ≈ 100 with negligible frequency dispersion up to over 10 GHz and a low
loss tangent of tanδ≈ 3 ·10−4.

Coating a metal rod, which has a circular shaped cross-section, with a ceramic layer
is a difficult task (according to a discussion with H. J. Schindler, ceramics sec-
tion of the Swiss Federal Laboratories for Materials Testing and Research, EMPA,
Dübendorf, Switzerland). Very thin layers in the nm range could be sputtered. For a



2.3 Realization of coated rods 51

14.3 mm

TiO
2

50 mm

300 mmAl

Figure 2.17: Coated probe: The metal conductor is a 300 mm long aluminum rod with
square cross-section (side length 11.1 mm). The coating consists of TiO2 high-dielectric
substrate slices of size 50x12.7x1.6 mm3 (κ′d = 100, tanδ = 0.0023, Trans-Tech Inc., USA)
glued to the aluminium rod.

layer with thickness in the mm range this process would be far too time consuming
and costly.
Fujiyasu and Pierce (2004) coated TRPs with an epoxy-ceramic nanocomposite
containing barium titanate (40% of volume). Barium titanate as a sintered solid
has a dielectric constant in the range 2000 to 4500. However, it is a ferromagnetic
material (µrel > 1), like most materials with very high permittivity (Moulson and
Herbert, 2003). Moreover, its dielectric parameters are much more dispersive than
in the case of MO6 based dielectrics. The TRP rods were coated by briefly im-
mersing them in the nanocomposite solution. When the coating was subsequently
hardened in the oven, cracks developed, which were remedied by locally reapply-
ing the composite with a brush. The dielectric constant of the coating obtained this
way was found to be highly dispersive, decreasing from 77 at 10 kHz to 21 at GHz
frequencies. The use of TiO2 powder (99.9+ % crystalline rutile form, powder par-
ticle size < 5µm , Sigma-Aldrich product no. 224227) has been considered for an
analogous coating procedure, however, a pressed solid block of the powder only
exhibited a dielectric constant of κ ′ = 13.
Alternative ideas of filling a ceramic tube with liquid metal or heat shrinking the
tube onto a metal rod would fail with a high probability because of different thermal
expansion coefficients (H.J. Schindler, personal communication). A probe coated
this way would also be rather susceptible to break when handled, due to the brittle-
ness of the ceramics. Besides these technical problems, ceramic tubes in the sizes
requested are not a standard product and would be very expensive. On the other
hand, TiO2 rutile ceramics are readily available in plate shape, with thicknesses
in the mm range, from several manufacturers, e.g. from Trans-Tech (Adamstown,
MD, USA), Resomics (muRata, Kyoto, Japan) or Dorado International (Seattle,
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Figure 2.18: Reflection and transmission coefficient for the coated rod and for an uncoated
rod with same metal cross-sectional area. Two small horns with rh = 45 mm provided the
coupling.
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USA). Therefore a coated probe based on a rod with a square cross-section was
constructed (Fig. 2.17). Preparatory measurements using an uncoated SRP with
square cross-section (sidelength s) and an uncoated SRP with round cross-section
(diameter s) yielded similar results.

2.4 Sensitivity analysis: SRP vs. TRP

2.4.1 Sensitivity of the probes in a quasi-homogeneous medium

The spatial sensitivity of an SRP is governed by the electromagnetic field distrib-
ution of the guided wave. Knight (1992) defined a weighting function w 0, which
relates the spatially distributed dielectric constant κ ′(�r) to the apparent dielectric
constant in the origin of a polar coordinate system in the perpendicular plane of a
probe as

κ′eff =
� 2π

0

� ∞

0
w0κ′(�r) r dr dϕ (2.15)

The latter is only valid for a quasi-homogeneous medium, i.e. the spatially dis-
tributed dielectric constant κ′(�r) exhibits only a small variance. In such a case
the approximate weighting function is proportional to the power density and has
total integral unity. If ST and the flux outside the radius r0 are neglected, the spa-
tial weighting function for a single-rod probe in a quasi-homogeneous dielectric
becomes

w0(r,ϕ) = wnf · 1
r2 (2.16)

with the normalizing factor

1
wnf

=
� 2π

0

� r0

rc

1
r2 r dr dϕ = 2π ln

r0

rc
(2.17)

Figure 2.19 compares this result to the weighting functions derived by Knight
(1992) for the TRP, for both axes x and y as defined in Figure 2.3. Knight found
that the general weighting function for a TRP is

w(r,φ) =
A2

π ln
(
(D/2+A)/rc

)
(A4 −2A2r2 cos2ϕ+ r4)

(2.18)

with A =
√

D2/4− r2
c . The comparison reveals that

- the SRP is as susceptible as the two-rod probe (Annan, 1977) to inhomogeni-
ties like air-gaps occuring at the surface of the conductor. A larger conductor
diameter reduces this effect.

- the value of the weighting function in the far field is higher for an SRP, indi-
cating a larger influence range.
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Figure 2.19: Weighting functions in x- and y-axis direction (according to Fig. 2.3) for a
TRP with d = 5 mm, and D = 30 mm compared to the weigthing functions of two SRPs
with d = 10 mm and different r0.
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Figure 2.20: Setup for the first sensitivity experiment. The single-rod probe was mounted
in a tank with dry sand (particle size 0.08 mm to 0.2 mm). A steel stick with diameter 10
mm was inserted laterally towards the probe. The reflection coefficient of the peak in the
time-domain signal due to this scatterer as a function of the radial distance rs was measured.

2.4.2 Sensitivity of the probes to scattering objects

Two experiments were carried out to compare the behavior of four different SRPs in
the presence of conductive scattering objects in the sampling volume. Conductors
correspond to a material with an infinite dielectric constant. A wave impinging on a
metallic surface is completely reflected. A water-filled cavity with the same shape
as the scattering objects used would cause a smaller reflection coefficient. A third
experiment focussed on the effect of scattering objects with low dielectric constant
(a “stone”) in water-saturated gravel (“wet soil”).

Four different probes were used:

- a coated rod and an uncoated aluminum stick according to Figure 2.17, com-
bined with

- the small/the large horn (Fig. 2.13)

- a TRP with d = 5 mm, D = 31 mm, LTRP = 300 mm.
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Figure 2.21: Sample trace (bandpass response) from the sensitivity experiment with the
perpendicular stick. Clearly discernible are (A) the reflection from the transition coaxial-
cable to horn, (B) the reflection from the end of the horn, (C) the reflection from the scatterer
and (D) the reflection from the end of the probe.
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Figure 2.23: Setup for the aperture experiment. A 1 mm thick quadratic aluminum sheet
of 1 m2 area has an opening of variable radius ra = 15...80 mm in its center. The SRP is
positioned in the center of the opening.

Lateral stick as a scatterer

In this experiment, the SRPs were mounted in a tank filled with dry quartz sand
(Fig. 2.20). As a scatterer, a steel stick with a diameter of 10 mm was inserted
perpendicular to the probe axis and moved stepwise towards the rod. In the case of
the two-rod probe the stick was moved towards the center axis.

Using a HP 8753 vector network analyzer the frequency response as a function of
radial distance rs between the steel stick and the probe was measured for the fre-
quency 30 MHz to 5 GHz. With the built-in inverse Fourier transform function the
measurement was converted into a time-domain signal (bandpass response). This
procedure allowed to obtain a higher signal to noise ratio than using a commercial
TDR measurement device with band-limited step response. According to Figure
2.21, the peak due to the scatterer can be identified in the trace and the correspond-
ing bandpass reflection coefficient ρBP was determined.

Figure 2.22 shows that in all four cases the influence of the scatterer on the time-
domain trace is not measurable for rs > 70 mm. The SRPs with the coated rod show
about half the reflection coefficient of probes with the uncoated rod. The different
mode converters hav an insignificant influence on the measured reflection coeffi-
cient. The two-rod probe compared with the SRPs shows a reflected amplitude
which is significantly smaller.
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Figure 2.24: Reflection coefficient ρBP of aperture scatterer vs. radius ra.

Aperture as a scatterer

A large scatterer was used in this second experiment: a quadratic aluminum sheet
with an area of 1 m2 and a circular aperture of radius 80 mm in the center, according
to Figure 2.23. The size of the opening was reduced by using rings, which were
consecutively attached to the aluminum sheet until the aperture radius r a was 15
mm. The probe was mounted to pass through the center of the opening. The band-
pass time domain function of the HP 8753 network analyzer was used, from 30
MHz to 5 GHz. The experiment was performed with the four SRPs and with the
dual rod probe. Again, the peak due to the scatterer was identified in the trace and
the corresponding bandpass reflection coefficient ρBP was read out.
Figure 2.24 shows that for all four SRPs the influence of the large scatterer is still
visible at ra = 80 mm. There is no difference regarding the measured reflection
amplitude between the coated SRP with the small horn and the coated SRP with the
large horn. For the uncoated SRPs with different horns only a small difference was
observed. The two-rod probe compared with the SRPs again shows a significantly
smaller reflection coefficient.

