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1. Introduction

1.1. Motivation

The presented Master’s thesis is based on Ground-Penetrating Radar (GPR)

data as well as simulations thereof. They are the result of a close cooperation with the

Leibniz Institute of Applied Geophysics (LIAG) in Hannover, Germany.

GPR is a relatively young geophysical tool, with first application in the early

1960’s. It has a broad spectrum of possible applications, with variations of exploration

depth and instrument configurations (Butler et al. 2005). Even though the investiga-

tion of groundwater with GPR is often severly limited, there are great advantages in

areas with optimal conditions. By its non-intrusive nature it is a popular mean in en-

gineering geology and applied geophysics. Examples of applications are investigations

of sediment- and soil structures and of the groundwater table.

The method uses high-frequency electromagnetic (EM) fields, with frequencies

ranging from 1 MHz up to 4 GHz, to investigate the dielectric properties of lossy soils.

This is not limited to geologic materials and can among others include asphalt, concrete,

and wood (Annan et al. 2009; Knödel et al. 2005). GPR is particularly suited for

highly resolved exploration of geologic structures in the upper soil layers up to 20 m.

Reflections and diffractions of EM waves appear at boundary layers and objects which

have different electrical properties. As such, GPR is often used to localize underground

structures and objects with respect to their depth.

The vadose zone is the water unsaturated zone of the underground between the

land surface and the top of the phreatic zone i.e. the groundwater table. The distribu-

tion of water content in the vadose zone is relevant for various hydrological processes,

e.g. infiltration, groundwater recharge, pollutant input. Furthermore, GPR reflections

at the groundwater table are affected in amplitude and signature by this transition

zone. It must therefore be considered during the intepretation and analysis stage.

It is possible to estimate the volumetric water content of an underground with

GPR by using the relative permittivity εr, sometimes also called dielectric constant,

which is directly linked to the velocity of propagation and therefore also the travel-

time of the radar signal. In continuation, εr can be used to gain an estimate of the

volumetric water content by various empirical and physically based functions, i.e. the

Topp equation (Topp et al. 1980) and the CRIM formula (Butler et al. 2005). Water

has a relatively high relative permittivity of ≈ 81 and has thus a great influence on the

S. Stadler: Vertical Water-Content Distribution Using Guided GPR Waves



10 1. Introduction

propagation velocity of EM waves (Igel et al. 2016; Davis et al. 1989).

The guided waves method, the subject of this thesis, is a variation of standard

GPR applications through the use of an existing borehole and introducing a metallic

cylindrical waveguide. By gradually lowering or raising the waveguide, reflections at

the end of the waveguide are produced at an exact depth. The EM waves traveling

along the waveguide propagate at nearly the velocity of the surrounding material and

thereby accurate velocity profiles are obtained.

Recent works like that of Warren et al. (2015) have shown that numerical simu-

lations of GPR problems with 3D antenna models can effectively replicate real GPR

data. The open-source Finite-Difference Time-Domain (FDTD) software gprMax will

be used for the simulations, the antenna model and results will be validated and com-

pared to real data.

The aim of this thesis is to study the guided-waves method of highly resolving

the vertical distribution of water content, mainly by means of numerical forward simu-

lations but also through field measurements. Further insight into the electromagnetic

field distribution around the waveguide and the physical effect on the recorded signal

by the antenna, the waveguide and dielectric media is sought after. This shall enable

to better predict and thereby improve the guided-waves method’s accuracy in the field.

Chapter 2 provides the theoretical background to electrodynamics, soil physics, GPR

and the FDTD method, and ultimately introduces the FDTD software gprMax that

is used for the simulations. The GPR apparatus and the guided EM waves method

are explained in chapter 3. Chapter 4 will then present the numerical forward simula-

tions of the guided EM waves performed with the FDTD method and validated with

measured GPR data.

1.2. Current Scientific Standing

The following two chapters present an overview of the current scientific standing

of determining soil moisture with GPR as well as numerical EM modeling concerning

GPR. For further reading on GPR and soil moisture, please refer to Huisman et al.