Cavities with low dielectric constant

For the third experiment, a tank was filled with gravel and saturated with deionized
water to simulate a very wet soil, where the effect of “dry” stones in the measure-
ment range of an TDR probe would be largest (Fig. 2.25). Gravel, because of its
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large particle size, can be saturated fast without the danger of entrapping air. This
was advantageous for this experiment, where three closed-pore polystyrene cubes
of side lengths s = 50 mm, 100 mm and 140 mm respectively, had to be buried and
reburied several times at several centimeters below the gravel surface. Polystyrene
cubes were selected as stone substitutes because of their well-defined shape. With
a dielectric constant of κ′ = 2.6 polystyrene is below the dielectric constants of
stones, which are in the range of κ ′ = 4...8. The outcome of the experiments marks
therefore an upper boundary in the sense, that the effect of a real stone instead of
the substitute would be minor for any common stone material.
A polystyrene cube was placed at different distances r p in direction of the y-axis
from a TDR probe mounted vertically in the tank (Fig. 2.25). For each distance the
full TDR trace was recorded with a TDR100 reflectometer. Due to the high-pass
characteristic of the small horn (Fig. 2.15), frequency components of the step signal
below 200 MHz are not transmitted. TDR curves obtained with an SRP therefore
look different compared with usual two-rod probe curves. Nevertheless it is still
possible to use the algorithm by Baker and Allmaras (1990) and Heimovaara and
Bouten (1990) to determine the travel time of the signal. Figure 2.26 illustrates
this approach. Tangents are fitted both to the probe-head leading edge and the end
reflection edge. They are intersected with tangents fitted to a short range before
these reflections. From the intersections the two-way travel time of the signal is
obtained, which includes the travel time through the head section (in this case the
horn).
All traces were processed with this algorithm which provides the apparent dielectric
constant κ′eff. From the latter a volumetric water content θ was calculated with
the relation of Topp et al. (1980). The experiment was repeated with all three
polystyrene cube sizes and two TDR probes: a TRP with d = 5 mm, D = 31 mm
and LTRP = 300 mm and an uncoated SRP with d = 10 mm, σ c = 16.2 MS/m,
LSRP = 300 mm with the small horn (R = 45 mm).
Figure 2.27 shows, that the influence of a “stone” in the proximity of the probe is
larger for an uncoated SRP than for an TRP of comparable size.

2.4.3 Conclusions regarding the sensitivity investigations

Two different kinds of sensitivity comparisons have been conducted. First, SRPs
and TRPs were compared regarding their radial sensitivity in the case of a quasi-
homogeneous medium. Second, SRPs and TRPs were compared regarding the
radial sensitivity to different scattering objects.
Both comparisons show, that an uncoated SRP has a larger influence range com-
pared to a TRP of equal size. For the case of a single, small scattering object,
e.g. a stone or a water cavity, the influence range of an SRP is around 6 cm and
twice the size of the influence range of a TRP. For a quasi-homogeneous medium,
the averaging in the sampling volume is more balanced in the case of an SRP and
the weighting function decays slowlier. The SRP is therefore more suitable for
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Figure 2.25: Setup for the third sensitivity experiment. A polystyrene cube was placed in
water-saturated gravel (particle size 2 mm to 3 mm, volumetric water content θ = 0.427
m3m−3) at several distances from a vertically installed TDR probe. The experiment was
repeated with three cubes of different size and with TRP and a SRP probes.
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non-local measurements of water content with TDR.

2.5 Calibration

The calibration of the TDR probes consists in determining the relationship between
the volumetric water content θ of a medium, varied from zero to full saturation, and
the apparent dielectric constant κ ′

eff, obtained from the analysis of the TDR traces.
Ideally, the calibration is performed with a soil-sample from the fieldsite, where
the probes are intended to be installed. However, this can become a very laborious
and time consuming task, especially if the probes are used in different soil types. A
common short-cut is to calibrate the probes only in air and immersed in water, and
to assume the empiric θ−κ′

eff relationsship of Topp et al. (1980). An intermediate
solution would use a soil substitute for calibration.
The knowledge of the exact volumetric water content in the measurement range
of the probe is crucial for an accurate calibration. For this task, the availability of
a medium with a time independent, homogeneous water content would be benefi-
cial. Though the latter seems to be achieved easily, a closer look reveals significant
difficulties for water content levels between the residual water content and full satu-
ration. In the unsaturated range above residual water content, any mixture of water
and particles is susceptible to drainage, rendering a vertically inhomogeneous wa-
ter content distribution. Several ways to circumvent this problem and to obtain an
optimal calibration medium were studied.



62 Single-rod probes: sensitivity and calibration

2.5.1 Very fine grain material

Very fine grained materials, e.g. clays, can exhibit high residual water contents up
to θr = 0.4 because of small pore sizes. Unfortunately, the latter corresponds to
a medium with a large specific surface. A substantial part of the water is more or
less bound to the particle surface, with reduced ability to polarize in an oscillating
electromagnetic field. Clays or equivalent fine grain materials with high water con-
tent are therefore very lossy with a significant influence of the losses on the speed
of a propagating electromagnetic wave. Finally, TDR traces obtained from such a
medium lack of a pronounced end reflection which makes an accurate travel-time
analysis impossible.

2.5.2 Coarse grain material

Instead of using a fine grain material at residual water content as a calibration
medium, a water saturated coarse grain material with low porosity could be utilized.
Low porosity can be achieved with a large grain size distribution. However, such
mixtures tend to separate when agitated, leading to inhomogenity. Smaller sized
grains accumulate at the bottom, because they fall easier through narrow gaps.
Alternatively, coarse grains of well defined shape and size can arrange themselves
to a dense packing with low porosity. Approximately cube shaped gravel of 2 to 3
mm sidelength was experimentally found to have a porosity of φ = 0.42. Spheres,
however, have an ideal volume filling rate of 0.74 independent of the sphere radius.
No source for coarse grains with other regular shapes like tetrahedrons, octahedrons
or dodecahedrons could be found.

2.5.3 Solid particles

Different manufacturers offer low-loss dielectric materials with κ ′ = 80, which
could be used to mimic the dielectric behaviour of water up to ≈ 15 GHz, where
the relaxation of water is not yet noticeable. The homogeniety of a mixture of sand
and small ceramic chunks could be judged by eye, because of the different colors
of the materials. The mixture appears to be electrically homogeneous, if the sizes
of the ceramic particles are be well below the smallest wavelength of the TDR sig-
nal in the medium. For a common soil at full saturation κ ′

s ≈ 25 and with a TDR
reflectometer bandwidth of 1.5 GHz (e.g. TDR100, Tektronix 1502) the smallest
signal wavelength relevant is around

λmin =
c0

fmax
√

κ′s
= 4 cm (2.19)

The particle size should be 4 mm or less. Though such particles are available, they
are far too expensive for the purpose intended, e.g. 50 cm 2 (0.05 liters) cost about
$2000.
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2.5.4 Liquids

To use a liquid as the soil substitute for calibration has the advantage, that the
medium has not to be remixed before each calibration. The calibration with liquids
consists in relating the apparent dielectric constant measured with TDR to the true
dielectric constant, obtained with a reference measurement method. Alcohols, in
principle, would be the most interesting liquids for calibration. They are able to
form hydrogen bonds in much the same way as water but exhibit lower dielectric
constants (Table 2.2). The dispersion of the dielectric constant, like for the case
of water, is well described with a Debye type relaxation spectrum. Unfortunately
however, the relaxation frequencies increase with chain length and fall into the
measurement bandwith of the TDR device for the longer molecules with lower
dielectric constants. In such a case, there is no clear reference value available for κ ′
(Robinson et al. (2003) for an example of this problem with a mixture of propanol
and water). After all, monomolecular fluids would only permit calibration at some
discrete dielectric constant values.

Mixtures of two alcohols or of an alcohol with water exhibit a single relaxation time
at an frequency position which reflects the molar ratios of the two components. For
a mixture with a low dielectric constant, the relaxation frequency would be near
the component with a low κ′ and fall into the measurement bandwith of the TDR
device.