(2003); Jol et al. (2009); Lunt et al. (2005); Vereecken et al. (2008) and chapter 2.2,

and regarding numerical EM modelling please refer to Taflove et al. (2005); Inan et al.

(2011) and chapter 2.6.

S. Stadler: Vertical Water-Content Distribution Using Guided GPR Waves
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1.2.1. Estimating the Volumetric Water Content with GPR

Determining the Volumetric Water Content (VWC) with high frequency EM

methods has a history dating back to the 1980’s. Initially, Time Domain Reflectometry

(TDR) was the preferred method for this purpose and which has been developed mostly

for small scale measurements. It consists of measuring the reflections of an electric pulse

from the end of a metallic probe, as the velocity of the electric pulse is dependent on

the dielectric properties in the material – as will become clear later on. In contrast, the

development of remote sensing instruments has since yielded the option of measuring

soil moisture with a meter-scale resolution, but only under appropriate conditions and

limited to a depth of 0.05 m (see Lunt et al. 2005). GPR offers to close the gap between

these two methods in terms of scale and applicability.

With GPR measurements, it is possible to obtain the water content of the soil

through a velocity analysis of the radargram. By using empirical and physically based

petrophysical models such as the Topp and Complex Refractive Index Model (CRIM)

equations, the volumetric water content can be calculated. Although these models are

prone to errors because their accuracy strongly depends on a correct calibration to the

specific soil type, under the right circumstances accurate estimates are possible.

Applications of measuring the VWC vary widely in their scale and goal. While

VWC data is used on a regional and even continental scale, e.g. for studying the effect

that moisture and energy exchange between soil, vegetation and atmosphere has on

the regional climate, examples will be given at the catchment and field scale as this

thesis has more relevance to it. By including VWC information through singular mea-

surements or through monitoring, studies (see Huisman et al. 2003) have shown that it

is possible to make better predictions about river discharge and precision agriculture

programs. The former can yield information that is useful for flood risk management,

while the latter can increase water use efficiency and agricultural competitiveness.

Concerning GPR methods, the five most common ones that are related to ob-

taining VWC are introduced here. To provide more clarity, they are further classified

as methods that calculate the VWC either through wave velocity or the reflection

coefficient.

Velocity Based Methods Two of the five methods make use of reflected waves,

whereby one can distinguish between Common Offset (CO) and Multi-Offset Profile

(MOP) measurements. CO measurements have a common offset between transmitter

and receiver antennas. They require scattering objects which have to be observed in the

S. Stadler: Vertical Water-Content Distribution Using Guided GPR Waves



12 1. Introduction

GPR radargram. Even still, this only provides an average velocity of the depth section

to an identified reflector. To be effectively useful, CO measurements have to have

an adequate signal penetration, and clear permittivity contrasts with an exact depth

localization. Studies in shallow soil sections have proven successful in the past, but

CO measurements under natural heterogeneous conditions are still a topic of research

(see Huisman et al. 2003). In MOP measurements, the two most common setups

are Common Midpoint (CMP) or Wide Angle Reflection and Refraction (WARR).

In general, the requirements are similar to the ones already mentioned for CO. The

main disadvantage for MOP is that, just as for CO, there is no control over the depth

resolution.

Another method to determine the soil water content is to analyze the ground

wave. This wave travels between the transmitter and receiver directly underneath the

surface and exists, regardless of present reflectors. It has to be clearly distinguishable

from the air and any reflected waves, requiring an adjustment of the antenna seperation.

Furthermore, accurate zero time corrections are necessary to determine travel time

data. Estimating the zone of influence of the ground wave is difficult and dependent on

the antenna frequency. Accurate measurements limit themselves to the first 20−30 cm.

A major drawback of this method is that it can be difficult to clearly identify the ground

wave. Although the antenna seperation can always be increased, an agreement between

offset and averaging over a heterogeneous ground has to be found.