A mixture with κ′ = 3...25 depending on the ratio of the volumetric parts of the
components would be favorable. This would at least require a very low dielectric,
apolar component and a clearly polar molecule. Two such substances in general
do not mix well. In such a case two distinct relaxation times are observed and
they do not differ greatly from those of the pure solvents. This suggests that the
molecules do not experience average environments, but form aggregates which are
microassemblies of like molecules. Therefore, the relaxation times resemble those
of the pure solvents and the relaxation volumes are significantly larger than the
molecular volumes, indicating that the relaxation processes are occurring within
an aggregate of molecules (Gabriel et al., 1998). With different mixture ratios
of acetone and n-hexane, Sen et al. (1992) could vary the dielectric constant of
the composition in the range κ ′ = 2...20 at 1.25 GHz. Pure acetone has a high
relaxation frequency of 46.8 GHz and n-hexane has a low tanδ < 0.01 at 1.25
GHz. The mixture therefore might exhibit constant dielectric properties up to the
GHz range, independent of the volumetric ratio of the components.

However, even if a suitable calibration liquid would be found, the process suffers
from the disadvantage of missing θ− κ ′

eff data points. The probe might be cali-
brated with liquids to measure the correct dielectric constant of a medium. But the
relationship between the dielectric constant and the water content for a certain bulk
medium still is left to be determined.
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Alcohol κ′0 frel [GHz]
Methanol 32.8 3.09
Ethanol 24.6 0.94
Propan-1-ol 19.5 0.48
Pentan-1-ol 15.8 0.20

Table 2.2: Debye parameters for some alcohols (Gabriel et al., 1998)

2.5.5 Gelating agents

Drainage can be slowed down or even prevented by increasing the viscosity of the
fluid, e.g. with gelling agents. For water, thickeners are known in cooking as e.g.
corn starch, gelatine or agar. In the usual TDR frequency range from 0.2 to 3 GHz,
none of these gelling agent preserve the complex dielectric constant of free water
exactly. For agar gels however the change is small (Roebuck and Goldblith, 1975).
Additionally, agar gels exhibit densities close to the density of free water. This was
the motivation to investigate agar-gel sand mixtures.

Materials, methods and results

Agar is obtained from the cell walls of red algae or seaweeds (mainly sphaero-
coccus euchema, gelidium and gracilaria). It consists to 90% of heteropolysac-
carides (thereof are 70% agarose, which is the gelling agent and 30% non-gelling
agaropektin), to 7% of sulfate and to 3% of pyruvate. Agarose is a linear polysac-
charide made up of the basic unit agarobiose, which comprises alternating units of
galactose and 3,6-anhydrogalactose.
Prior to the experiments with agar-gels and sand, the complex dielectric constant κ
was measured in the frequency range from 0.2 to 3 GHz of a completely hydrated
gel with gelling agent agar (Sigma-Aldrich Product Number 05038) and of a second
completely hydrated gel with gelling agent agarose (Sigma-Aldrich Product Num-
ber 05056). The two gels were obtained by heating a mixture of 0.015 mass parts
of the gelling agent (agar, respectively agarose) with 0.985 mass parts of deionized
water up to 100◦ C. The pots with the boiling fluids were removed from the hot
plates to cool down to room temperature, which resulted in rigid gels. The com-
plex permittivity κ of the gels and of deionized water at room temperature were
measured with the Agilent 85070 dielectric probe kit and an HP 8753ES network
analyzer in the frequency range from 0.2 to 3 GHz. According to Figure 2.28, the
real part of the dielectric constant, κ ′, of the agar-gel and of the agarose-gel were
found to be similar, but slightly lower than the values measured for deionized water.
The difference is in the order of ∆κ ′ ≈ 7 over the whole frequency range. The agar-
gel and the agarose-gel exhibit a slightly higher loss than deionized water above 1
GHz .
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and deionized water. The gels contain 0.985 mass parts of deionized water and 0.015 mass
parts of agar (Sigma-Aldrich Product Number 05038) or agarose (Sigma-Aldrich Product
Number 05056).
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Table 2.3: Agar-gel sand mixtures: results of TDR measurements. The volumetric water
content θ was determined by drying out a sample of the mixture at 105◦ C for 24 h and
by scaling the result according to the density of the columns. The real, relative, effective
permittivity κ′eff was measured with a TDR dual-rod probe system.

weight parts density θ κ′
eff

sand agar [kg/m3] [m3m−3]
15 1 1302.6 0.07 4.4
15 2 1354.4 0.15 7.8
15 3 1420.9 0.22 12.6
15 4 1462.2 0.30 16.2
15 5 1479.8 0.36 21.1
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Figure 2.29: Measured dielectric constants of five different agar-gel sand mixtures (dots) as
a function of water content, and the calibration curve by Roth et al. (1990).
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The agar gel, which had a density of 980 kg m−3, was further processed. It was
crushed to particle size of 3 mm with a food mill. These gel particles were then
mixed by hand with sand of grain size 0.08-0.2 mm in the mass ratios 1:15, 2:15,
3:15, 4:15 and 5:15. The mixtures were filled into cylindric containers with a diam-
eter of 200 mm. The final filling height was 300 mm. The weight and the volume
of the agar-gel-sand columns were determined and the densities of the mixtures
calculated. Before filling the columns, 150 g of each mixture was taken and dried
at 105◦C for 24 hours. This process is applicable, because above 85 ◦C all agar-
water linkages are broken. The resulting gravimetric water content was converted
to volumetric water content by use of the calculated densities.

A two-rod TDR probe with a probe length of 300 mm, rod spacing 30 mm, rod
thickness of 5 mm, was vertically inserted from the top into the column. It was as-
sumed that the water content along the rod varies only slightly. The TDR trace was
measured using a Tektronix 1502B TDR scope and evaluated with the algorithm
by Baker and Allmaras (1990) and Heimovaara and Bouten (1990). The measured
dielectric constants are listed in Table 2.3 and plotted in Figure 2.29 together with
the values predicted by the model of Roth et al. (1990):

κ′ =
(
(1−φ)κ′s

a +θ κ′w
a +(φ−θ)κ′a

a)1/a
(2.20)

with the dielectric constant of the soil matric κ ′
s = 4.5, the dielectric constant of the

agar-gel κ′w = 73, the dielectric constant of soil air κ ′
a = 1, the porosity φ = 0.35

and the fitting factor a = 0.46.

The homogenity of an agar-gel sand mixture in time was investigated with another
column with a diameter of 200 mm. The tank was filled up to a height of 400 mm
with a 3:15 gel-sand mixture. Immediately afterwards, the column was equipped
with eight three-rod probes of rod length 12 cm, horizontally inserted and at differ-
ent levels (Fig. 2.30). The TDR traces were recorded every 3 min over a period of
250 min with a Tektronix 1502B sampling scope and a CR10X Campbell datalog-
ger. The traces were evaluated by the algorithm of Baker and Allmaras (1990) and
Heimovaara and Bouten (1990). Figure 2.31 shows the time scale and extent of the
drainage in the gel-sand mixture. After 250 min the initial volumetric water content
of the column of θ = 0.22 had changed as much as ∆θ = +0.04 for the probe no. 1
at the lowest level and ∆θ = −0.02 for probe no. 8 at the top level. Drainage was
not completed at the end of the experiment.

As an alternative mixing concept, the sand part was poured directly into the boiling
agar-water fluid and stirred until a homogeneous mixture was obtained. The blend
was removed from the heat and was kept agitating. At the gelling point at around
35◦C this became an increasingly difficult and finally impossible task. Cooled
down at room temperature, the mixture became a very inhomogeneous and brittle
solid. TDR probes could only be inserted with force, breaking the consolidated
brick.
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Figure 2.30: Setup for the homogenity experiment. Eight three-rod probes were inserted
horizontally at different levels into a column with an agar-gel sand mixture (mass ratio 3:15).
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Figure 2.31: Relative volumetric water content ∆θ as a function of time. Plotted is the
difference of the volumetric water content θ compared to the initial state (θ = 0.22) at the
different levels (probe no. 5 failed).
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Figure 2.32: Setup for the calibration in the wet range of soils. The single-rod probe was
mounted from below in a cylindrical tank with radius 120 mm, then the pass-through in the
bottom was sealed. A temporarily mounted two-rod probe was used for reference measure-
ments.

Discussion and conclusion

According to Figure 2.29, mixtures of agar-gel with sand follow the calibration
curve of Roth et al. (1990) well. This is not surprising, as the dielectric properties
in the frequency range 0.2 to 3 GHz and the densities of agar gels were found to
be similar to those of free water. The difference of the real part of the permittivity
is κ′agar gel/κ

′
water ≈ 0.9. The water content of the agar-gel sand mixtures have to be

determined by gravimetry for best accuracy at higher water contents. The influence
of the increased losses of agar-gels on wave velocity is completely negligible. The
velocity is reduced to 99.98% of its loss-less value with losses as high as tanδ= 0.1
(cf. section wave velocity). Agar-gels are therefore suitable dielectric substitutes
for free water in soil-water mixtures in the frequency range from 0.2 to 3 GHz.
The measured drainage effect in the agar-gel sand column is attributed to the ap-
pearance of free water, which was released by the agar gel during the mixing
process and due to the pressure in the non-consolidated packing. Agar gels are
susceptible to mechanical stress; pressure and friction easily extricate bound water.
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Figure 2.33: Calibration traces, truncated to the significant part for better display. From left
to right: air, 0.0, 0.02, 0.05, 0.07, 0.09, 0.12, 0.15, 0.18, 0.24, 0.28, 0.35 volumetric water
content. The traces are different from those of usual two-rod probe curves because low-
frequency components of the TDR step signal are not transmitted by the single-rod probe.