The fourth method is using GPR in boreholes. Hereby the receiver and trans-

mitter antennas are lowered into a pair of boreholes and one can differentiate between

Zero-Offset Profile (ZOP), MOP and Vertical Radar Profile (VRP). ZOP and MOP

measurement modes mainly consider the arrival time of the direct waves. While for

ZOP the set of antennas is lowered such that the midpoints are always at the same

depth, MOP measurements alter the setup. The sampling volume of borehole GPR

measurements can be estimated by the volume of the first Fresnel zone along the ray

path. In VRP, one antenna is moved down the borehole while the transmitter antenna

is kept stationary on the surface. This method is limited in depth of investigation when

compared to the first two. The drawbacks of borehole GPR are similar to the previous

methods, while additionally being comparatively time-consuming, and having the need

of a plastic-cased borehole.

Reflection Coefficient Based Methods The fifth method estimates soil water con-

tent with surface reflections, similarly to the remote sensing technique. The GPR

antennas are located at a distance above the ground and the permittivity is obtained
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by using the reflection coefficient of the air-soil interface. It is thus crucial for this

method to accurately measure signal amplitudes.

1.2.2. Numerical GPR Modeling

Numerical simulations of GPR related problems has been performed since the mid

1990s whereto Cassidy (2007) and Jol et al. (2009) provide a good overview, and a more

in-depth to FDTD is given in chapter 2.6. The motivation for modeling is to improve

GPR methodology, and further understand GPR phenomena like wave propagation

in dielectric media and antenna characteristics. Forward simulations can provide a

cheap alternative to investigate EM effects in controlled environments, which can lead

to improved signal processing algorithms and antenna design. Technological advances

in hard- and software are ever improving the feasability and performance of numerical

studies.

There are many different numerical modeling techniques available with schemes

ranging from basic ray-tracing and 1D transmission-reflection techniques through to

more sophisticated techniques of which the two most popular are the FDTD and the

Finite Element Method (FEM). The latter two have both been used successfully in

two and three dimensions with a variety of study aims, e.g. FEM has been used in

the past to study landmine detection with GPR (Huici 2012). Some examples using

FDTD include landmine detection (Giannakis et al. 2014) as well, optimising antenna

designs (Martel 2002) and 3D FDTD simulations for studying energy distributions

around GPR antennas (Diamanti et al. 2013), and using a 3D antenna model to study

the signal propagation in lossy grounds (Roberts et al. 1997; Radzevicius et al. 2003;

Uduwawala et al. 2005).

The authors of Warren et al. (2009); Giannopoulos et al. (2009) and Warren et

al. (2015) have created and optimized full 3D antenna models for FDTD simulations

with the open source software gprMax and have shown that realistic and accurate

simulations of GPR scenarios with 3D antenna models are possible. The numerical

portion of this thesis is based on their progress and software and aims at implementing

and modeling a shielded 400 MHz antenna. By comparing laboratory data, field data

and numerical simulations, a 3D antenna shall be validated and its accuracy analyzed

to allow subsequent numerical studies.

S. Stadler: Vertical Water-Content Distribution Using Guided GPR Waves



14 2. Theoretical Background

2. Theoretical Background

2.1. Material Properties

The following sub chapters aim at introducing the link between the permittiv-

ity and the electric conductivity with material properties, specifically including the

dissipative nature of the two parameters. In addition, important molecular polariza-

tion mechanisms and relaxation processes are introduced. This knowledge is essential

and introduces the notation, regarding the parameters, that will hereon be used. The

following chapters provide an overview, with further reading to be done in Gerthsen

(1995), Griffiths (1999), Kremer et al. (2003) and Butler et al. (2005).

2.1.1. Permittivity, Conductivity & Permeability

The three material properties important for GPR signals are the dielectric per-

mittivity ε, the electric conductivity σ and the magnetic permeability µ.

The magnetic effect of most geologic materials (i.e. paramagnetic, diamagnetic)

has little influence on the propagating GPR wave and therefore, for most practical GPR

circumstances it is assumed that µ ≈ µ0, which also means µr ≈ 1 (Butler et al. 2005;

Jol et al. 2009). Ferrimagnetic minerals do have a considerable effect on the wave

velocity and signal attenuation, and have been studied with GPR (Jol et al. 2009).

However, they typically make up < 2% of the material which leads to the common

simplification already stated above. This leaves the permittivity and conductivity to

be discussed further.

In general terms, permittivity is a measure of the resistance that is encountered

when forming an electric field in a medium, whilst the conductivity is a measure of how

easily electric current can flow through a medium. The former describes the ability

of a material to store and then release EM energy via bound charges, whilst the con-

ductivity describes the ability of the material to dissipate EM energy by the transport

of free charges. Permittivity and conductivity are tensor quantities which are most

importantly dispersive, even though in practice they are often treated as scalars. This

property represents the fact that a material’s polarization does not respond instanta-

neously to an applied field, meaning that it is frequency dependent. At low frequencies,

the movement of free charges, i.e. conductivity, is effectively instantaneous, and the

conduction current is in phase with the electric field. In this case the conductivity

can be approximated by a static value, often called the DC conductivity. At higher
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frequencies however, the inertial effect of the charges produces a lag (relaxation effect)

that renders the conduction current out-of-phase with the electric field. In this case a

complex conductivity must be used, with the imaginary component representing the

out-of-phase component of the current (Jol et al. 2009, pg. 54-55).

The absolute electric permittivity ε is defined below, additionaly with the relation

to the electrical susceptibility χe with ω = 2πf being the angular frequency.

ε(ω) = εr(ω)ε0 = ε0 (1 + χe(ω)) (2.1)

where:

εr = relative permittivity [ ]; ε0 = electric constant [F/m]; µr = relative

magnetic permeability [ ]; µ0 = magnetic constant [H/m]; χe, χm = electric,

magnetic susceptibility [ ]; ω = 2πf = angular frequency [rad/s]

When a material is exposed to an electromagnetic field, two aspects come into

play: the amount of energy the material stores and the amount of energy it looses.

Because a materials response to electromagnetic fields is complex, real (denoted with
′) and imaginary (denoted with ′′) components of ε and σ are used to describe the two

aforementioned effects (Butler et al. 2005, pg. 41)

ε(ω) = ε′(ω)− ε′′(ω) (2.2)

σ(ω) = σ′(ω)− σ′′(ω) (2.3)

Hereby ε′(ω) is the dielectric polarization term, ε′′(ω) represents the energy loss due

to polarization lag, σ′(ω) refers to ohmic conduction, and σ′′(ω) is related to faradaic

diffusion.

Instead of treating permittivity and conductivity seperately, they can be com-

bined to a single complex parameter to represent energy storage and loss as the real

and imaginary component respectively. This can be done by using either a complex

total permittivity or a complex total conductivity, which are summarized below. It

must be noted that the nomenclature that follows is still subject to debate because the

single parameters are attributed – as described above – to specific mechanisms that

control the electric response. The notation is therefore dependent on the assumptions

that are made about the underlying mechanisms. The approach followed here is the

S. Stadler: Vertical Water-Content Distribution Using Guided GPR Waves



16 2. Theoretical Background

one used in Butler et al. (2005).

εT (ω) =
[
ε′(ω) + σ′′(ω)

ω

]
− i

[
ε′′(ω) + σ′(ω)

ω

]
(2.4)

σT (ω) = [σ′(ω) + ωε′′(ω)]− i [σ′′(ω) + ωε′(ω)] (2.5)

It is important to emphasize that εT (ω) and σT (ω) contain the same information and

are simply two ways of expressing what is measured. The two are related as follows

εT = σT
iω

(2.6)

Of the aforementioned parameters, the most commonly used for GPR has come to

be the relative permittivity εr. If a true complex relative permittivity εr is considered,

the real and imaginary parts are related to those of in eq. (2.4) and must only be

divided by ε0.