2.5.6 Calibration with a vertically inhomogeneous medium

Due to the failure of the approaches explained above, the SRP was finally calibrated
with an inhomogeneous medium and a special calibration setup. An uncoated SRP
with the small horn was mounted bottom-top in a tank with 120 mm radius and
400 mm height (Fig.2.32). The moist sand with 0.08 to 0.2 mm particle size was
filled into the tank up to a few centimeters higher than the probe end. Drainage
was still apparent but no water could escape. It was assumed that the SRP and
the two-rod probe measure the length-weighted average water content if refractive
index averaging is dominant (Schaap et al., 2003). A high bandwidth TDR device
and an appropriate evaluation algorithm, which mainly tracks the higher frequency
part of the signal, support this assumption. The Tektronix 11802 scope with an SD
24 TDR sampling head used for the measurements has a rise time of t r = 35 ps cor-
responding to a theoretical bandwidth of 0.35/t r = 10 GHz (Strickland, 1970). The
effective bandwidth is slightly lower because of cable losses. Preliminary measure-
ments in water and air allowed to determine the head-section offset for the SRP.
The velocity of the signal was calculated from the two-way travel time. Therefrom,
the dielectric constant κ′

s was derived via the relationv = c0/
√

κ′s . For each SRP
measurement a reference curve with the two-rod probe was collected. The average
volumetric water content was calculated for each case on the basis of the added
sand and water. All calibration measurements were taken at room temperature with
deionized water.
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Figure 2.34: Calibration measurements of the relative dielectric constant κ′eff vs. volumetric
water content θ. The calibration curve by Roth et al. (1990) is plotted as a solid line.

Figure 2.34 shows, that the dielectric constants as measured with the SRP match the
reference values well. The differences between the SRP and the two rod measure-
ments increase with a higher water content, though no systematic deviation could
be observed. The end reflection slope steepnesses of TDR curves of wet sand are
smoother than those of dry sand, which reduces accuracy in determining the end
reflection point. Figure 2.34 compares the measured permittivities with the values
predicted by the model of Roth et al. (1990) with the dielectric constant of the soil
matric κ′s = 4.5, the dielectric constant of water κ ′

w = 80.2 at 20 ◦ C, the dielectric
constant of soil air κ′a = 1, the porosity φ= 0.35 and the fitting factor a = 0.46. The
calculated values and the measured data are in good agreement, which supports the
assumption of refractive index averaging to be appropriate.





Chapter 3

Profile reconstruction
algorithms

Profile reconstruction algorithms for TDR measurements attempt to reconstruct the
water content profile along a probe from a recorded TDR curve. Direct inversion
formulas are known, but their application range is limited, as explained in the intro-
ductory chapter. More sophisticated reconstruction algorithms comprise an electric
soil model, a forward solver and an optimizing procedure. With the forward solver
the expected TDR curve is simulated. The optimizing procedure compares the sim-
ulated and measured TDR curve and adjusts the parameters of the model in order to
reduce the difference. This process is iterated until the match between the simulated
and the measured curve is as good as requested. At this final point, the values of
the model parameters are assumed to describe the electric soil properties correctly.

3.1 Electric soil model

Recent developments in advanced evaluation of TDR measurements have shown
that a multisection model with Debye-type parameters for each layer is a promising
approach (Feng and Lin, 1999; Weerts et al., 2001; Lin, 2003a). Such a model is
shown in Figure 3.1. Each of the N layers has four parameters: the relaxation
frequency frel[n], the dielectric constant κ′

0[n] at frequencies well below frel[n], the
dielectric constant κ′∞[n] at frequencies well above f rel[n] and the conductivity σ[n].
This model is versatile, but has a very large variable space. An appropriate re-
construction algorithm is hard to develop. In a practical case, however, the soil
structure is often roughly known. Here, the case of a non-reactive, homogeneous
soil with a low specific surface area As = 0−100 m2/g is assumed. This assumption
is made to simplify the experiments performed to test the algorithm. As will be ex-
plained at the end of this chapter, the algorithm, developed below, is not restricted
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� � �0[1], [1], [1], [1]	 frel

� � �0[2], [2], [2], [2]	 frel

� � �0[n], [n], [n], [n]	 frel

� � �0[N], [N], [N], [N]	 frel

~ ~

~ ~

Figure 3.1: Multislice-Debye soil model: the soil is discretized in N horizontal layers with
the Debye parameters κ0, κ∞, frel, σ.

to this soil class.
Bound water effects are negligible for soils with a low specific surface area. The
relaxation frequency of water in the pore space corresponds approximately to the
relaxation frequency of free water, which is f = 17 GHz. Therefore, it is pos-
sible to set frel[n] ∀ n = frel = 17 GHz. The relaxation frequency is well out of
the measurement bandwith of common TDR reflectometers, which is around 1.5
GHz. However, frel is still low enough to have a noticeable effect on the dielectric
constant, especially on the dielectric losses, e.g. tanδ≈ 0.2 at 2 GHz.
For the specified soil class, the dielectric constant well above f rel can assumed to
be κ′∞[n] ≈ 1 ∀ n.
Figure 3.2 illustrates the simplyfied electric soil model, which has two variables
per layer, the Debye parameter κ ′

0[n] and the conductivity σ[n].

3.1.1 Coupling of water content and conductivity

Local conductivity and local water content determine the shape of the measured
TDR trace very similarly, as will be explained in detail later. This fundamental
problem can only be solved through the establishment of a relationship between
κ′0[n] and σ[n]. However, the relation between local conductivity and local water
content can assume a broad variety of forms, depending on the soil type. In order
to constitute such a relationship, restrictions on the soil type have to be made. The
simplified model of the previous section is already confined on non-reactive soils
with a low specific surface, where surface conductivity can be neglected and no ion
exchange processes with the soil matric are apparent. The conductivity σ of the
porous media is then mainly a function of the pore water conductivity σ el. Under
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� �0[1], [1]

� �0[2], [2]

� �0[n], [n]

� �0[N], [N]

~ ~

~ ~

17 GHzf =rel

�	= 1

Figure 3.2: Simplyfied multislice-Debye model for soils with a low specific surface area,
As = 0−100 m2/g, where frel = 17 GHz and κ∞ = 1 for all layers.

these circumstances, the empiric rule termed “Archie’s law” (Archie, 1942) can be
applied, which relates σel, the soil porosity φ, and the degree of saturation S to the
conductivity σ of the porous medium with a,c and k as fitting coefficients:

σ = aσelS
cφk (3.1)

For soils of the mentioned class, a≈ 1, k≈ 1.88, c≈ 4...5 according to Santamarina
et al. (2001) and Hunt (2004).
The degree of saturation S is defined as

S =
θ−θr

θs −θr
(3.2)

with the water content at saturation, θs ≈ φ, and the residual water content θr. For a
small layer, which is an element of the soil matric, θr and a,c and m are constants.
Two saturation states S1 and S2 for this layer then relate to the corresponding water
contents θ1 and θ2 as

S2

S1
≈ θ2 −θr

θ1 −θr
(3.3)

The ratio of the conductivities σ1 and σ2 becomes

σ2

σ1
≈

(θ2 −θr

θ1 −θr

)c
(3.4)

if the pore fluid conductivity σel remains approximately constant. It is clear, that
the latter is a strong assumption.
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Figure 3.3: Conductivity σ vs. saturation S as described by Archie’s law for a = 1, σel =
0.01 mS/m, c = 4 and c = 5, φ = 0.35, k = 1.88.

3.2 Simulation of the TDR curve

The complex dielectric constant κ[n] of each layer is given by the Debye equation
with an additional conductivity term:

κ[n] = κ′∞ +
κ′0[n]−κ′∞
1+ j ω

ωrel

− j
σ[n]
ε0ω

(3.5)

with ωrel = 2π frel. The impedance Z and the propagation constant γ for an electro-
magnetic wave on the two-rod transmission line are

Z[n] =
√

µ0

ε0

π√
κ[n]

arcosh
D
d

(3.6)

according to Ramo et al. (1993), and

γ[n] =
2π f
c0

√
−κ[n] (3.7)

The input impedance for each segment is

Zin[n] =
Zin[n+1]+Z[n] tanhγ[n]l

1+ Zin[n+1]
Z[n] tanhγ[n]l

(3.8)

The probe end is modeled with the impedance Z[N + 1] = Ze. Applying Eq. 3.8
iteratively, Zin[1] can be obtained.
The wave phase velocity v[n] results from the imaginary part of γ in each layer:

v[n] =
2π f

Im γ[n]
=

Im
√−κ[n]

c0
(3.9)
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Figure 3.4: Measured example TDR trace r̃(t) and simulated example TDR trace r(t). In-
dicated are the time points tstart, t̃end, tend.