εr(ω) = εT (ω)
ε0

= 1
ε0

([
ε′(ω) + σ′′(ω)

ω

]
− i

[
ε′′(ω) + σ′(ω)

ω

])
(2.7)

When analyzing GPR data, dielectric spectroscopy or modelling earth materials at

frequencies above approximately 100 kHz, it is commonly assumed that σ′′(ω)/ω = 0
and that σ′(ω) is equivalent to a static or DC conductivity σDC . The latter assumption

is based on the fact that pore water is the main contributor to electrical conductivity at

GPR frequencies and exhibits a mainly static value in the lower region of this spectrum

(Butler et al. 2005, pg. 368). Thereby, eq. (2.7) reduces to

εr(ω) ≈ 1
ε0

(
ε′(ω)− i

[
ε′′(ω) + σDC

ω

])
(2.8)

Typical ranges of εr and σDC for geologic materials, alongside total porosities, are shown

in table 2.1. At this point it should be noted that in literature, the relative permittivity

εr is often replaced with the term ”dielectric constant”. The term ”constant” is quite

misleading here, because it is not only a frequency- but also a temperature-dependent

material property. In this work, the term dielectric constant will not be used and if

not stated otherwise from this point on, only the real part of εr(ω) is considered.

The last important parameter for GPR to be introduced is the loss tangent tan δ
in eq. 2.9, with the loss angle δ. Please note the similarity between the loss angle and

the skin depth, since both quantities use the greek letter δ. The loss tangent is the
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Tab. 2.1: Typical values of static conductivity σDC , relative permittivity ε′r (real part) and volumetric
water-content ΘV of materials commonly encountered with GPR at an antenna frequency of 100 MHz.
The σDC and ε′r values are taken from (Jol et al. 2009, pg. 46) and the total porosity values from
Bodenkundliche Kartieranleitung , pg. 344. Note that porosities vary greatly because soil is constantly
changing in shape and size.

Material
Static Relative Total

Conductivity Permittivity Porosity
σDC [mS/m] ε′r [ ] Φ [ ]

Air 0 1
Clay - dry 1 - 100 2 - 20

0.34 - 0.57
Clay - wet 100 - 1000 15 - 40
Freshwater 0.1 - 10 78 - 88
Freshwater ice 1e−6 - 1 3
Seawater 4000 81 - 88
Seawater ice 10 - 100 4 - 8
Sandstone - dry 1e−7 - 1e−3 4 - 8
Sandstone - wet 10 - 100 6 - 15
Sand - dry 1e−4 - 1 3 - 6

0.25 - 0.53
Sand - wet 0.1 - 10 10 - 30
Soil - sandy, dry 0.1 - 100 4 - 6
Soil - sandy, wet 10 - 100 15 - 30
Soil - loamy, dry 0.1 - 1 4 - 6

0.35 - 55
Soil - loamy, wet 10 - 100 10 - 20
Soil - clayey, dry 0.1 - 100 4 - 6

37 - 55
Soil - clayey, wet 100 - 1000 10 - 15
Soil - average 5 16

ratio of the real and imaginary parts of the total conductivity and so the ratio of the

energy dissipation and energy storage, it is thus also a measure of the attenuation in

the material. It can also be understood as the ratio of the induction current to the

displacement current.

tan δ = σ′T (ω)
σ′′T (ω) = σ′(ω) + ωε′′(ω)

σ′′(ω) + ωε′(ω) (2.9)

In GPR, when dealing with a dry and loss-less material – as is often the case –, it

can be assumed that σT is small, and obtain the following relation that provides an

estimation of the order of magnitude for the attenuation (Daniels et al. 2004, pg. 39)

tan δ ' σ′(ω)
ωε′(ω) (2.10)

For extreme values of the loss tangent, certain simplifications can be made for the
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EM wave propagation. These are naturally dependent on the material parameters

in eq. (2.9). For the case tan δ � 1, which typically happens at frequencies below

1 kHz, diffusive processes predominate and allow for the signal propagation to be

approximated with the diffusion equation. In the case tan δ � 1, which typically

happens at frequencies above 1 MHz, EM fields propagate as waves. Antennas used

in GPR, employ frequency ranges which usually lie between 1 MHz and 4 GHz. This

bandwidth limits a strongly diffusive propagation at low frequencies, while at the same

time limiting the absorption rate at high frequencies (Butler et al. 2005). This topic is

discussed in more depth in chapter 2.3.3.