The cumulative travel time is defined as

T [n] =
N

∑
n=1

l
v[n]

(3.10)

The simulated reflection coefficient in the frequency domain is

R( f ) =
Zin −Zw

Zin +Zw
(3.11)

with Zw the wave impedance of the coaxial cable. Through inverse Fourier trans-
form (IFT) the TDR curve can be obtained

r(t) = IFT R( f ) (3.12)

The simulated TDR trace is, if necessary, time-shifted to match the measured trace
in the area of the probe start, as shown in Figure 3.4. The common start of the
probe rods in the TDR traces is denoted by tstart . The ends of the probe rods in
the TDR traces are denoted by t̃end for the measured trace, tend for the simulated
trace. These end reflection points are determined with the algorithm by Baker and
Allmaras (1990) and Heimovaara and Bouten (1990).
The volumetric water content θ[n] of the layer n can be obtained with a calibration
function, e.g. the one by Topp et al. (1980):

θ[n] =−5.3 ·10−2+2.92 ·10−2 κ′0[n]−5.5 ·10−4 κ′0
2[n]+4.3 ·10−6 κ′0

3[n] (3.13)
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Figure 3.5: TDR100 step signal of the reflectometer used in the experiments, as recorded
with the reflectometer itself. The signal rise time from 10% to 90% of the maximal signal
amplitude of 0.25 V is approximately 225 ps.

3.3 Inclusion of limited signal rise-time

The simulation procedure developed so far relies on a reflectometer with zero step
signal rise time. In reality, TDR measurement devices have a finite measurement
bandwith. For a TDR100 reflectometer, e.g., the specified maximum signal rise
time is 300 ps. Step signal rise time is defined as the time for a signal to rise from
10% to 90% of the maximum signal amplitude. Figure 3.5 shows the step impulse
of the TDR100 reflectometer used for the experiments described further below, it
was found to have a signal rise time of 225 ps.
The ideal step signal from 0 to 1 with zero rise time shall be denoted with s(t) and
the real step signal with s′(t). A frequency response H( f ) can then be defined as:

H( f ) =
FT s′(t)
FT s(t)

(3.14)

with FT the Fourier transform. H( f ) can then be used to filter the simulated reflec-
tion coefficient R( f ),

R′( f ) = H( f ) ·R( f ) (3.15)

which yields the filtered reflection coefficient R ′( f ). From the latter, a TDR trace
is obtained, which includes the effects of the limited reflectometer signal rise time.
The signal s′(t) can be acquired with the reflectometer itself: the initial signal step
from 0 to the nominal voltage on the 50 Ω line is recorded. The ideal signal s(t)
can be generated artificially.
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Figure 3.6: Sample TDR traces of deionized water, measured with a probe with distributed
head transition and simulated for a probe without a head transition. The step signal of the
simulated trace has a rise time of 225 ps. The distributed head transition has a significant
influence on the trace shape.

3.4 Distributed probe head transition

The structure of the model developed so far assumes a direct transition from the
coaxial cable with impedance Zw to the two-rod transmission line with input im-
pedance Zin. In such an ideal case, the impedance would change abruptly from Z w

to Zin at the connection point. Different conductor geometries of the coaxial and the
two-rod transmission line as well as the change from an unbalanced to a balanced
wave guide makes the transition more complex in reality. A non-ideal transition
can become a source of problems:

- The bandwidth of the transition can be considerably lower than the signal
bandwidth. Precision deteriorates.

- Multiple reflections due to the transition section can load the beginning of
the measurement curve with artifacts. If the transition section is not properly
modeled, the reconstruction algorithm may be misled by these artifacts.

The example of Figure 3.6 illustrates both these effects.
A simple model for a distributed transition comprises M elements with impedances
Zh[m], propagation constants γh[m] and lengths s[m]. This transition model is ap-
pended to the electric soil model, i.e. the impedance Zh[M +1] of the element be-
yond the last element of the head corresponds to the input impedance Z in[1] of the
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rod section, Z[M +1] = Zin[1]. By applying the impedance transformation formula
iteratively,

Zh,in[m] =
Zh,in[m+1]+Zh[m] tanhγhs[m]

1+ Zh,in[m+1]
Zh[m] tanhγhs[m]

(3.16)

the probe equivalent input impedance Zh,in[1] results. From the latter, the reflection
coefficient R( f ) is obtained with Eq. 3.11.
The definition of the head model values for a given TRP is, in principle, not a
straight-forward task. The transmission scattering parameter s21 of the probe head
section alone can not be measured directly, common network analyzers have only
coaxial connectors. Indirect measurements would include other parts of the trans-
mission line. However, it was found that in practice the head section can be mod-
eled with a few elements, whose parameter values are ajusted manually to obtain a
good fit between r(t) and r̃(t) in the head section of the traces.

3.5 Optimization

3.5.1 Error functions

The objective is to minimize the deviation between the measured TDR trace r̃(t)
and the simulated waveform r(t) for t = 0 . . .∞. However, it can be difficult to
simulate the end reflection slope as it also depends on the complex electric field
distribution in the medium beyond the probe rods. Therefore, the end reflection
is simply modeled with an quasi infinite impedance, e.g. Ze = 100 MΩ and a
restricted error function is established:

η =
� max(t̃end , tend)

t=tstart

(
r(t)− r̃(t)

)2
dt (3.17)

This error function, as shown in Figure 3.7, measures the difference between the
calculated and the measured trace from tstart up to the last end reflection time point
of the two traces. The optimization goal is reached when η < ηmax with the user
defined maximum allowed error ηmax. In such a case, the layer variables Z[n] and
γ[n] of the model are assumed to describe the effective electric properties of the
layers.
A second error function ξ is defined as

ξ =
� min(t̃end , tend )

t=tstart

(
r(t)− r̃(t)

)2
dt

This error function measures the difference between the calculated and the mea-
sured trace from tstart up to the first end reflection time point of the two traces. The
error limit ξmax is defined as ξmax = ξ at η= ηmax. Figures 3.7 and 3.8 illustrate the
case η> ηmax and ξ< ξmax, where the simulated TDR curve matches the measured
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Figure 3.7: Sample measured and simulated TDR traces for the case η>ηmax and ξ< ξmax,
where t̃end < tend. Due to a too low value for the pore water conductivity σel, a part of the
difference between r(t) and r̃(t) was attributed wrongly to a higher water content.
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Figure 3.8: Sample measured and simulated TDR traces for the case η>ηmax and ξ< ξmax,
where tend < t̃end. Due to a too high value for the pore water conductivity σel, a part of the
difference between r(t) and r̃(t) was attributed wrongly to a higher conductivity.
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trace well, but only up to the first end reflection time point of the two traces. This
case occurs, if the pore water conductivity value σ el is not correct. Optimization is
stopped, and has to be restarted with a adjusted σel value. If tend > t̃end, the overall
water content of the profile model is too high. The source of this error is a too low
value for σel. Contrary, if tend < t̃end, the overall water content of the profile mode
is too low and the value for σel is too high.

3.5.2 Parameter adaptation

If η is small, r̃(t) and r(t) correspond approximately to the same locations for ∀ t
and the difference function

∆r(t) = r(t)− r̃(t) (3.18)

can be calculated. At times where ∆r(t) > 0, the difference at the corresponding
location z may be attributed to

- a higher true local water content θ̃(z) > θ(z). This means a higher real part of
κ′0 (Eq. 3.13) and a true local impedance with lower magnitude | Z̃(z)|< |Z(z)|
(Eq. 3.6). The latter results in a lower measured reflection coefficient r̃(t)
which yields a positive difference ∆r(t) > 0.

- a higher true local conductivity σ̃(z) > σ(z). This means a higher imaginary
part of κ′0 and therefore a lower magnitude| Z̃(z)|< |Z(z)| with the same effect
as a higher local water content.