2.1.2. Polarization and Relaxation Processes

The permittivity is inherently influenced by the charge distribution, thereby also

by the polarization in the material, as well as different microscopic phenomena which

are presented below. The different processes can be categorized as either a resonance

or relaxation mechanism. The former describes mechanisms that exhibit resonant

behaviour at specific frequencies, whereas the latter describes mechanisms that are

defined by a momentary delay in the polarization with respect to an applied electric

field. Relaxations become visible in the ε-spectrum in the form of ”steps” in the real

part, and maxima in the imaginary part. Although, as will become clear later on,

multiple and complex polarization and relaxation phenomena happen over the EM

spectrum that have a cumulative effect, low-frequency and dipolar relaxation exhibit

the greatest effect on GPR signals. Hereby, and by what will become clear further on,

dielectric materials exhibit a dispersive nature.

For single-component, homogenous dielectric materials the most relevant pro-

cesses are depicted in fig. 2.1 as being electronic polarization, atomic or ionic polar-

ization and dipolar relaxation. Below ∼ 10 MHz and especially in multi-component

materials, other forms of polarization become dominant, summarized here with the

term low-frequency relaxation. From the above figure and the following discussions, it

can be concluded that the heavier the entity being displaced, the more time it takes

to do so. Further reading can be done in Gerthsen (1995), Santamarina et al. (2001),

Butler et al. (2005) and Kremer et al. (2003).

Laboratory studies have shown that the properties and geometry of the bulk

components and interfaces in materials can have a large effect on the magnitude of

the relative permittivity εr of geologic materials (Butler et al. 2005). Determining

the fundamental causes for all the contributions to the relative permittivity in geo-
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Fig. 2.1: A dieletric permittivity spectrum, with seperate real and imaginary parts as well as various
mechanisms depicted. This curve is a schematic for an arbitrary material and shows the general curve
behaviour as well as the general frequencies at which different mechanisms occur. The gray area
represents the approximate GPR spectrum and what mechanisms play a dominant role for it.

logic materials, especially in the low-frequency spectrum, remains a topic of ongoing

research.

Electronic Polarization Electronic polarization is a resonance mechanism that is

present in all materials, but loses its response in the ultraviolet region at around

1015 Hz. Atoms consist of a positive core and a negative electron cloud. In the presence

of an electric field, there is a displacement of the charges, namely the nucleus and the

electrons, that make up the atomic particles of a material. This displacement causes

an induced dipole moment pind in the atoms and molecules and is defined below as the

product of the charge q and the shift distance d. At the same time it can be written

as the product of the electric field strength and a constant of proportionality α called

the polarizability

pind = q d = αE (2.11)

where:

pind = induced dipole moment [Cm]; α = polarizability [Cm2/V];
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The polarizabilty α is defined as the ratio of p to an applied electric field E, and thus

the tendency of a charge distribution like a molecule to be distorted by that field.

The polarization density P is the vector field that expresses the density of perma-

nent or induced electric dipole moments in a dielectric material. It can both be defined

through the electric susceptibility χe, as well the induced dipole moment pind. In case

of a homogeneous, linear and isotropic medium, and every particle in a homogeneous

field being polarized, it is defined as follows

P = χeε0E = npind = nαE (2.12)

where:

n = number density of molecules per m3;

By rewriting χe in terms of permittivity using eq. (2.1), we find that

(ε− 1)ε0 = nα (2.13)

The effect of charges and polarization densities on the permittivity is subsequently

expressed in the Clausius-Mossotti relation in eq. (2.14). Hereby the index i denotes

single species in a heterogeneous medium.

εr − 1
εr + 2 =

∑
i

niαi
3 ε0

(2.14)

Atomic Polarization Atomic polarization, sometimes also called ”ionic polariza-

tion”, not to be confused with ionic relaxation, is of the resonance type and occurs in

molecules that have ionic character, i.e. they must be composed of cations and anions

which are held together by an ionic bond. These built-in dipoles cancel each other

out and are unable to rotate. When an electric field is applied, the ions are slightly

displaced relative to each other, which in turn induces a net polarization density in the

material. Ionic polarization looses its effect past the far-infrared region at around 1013

Hz.