- a multiple reflection effect

Analogously, ∆r(t) < 0 may be attributed to a lower true local water content or to
a lower true local conductivity or to both.
In our model, multiple reflection effects are captured with the method of equivalent
input impedance. The source of the change ∆r > 0, however, cannot be determined
without a relation between θ(z) and σ(z). This explains, why a coupling between
water content and conductivity had to be established.
The start point of the layer n corresponds to the time point T [n− 1]+ t start in the
simulated TDR trace. If a difference ∆r(t) �= 0 is observed, the local dielectric
constant κ0[n, i] of iteration step i is changed to the new dielectric constant κ0[n, i+
1] as follows

κ′0[n, i+1] = κ′0[n, i]+w ·∆r
(
T [n−1]+ tstart

)
(3.19)

with the optimization weighting factor w. The new local water content θ[n, i+1] is
calculated with Eq. 3.13. The new conductivity value σ[n, i+1] becomes with Eq.
3.4

σ[n, i+1] = σ[n,k]
(κ′0[n, i+1]

κ′0[n, i]

)c
(3.20)
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Figure 3.9: The difference function ∆r(t) is built by subtracting the measured TDR trace
r̃(t) from the simulated TDR trace r(t) in the range of η (example).

For a large value ofη, the difference∆r(t) is meaningless, because reflection coeffi-
cients, which do not correspond to the same locations, are subtracted, as illustrated
in Figure 3.9. Therefore, the modified difference function

∆rb = r
(
b(t − tstart

)
+ tstart)− r̃(t) (3.21)

is defined with the scale factor

b =
t̃end − tstart

tend − tstart
(3.22)

With this modification, the simulated reflection curve r(t) is scaled, so that the
end points of the scaled curve rb(t) and of r̃(t) coincide. Scaling of r(t) prevents
large errors in ∆r if the simulated and the measured trace are very different in
length. However, reflection coefficient values, which do not correspond to the same
locations, might still be subtracted, this aspect is accounted for with a filtering of
the difference function, as explained below.
The update equation 3.19 is

κ′0[n, i+1] = κ′0[n, i]+w ·∆rb
(
T [n−1]+ tstart

)
(3.23)

with the modified difference function.
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Figure 3.10: Sample measured TDR trace r̃(t), a sample simulated TDR trace r(t) and the
shifted simulated TDR trace rb(t) with the same tend as t̃end.

3.5.3 Filtering of the difference function

In the optimizing process, Eq. 3.23 is applied iteratively for all layers. First trials
with this parameter adaptation procedure exhibited self-amplifying artifacts in the
simulated TDR trace. These artifacts resulted from ∆rb(t), where r(t) and r̃(t) did
not correspond to the same locations. To suppress this effect, a Savitzky-Golay
filter SG is issued, with order o and frame size p (Savitzky and Golay, 1964). The
filter is applied on the difference function to obtain a filtered difference function:

∆rSG = SG(∆rb) (3.24)

The Savitzky-Golay filter method performs a local fit with order o in a frame of
p data points to determine the smoothed value for each data point. Applying SG
on ∆rb means that a local error is distributed to ajacent layers. This results in
a optimization process which corrects global errors first before correcting local
errors, while the ability to correct local errors is preserved.

3.6 Initialization of the layer variables

An estimate of the mean water content θ can be obtained with the conventional
TDR evaluation procedure where

κ =
(c0(t̃end − tstart)

2L

)2
(3.25)
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Figure 3.11: Flow chart of the reconstruction algorithm.
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A reasonable initialization consists in assuming a homogeneous wet soil with the
same water content θ for all layers θ[n] = θ ∀ n, i.e., κ ′

0[n] = κ′0. According to our
model, the conductivity of all layers is then the same, i.e. σ[n] = σ with the mean
conductivity σ. The mean conductivity can be estimated with the method of Giese
and Tiemann (1975) and Heimovaara and de Water (1993) where

σ =
1

Z0 g(D,d)
· 1− r(∞)
1+ r(∞)

(3.26)

with the geometric factor

g(D,d) ≈ 12.1 L

ln
(

D
d +

√(
D
d

)2 −1
) (3.27)

and

Z0 =
√

µ0π
ε0

arcosh
D
d

(3.28)

Inverting Archie’s law, Eq. 3.1, the electrolyte conductivity is obtained:

σel =
σ
a

S−cφ−k (3.29)

Figure 3.11 summarizes the algorithm in a flow-chart.

3.7 Laboratory experiment

A laboratory experiment was performed, where a long TRP was mounted vertically
in a acrylic glass tank filled with dry quartz sand of grain size 0.02-0.8 mm. The
TRP was attached to a coaxial cable, whose inner conductor and sheat were split up
for connection just as far as necessary. The parameters of the experiment are listed
in Table 3.1. Figure 3.12 illustrates the setup and shows the eight installed refer-
ence TRPs. The reference TRPs were mounted horizontally, protruding through the
acrylic wall into the tank at the levels below surface as indicated in the Figure. The
column was slowly wetted through a porous bottom plate with deionized, deoxy-
dized water until the water table reached the surface of the column. Subsequently,
the column was drained by gravity with the end of the outlet hose 400 mm below
the bottom of the tank. After each additional liter of outflow, measurements were
made of all probes with a TDR100 scope and a CR10X datalogger. A total of 15
different drainage states was measured. The TDR traces of the horizontal probes
were evaluated with the algorithm by Baker and Allmaras (1990) and Heimovaara
and Bouten (1990) to obtain the mean water content at the different levels, which
allowed to sketch water content profiles. The measurements with the vertical probe
were processed with the reconstruction algorithm, with the parameters listed in Ta-
ble 3.1. The head transition effects, except for the artifacts, could be modeled with
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vertical reference
tank probe probes model algorithm

W = 440 mm d = 14 mm d = 5 mm N = 40 w = 10
w = 5 mm D = 114 mm D = 31 mm M = 1 o = 3

h = 1000 mm L = 960 mm L = 145 mm Zh[1] = 1500 Ω p = 361
s[1] = 20 mm 2500 data

points

Table 3.1: Parameters for the laboratory experiment and the corresponding profile recon-
structions.

a single element of length s = 20 mm with a very high impedance Z = 1500 Ω.
This is clearly an artificial model, as the probe head is an electrically distributed
system.
Except for the top 10 cm, the reconstruction for the water content profile was ap-
proximately correct for all 15 measured drainage states. Figure 3.13 shows some
of the reconstructions together with the sketched water content profiles. The fail-
ure of the reconstruction in the top layers can be attributed to the artifacts and the
bandwidth limitation introduced with the probe head.
The estimated pore water conductivity resulted to be σ el = 0.5±0.2 mS/m, which
corresponds to the measured value σ̃el = 0.6 mS/m of the deionized water used in
the experiment.

3.8 Field experiment

In order to obtain a real-world data set, an experiment at one of the institute’s field
sites was performed. The experiment site at Sellenbüren is densely covered with
spruce. The topsoil consist of a 5 cm thick humic layer. Below and down to a depth
of more than 70 cm, a primarily sandy soil follows. Six TDR probes were buried
horizontally at the levels below surface indicated in Figure 3.14. Table 3.2 lists the
parameters of the experiment. A long TDR probe was driven vertically into the
soil, at a horizontal distance of 100 mm from the vertical transect formed by the
tips of the horizontally installed TDR probes. The vertical TRP was attached to a
coaxial cable, whose inner conductor and sheat were split up for connection just as
far as necessary. All probes were connected to the TDR100 reflectometer and full
traces for all probes were measured at noon daily and recorded with a CR10X data
logger.
The measurement period spanned 67 days, started at the 6th of September 2004 and
ended at the 11th of November 2004. At the beginning of the measurement period,
the soil was homogeneously dry because of a long period without rainfall before
the start of the experiment. Several heavy rainfall events during the experimental
period then led to a variety of naturally generated profiles.
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Figure 3.12: Initial setup for the laboratory experiment. Acrylic glass tank with wall thick-
ness 5 mm filled with dry quartz sand with grain size 0.02-0.8 mm. The column was
equipped with eight horizontal TRPs at the indicated levels below surface and a long, vertical
TRP.
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Figure 3.13: Measured and reconstructed water content profiles of the laboratory experiment
after 3 liter, 8 liter and 14 liter of drained water.
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vertical reference
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5 cm humic d = 14 mm d = 5 mm N = 40 w = 10
sand D = 120 mm D = 30 mm M = 1 o = 3

L = 700 mm L = 18 mm Zh[1] = 1500 Ω p = 661
s[1] = 20 mm 2500 data

points

Table 3.2: Parameters for the field experiment and the corresponding profile reconstructions.
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Figure 3.14: Setup of the field site experiment.

The traces from the vertical TDR probe were processed with the algorithm. The
obtained water content profiles θ(z) were compared to the water content profile
measured with the horizontal reference probes. While the quantitative match was
poor, the reconstructed profiles follow the general trend of the measured profile.
With the assumption of θr = 0.1, φ = 0.4 and c = 4, the algorithm yielded variable
pore water conductivity in the range σel = 12 . . .20 mS/m. These are reasonable
values. Fellow researchers at a field site nearby have been measuring the conduc-
tivity of the rain water over the past two years (personal communication, David
Rais, WSL Birmensdorf). According to them, rain water conductivity had a mean
value of 19.8 mS/m with a standard deviation of 8.3 mS/m. The difference between
the measured and the reconstructed profile is attributed to the too strong assumption
of constant pore water conductivity.
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Figure 3.15: Example reconstruction of a field site measured profile, from October 10, 2004.
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Figure 3.16: Example reconstruction of a field site measured profile, from November 10,
2004.
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3.9 Discussion and conclusion

To the author’s knowledge, this is the first time, a profile reconstruction algorithm is
presented for a multislice-Debye soil model. The algorithm has been developed for
the case of a non-reactive soil with a low specific surface area. This focus was set
with the container experiment in mind. The idea was to demonstrate the feasibility
of this new approach. If modified, the algorithm is not restricted on the mentioned
soil class. More sophisticated calibration functions than Archie’s law are known,
which take into account surface conduction and ion exchange processes (e.g. the
models of Bussian (1983), Mualem and Friedman (1991), or Revil et al. (1998)).
The soil layer discretization can be adjusted to coincide with natural layers. The
relaxation frequency may be expressed as a function of the local water content.
Therefore, more complex soils can be handled by the algorithm. The prerequisite
is a more detailed knowledge about the physics of the soil under test.
A debatable weakness of this approach is the assumption of constant pore water
conductivity. This assumption is a consequence of the fact, that a TDR measure-
ment is only a snapshot of a current soil state. A single TDR measurement does not
inform about the history of the transport processes which happened in the measured
soil. The knowledge of the latter is, however, mandatory for a more sophisticated
assumption regarding the pore water conductivity. This leads to the conclusion, that
future reconstruction algorithms should utilize time series of TDR measurements
rather than a single snapshot, and that they should be coupled to a solute transport
model.
It has been shown, that progress in TDR soil water content profile reconstruction
can be achieved, if a reasonable link between local water content and local con-
ductivity can be established. It is clear, that the presented algorithm is just an
approach. However, the work is considered to point to the most promising direc-
tion for the further development of soil water content profile reconstruction from
TDR measurements, where the empiric knowledge about pore water conductivity
is essential.





Chapter 4

Coplanar strips for TDR
measurements

Laboratory studies of transport processes in soils or in soil-like materials are often
performed with some kind of container, which holds the investigated medium. In
many cases, these columns are sorbed with water, drained, or set under a constant
water flow. The local water content has to be monitored or is an important result
variable. For this purpose, horizontally mounted TRPs protruding from the con-
tainer wall into the column are commonly used. The accuracy of the estimated
average water content measured with a probe increases with rod length. However,
short probes are preferred, because they interfere less with the container medium.
Very short probes could in principle be used, if the water content in the container
is approximately constant in a horizontal plane. On the other hand, the accuracy of
the evaluation algorithm suffers, if the probes are shorter than 100 mm (Robinson
et al., 2003).
As an alternative, TDR probes made of two parallel coplanar metal strips (CPS)
attached horizontally to the inside container wall were studied. Figure 4.1 shows
a cross-section of this CPS probe in the vertical plane. TRPs are sensitive to the
water content in their proximity only. Clearly, wall-mounted CPS as TDR probes
are only a valid alternative to protruding TRPs if the water content in the horizontal
plane of the probe is approximately constant.

4.1 Theory

The electromagnetic field of a TDR probe which consists of a CPS attached to a
container wall differs significantly from a protruding TRP. A dispersionless TEM
mode on a multiconductor transmission line structure is only possible, if the dielec-
tric is homogeneous in the direction transverse to the wave propagation. This is
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Figure 4.1: Cross section through a container with a mounted CPS with conductor widths
d, center-center distance D, height h, container wall thickness w, container diameter W . Not
indicated is the conductor thickness wc of the CPS.
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Figure 4.2: CPS on an interface of two media. The boundary conditions state, that the
tangential electric field vector is constant across the interface. The magnetic field vector
normal to the interface is continuous, if the permeabilities of the two media are equal.
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often the case for a protruding TRP, because the vertical water content gradient in
the TRP radial sensitivity range is normally small. A CPS attached to a container
wall is quite a different case: there are three media with different dielectric con-
stants which influence the electromagnetic field distribution. The CPS is on one
side exposed to the container filling with dielectric constant κ ′

s and on the other
side attached to the container wall with dielectric constant κ ′

c, whereafter air with
κ′ = 1 follows.
A simple example shows the difference between a transverse homogeneous and
an transverse inhomogeneous medium. Figure 4.2 depicts a CPS probe on the in-
terface of two media a and b with different dielectric constants κ ′

a and κ′b. The
permeabilities is assumed to be µa = µb = µ0. The electromagnetic boundary equa-
tions state that the component of the electrical field tangential to the interface is
continuous

Ex,a = Ex,b (4.1)

With Maxwell’s equations this can be expressed as

κ′b(∇×H)x,a = κ′a(∇×H)x,b (4.2)

If the former equation is expanded, and with the continuity of the normal compo-
nent of the magnetic field in the case of equal permeability

µaHy,a = µbHy,b (4.3)

the following equation is obtained

κ′a
∂Hz,b

∂y
−κ′b

∂Hz,a

∂y
= (κ′a −κ′b)

∂Hy

∂z
(4.4)

From Hy �= 0 follows, that Eq. 4.4 should be non-zero on its left hand side, which
can only be the case, if Hz is non-zero. An analoguous procedure yields E z �= 0.
The resulting propagation mode is therefore not a pure TEM mode, but a hybrid
mode with electric and magnetic field components in propagation direction. Such a
mode has a different wave velocity than a TEM mode and could in principle exhibit
considerable dispersion.
CPS in a dielectric inhomogeneous environment have been well investigated (Gupta
et al. (1979) for a review). The simplest analysis assumes that the field components
in propagation direction can be neglected. The resulting mode is quasi-TEM. This
allows to follow the quasi-static approach, where the transmission line parameters
of a TEM are obtained by solving the electrostatic problem in the transverse plane.
According to Zinke and Brunswig (2000), the quasi-static approach is valid for
frequencies

f <
c0

40
√

κ′s(d +D)
(4.5)
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For CPS in air environment on a substrate with infinite thickness and κ ′
s, the quasi-

static approach yields an effective dielectric constant (Ramo et al., 1993)

κ′eff =
κ′s +1

2
(4.6)

from which the propagation velocity of the wave follows with

v = c0/
√

κ′eff (4.7)

CPS probes mounted on a container wall are similar to this case. The substrate is
formed by the container filling and has a quasi-infinite thickness. In contrast, there
are two additional dielectrics, the container wall with its thickness w and its di-
electric constant κ′c and the surrounding air. This can best be analyzed numerically
with a 2-D field solver. From the capacitance C ′ for a unit length of the CPS, the
effective dielectric constant can then be calculated with

κ′eff =
C′

C′
s
κ′s (4.8)

where C′
s is the capacitance also obtained with a numerical analysis of the same

CPS fully embedded in the medium with κ ′
s.

4.2 Simulations

CPS probes intended to be used in an experiment were analyzed with the ANSOFT
MAXWELL SV program, a 2-D field solver available from www.ansoft.com. The
parameters of the CPS and of the container they are attached to, are listed in Table
4.1. The dielectric constant of the simulated container filling was varied in the
range κ′s = 3..30. Figure 4.3 plots the calculated effective dielectric constant κ ′

eff
versus the dielectric constant κ′

s of the medium. The results show an approximately
linear dependence.

4.3 Experiments

An experiment with the parameters listed in Table 4.1 was performed, to investi-
gate the behavior of CPS in a example case. Four CPS were mounted at different
levels in a large container. They were attached to 50 Ω coaxial cables which were
fed through bore holes and split up right at the start of the strips (Fig. 4.1). The
container was made of acrylic glass with a dielectric constant of κ ′

c = 3.4.
Four reference TRP probes were mounted horizontally, protruding through the con-
tainer wall into the container at the levels href = h+d/2+D/2, i.e. at the height of
the middle line between the CPS. The values of h ref are listed in Table 4.1.
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Table 4.1: Parameters of the experiment with CPS mounted as TDR probes on a container
wall.

container height hc 960 mm
wall thickness w 5 mm
inner diameter W 440 mm
wall dielectric const. κ′c 3.4

CPS probes strip width d 6 mm
strip thickness wc 0.1 mm
strip separation D 19 mm
strip length L 295 mm
installation height h 535, 655, 775, 855 mm

TRPs rod diameter d 5 mm
rod separation D 30 mm
rod length L 145 mm
installation height href 547.5, 667.5, 787.5, 867.5 mm
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Figure 4.3: Effective dielectric constant κ′eff for the CPS probes of the experiment vs. di-
electric constant of the container filling κ′s, once according to Eq. 4.6, once simulated with
the 2-D field solver ANSOFT MAXWELL SV. For the TRP κ′eff ≈ κ′s.
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Figure 4.4: Measured effective dielectric constant κ′eff for the CPS of the experiment vs. κ′s
measured with the reference TRPs. The straight line is the expected relationship based on
2-D field calculations.