Dipolar Relaxation This kind of polarization is sometimes also called ”orientation

polarization” and is a relaxation process that is inherent to polar molecules. These are

molecules that have a non-zero net dipole moment as a result of opposing charges that

are arranged asymmetrically. Water (H2O) is a polar molecule – exemplified here and

further on as it is the source of interest of this thesis –, as it has asymmetric polar bonds
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that don’t cancel each other out. The dipoles in polar molecules change orientation

when an external field is applied and thus exhibit a polarization. This however is limited

to the microwave region up to ≈ 1010 Hz, where the dipole molecules can no longer

follow the oscillations of the electric field. Lastly, the polarization that is contributed

by this mechanism is temperature dependent which is a property that needs to be

considered when studying dielectric spectoscropy (Santamarina et al. 2001).

Low-frequency Relaxation Low-frequency relaxation comprises multiple mecha-

nisms that become dominant mainly below the radio frequency spectrum. The two most

relevant are: ionic conductivity and interfacial and space charge relaxation, whereby

the latter is also called Maxwell-Wagner-Sillars - or simply Maxwell-Wagner (MW) -

polarization (Butler et al. 2005; Arcone et al. 2012). Ionic conduction is the movement

of charged ions in response to an applied electric field, in contrast to electronic con-

duction which involves the movement of electrons. In general, in an ionic conductor,

MW relaxation occurs when electric currents flow across the interfaces of two layers in

a heterogeneous system and charge carriers begin to accumulate at it. This effect is

due to the difference of the charge carrier relaxation times τ in the two neighbooring

materials. The relaxation time τ is the time required for the molecules to become

oriented in an electric field, and can also be seen as a measure of the mobility of the

molecules that exist in a material. MW polarization results in a frequency dependency

even if the individual material layers do not express such one.

2.1.3. Dielectric Relaxation

Dielectric relaxation is an overlying term that encompasses the different relax-

ation processes. It describes the frequency-dependent delay of a material’s alignment

to the electric field, therefore the time it takes for a polarization to reach an equilib-

rium state. This dispersivity results in the permittivity being a complicated function

of frequency, as can be seen on fig. 2.1.

It is possible to approximate the dispersive behaviour of a single polarization

mechanism in dielectric materials with mathematical functions, especially of simple and

ideal systems. A theory for quantifying these relationships was first introduced in 1929

by Peter Debye and since then, multiple studies have shown the validity of the Debye

model in eq. (2.15) over a broad frequency range and for different materials (Butler

et al. 2005). It describes a material’s frequency dependency of the permittivity for

one relaxation process with the material’s characteristic relaxation time τ . Besides the
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angular frequency ω, two permittivity values at different frequencies ε∞ = εr(ω = ∞)
and εs = εr(ω = 0) are used to describe the model. The latter two are a direct result of

the dielectric dispersion. ε∞ is the dielectric constant the material exhibits at very high

frequencies, while εs corresponds to very low frequencies close to zero. At very high

frequencies the polarization mechanisms fail to follow and thus ε→ ε∞ for f →∞.

εr(ω) = ε∞ + εs − ε∞
1 + iωτ

(2.15)

With real ε′r and imaginary ε′′r parts

ε′(ω) = ε′∞ + ε′s − ε′∞
1 + ω2τ 2 (2.16)

ε′′(ω) = ωτ

(
ε′∞ + ε′s − ε′∞

1 + ω2τ 2

)
(2.17)

The Debye model is appropriate for an ideal, noninteracting population of dipoles; e.g

it describes the permittivity of pure water very well (see chapter 2.2.1). It is however

not appropriate for all materials because there might be several relaxation processes

that are relevant. Multiple models exist that build upon the Debye model for particular

circumstances, such as the Cole-Cole model (Cole et al. 1941) which is better suited for

multicomponent materials and multiple polarization mechanisms at once, and which

has successfully been used to model water-saturated materials. When dispersivity ist

considered, attention must be given to the frequency range and type of material under

study, so that a proper model can be chosen (Butler et al. 2005).