The container was filled with dry quartz sand of particle size 0.08 to 0.2 mm. The
sand was fully saturated from the bottom with deionized, deoxydized water. Sub-
sequently, the column was drained by gravity. The outlet of the drainage hose was
400 mm below the column bottom.
Full TDR traces of all probes were aquired with a TDR100 reflectometer and
recorded with a CR10X datalogger. Measurements were taken after each addi-
tional liter of drained water. All TDR traces were analyzed using the algorithm by
Baker and Allmaras (1990) and Heimovaara and Bouten (1990). The end-reflection
rise time of the CPS traces did not differ from the end-reflection rise time of the
traces from the conventional probes, which indicates negligible distortion in the
case of the CPS. In Figure 4.4, the resulting effective dielectric constant κ ′

eff of the
CPS are plotted versus the dielectric constant κ ′ measured with the corresponding
conventional TDR probe.
Figure 4.5 shows an example for the energy density distribution around the CPS
of the experiment with a container medium κ ′ = 10 obtained with the MAXWELL
SV simulation program.

4.4 Discussion and conclusion

For the CPS of the experiment, the quasi-static approach should only hold for fre-
quencies up to 95 MHz at κ′

s = 10 according to Eq. 4.5. The results of the experi-
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Figure 4.5: Energy density around a CPS of the experiment in the vertical cross-section
plane. The dielectric constant of the medium is κ′s = 10, the voltage across the conductors is
2 volts. Most of the energy is located in the container medium.

ment, however, show, that the measured κeff values match the calculated ones well
in the range κ′s = 6 . . .12, although the bandwith of the TDR signal is around 1.5
GHz. Variance increases for the measured values of the CPS with higher dielectric
constant of the medium. These deviations may be attributed to the limits of the cal-
culating approach. A part of the differences may also be caused by inhomogenities
in the medium and by limited measurement accuracy. Nevertheless, the outcome
suggest that CPS as wall-mounted TDR probes can be a valuable alternative to pro-
truding TRPs for laboratory column experiments. Further designs should, however,
use a lower value for D in order to secure, that the frequency limit of the quasi-static
approach is high enough.





Chapter 5

Outlook

In the opinion of the author, future research in the field of TDR soil moisture mea-
surement methods should focus on the following:

- The design and manufacture of a cost-effective single-rod probe for field use,
with a small horn converter and a detachable, uncoated rod.

- Field studies, which compare and verify the measurements of a single-rod
probe in a broader range of media, with soil samples taken in the proximity
of the installed probe.

- The design and manufacture of a two-rod probe with minimized effects of
the distributed head transition, the primary intended use of which would be
for profile reconstruction.

- Adaptation of the reconstruction algorithm to different soil types with natural
layers; field experiments aimed at testing the method and involving taking
samples of the soil and the pore water to determine porosity, amount and
conductivity.

- Container experiments with CPS probes and soil columns.
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Appendix A

Notation

Terms and short cuts
CPS coplanar strips
SRP single-rod probe
TDR time-domain reflectometry
TRP two-rod probe

Constants
ε0 = 8.85 ·10−12 As/Vm Permittivity of vacuum
µ0 = 4π ·10−7 Vs/Am Permeability of vacuum
Z0 = 377 V/A Impedance of free space
c0 = 3 ·108 m/s Velocity of light in vacuum
L = 6.022 ·1023 mol−1 Avogadro number
g = 9.81ms−2 Gravitation constant
j =

√−1 Imaginary Unit
In physics and mathematics the imaginary unit is commonly
denoted by “i” whereas in electrical engineering “j” is used

Variables
αd,dB Attenuation in the dielectric coating in dB/m
αc,dB Attenuation in the conductor in dB/m
a Fitting factor in permittivity model of Roth et al. (1990)
As Specific surface
C′ Capacity per unit length of a wall-mounted CPS
C′

s Capacity per unit length of a CPS embedded in the measured medium



110 Notation

ε∗ Complex permittivity
�E Electric field vector
�E Complex amplitude of the electric field vector
Er Magnitude of the electric field vector in radial distance
Ez Magnitude of the electric field vector in z-direction
f frequency
d diameter of the conductor(s) or width of the conductors (for CPS)
dSRP ... of an SRP
dTRP ... of a TRP
D Distance center-center (TRP)
γ∗ Propagation constant
h Matric head
hw Container height
Hφ Magnitude of the azimutal magnetic field component
κ∗ Complex, relative dielectric constant
κ′ Relative dielectric constant, real part
κ′a ... of air
κ′c ... of the container wall
κ′d ... for the coating of an SRP
κ′m ... of the soil matric
κ′s ... of the soil
κ′w ... of water
κ′′ Dielectric constant, imaginary part
κ′eff Measured relative dielectric constant, real part
κ′′eff Measured relative dielectric constant, imaginary part
k Full wave number
kd in the dielectric coating
km in the conductor
ks in the soil
kz wave number in z-direction
kT transverse wave number
kTd ... in the dielectric coating
kTm ... in the conductor
kTs ... in the soil
λ wave length
l Side length of polystyrene cube (sensitivity experiments)
LSRP Length of the SRP rod
LTRP Length of the TRP rods
φ Porosity
ψm Matric potential
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ρ charge density
ρBP reflection coefficient in bandpass response
ρS surface charge density
r radius or reflection coefficient
r0 characteristic radius
ra radius of the aperture (sensitivity experiments)
rc radius of conductor
rd radius of SRP probe
rh radius of the horn opening
rp radial distance of the polystyrene cube (sensitivity experiments)
rs radial distance of the steel stick (sensitivity experiments)
Rskin Skin-effect resistance
R Resistance per meter, Ω/m
RTRP Resistance per meter, Ω/m, for a TRP
σc Conductivity of the conductor in S/m
σc,SRP ... of an SRP
σc,TRP ... of a TRP
S Degree of saturation
�S Poynting vector
Sz Magnitude of Poynting vector in z-direction
ST Magnitude of Poynting vector in transverse direction
tanδ Loss tangent
tanδd ... of the coating of an SRP
tanδs ... of the soil
θ Volumetric water content
θs Volumetric water content at saturation
θr Residual volumetric water content
tr signal rise time
µ Complex permeability
µrel Relative pPermeability, real part
ω Angular frequency
v Velocity of a wave
vloss-less Velocity of a wave in a loss-less medium
vSRP Velocity of a wave on an SRP
vTRP Velocity of a wave on a TRP
w container wall thickness
W container diameter
w0 weighting function (sensitivity)
wc conductor thickness (for CPS)
wd thickness of dielectric coating (SRP)
wnf weighting function normalization factor
Z∗ Complex impedance
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Operators

�a×�b =
∣∣∣∣ ay by

az bz

∣∣∣∣�ex +
∣∣∣∣ az bz

ax bx

∣∣∣∣�ey +
∣∣∣∣ ax bx

ay by

∣∣∣∣�ez

∇ =
∂
∂x

·�ex +
∂
∂y

·�ey +
∂
∂z

·�ez Nabla operator

∆ = ∇2 =
∂2

∂x2 +
∂2

∂y2 +
∂2

∂z2 Laplace operator
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réflectométrie temporelle (TDR) 1994.

Lin, C.-P. 2003a. Analysis of nonuniform and dispersive time domain reflectometry
measurement systems with application to the dielectric spectroscopy of soils.
Water Resources Research 39(1):1012.

Lin, C.-P. 2003b. Frequency Domain Versus Travel Time Analysis of TDR Wave-
forms for Soil Moisture Measurements. Soil. Sci. Soc. Am. J. 67:720–729.

Moulson, A. J., and J. M. Herbert. 2003. Electroceramics. John Wiley & Sons.

Mualem, Y., and S. P. Friedman. 1991. Theoretical prediction of electrical con-
ductivity in saturated and unsaturated soil. Water Resources Research 27:2771–
2777.

Nadler, A., S. Dasberg, and I. Lapid. 1991. Time domain reflectometry measure-
ments of water content and electrical conductivity of layered soil columns. Soil.
Sci. Soc. Am. J. 55:938–943.

Or, D., and V. Rasmussen. 1999. Effective frequency of TDR travel time-based
measurement of bulk dielectric permittivity. Third Workshop on Electromagnetic
Wave Interaction with Water and Moist Substances, Athens, GA..



116 BIBLIOGRAPHY
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