2.2. Water in Soils

Water is the major contributor to the electric conductivity and has a far greater

εr than most other geologic materials. Furthermore it is the parameter subject of

this thesis and will thus be covered here seperately in terms of its constitution in the

vadose zone of the earth, its dielectric properties and models that attempt to relate

water content with dielectric properties. This chapter aims at giving an introduction

to basic hydrological concepts and the implications of water in soils.

The vadose zone (also termed unsaturated zone) is defined as the transition zone

between the atmosphere and the groundwater table and/or groundwater reservoirs.

The extension of the vadose zone can vary greatly from being absent to several hundred

meters deep, depending on the environmental conditions and the soil that constitutes
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it. Water present in this interval is generally moving downwards under the influence

of gravity, and is often called vadose water.

A soils water content, (sometimes called moisture content), is an essential piece of

information for hydrogeological, agricultural and environmental studies. It is usually

defined volumetrically as the ratio of the volume of water a material contains, to the

volume of the wet material itself. Traditional methods of measuring water content in

soils are performed by heating a material probe in a laboratory. The success of this

invasive method is heavily dependent on the constitution of the soil and the method

of extraction (Scheffer et al. 2002). Non-invasive methods such as TDR and GPR

have been used and developed in conjunction with models that relate the dielectric

properties of soils to its water content. Hereby it is possible to measure and monitor

water-content levels in the ground

2.2.1. Dielectric Properties of Water

This chapter introduces the electrical properties of water and the resulting impli-

cations. To a certain degree, water is present in all geological materials and affects, by

its polar molecular structure, its macroscopic electrical properties. Water exhibits a

complex temperature- and frequency-dependent εr. The Debye model was introduced

in chapter 2.1.3 and efforts to use it to model the dispersive behaviour of water will

be shown here. Kaatze (1989) studied the complex permittivity of pure water as a

function of frequency and temperature using one Debye term (eq. (2.15)), resulting in

a good compatibility between the model and measured data. The dependency of the

low-frequency permittivity εs, high-frequency permittivity ε∞ and relaxation time τ on

the temperature has been analyzed in the aforementioned study and the data fitted

with functions, yielding the following empirical relations

ε0 = 101.94404−1.991×10−3·T (2.18)

ε∞ = 5.77− 2− 74× 10−2 · T (2.19)

τ = 3.745 · 10−15
(
1 + 7× 10−5 · T − 27.5

)
· e

2295.7
T +273.15 (2.20)

It must be noted that the Temperature T should be given in �. The study concludes

that these results can be used for the discussion of water at frequencies below 100 GHz

and between -4.1 and 60�.

Figure 2.2 shows the real and imaginary part of the complex relative permittivity

of pure water at 10� using the eqs. (2.16), (2.17) as well as (2.18)-(2.20). The curves
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Fig. 2.2: The complex relative permittivity εr spectrum of pure water at T = 10°C and using the
Debye equations (2.16) and (2.17), according to Kaatze (1989). The gray area approximately indicates
the frequency range that GPR covers, while the dotted line is the center frequency – see chapter 2.4.3
– of the GPR system used for this thesis

were shown at 10� because that is a good estimate of the average annual ground

temperature in germany in 1− 2 m depth. The important information to draw here is

that in the frequency spectrum that is covered by GPR (gray area), the real part of εr is

quasi constant and ranges – depending on the temperature – between 78−88 (see table

2.1), and the imaginary part introduces losses starting at around 1GHz. The frequency

spectrum of the 400MHz antenna being used in this thesis – the center frequency fc

depicted in the diagramm with a black dotted line – falls marginally short of 1 GHz,

and is thus within the region where εr can be regarded as non-dispersive.

2.2.2. Basic Mixing Models

The following partition describes the two most popular ”basic” mixing models

that relate the water content of materials to their apparent dielectric properties, The

Topp equation and the CRIM model. The reason they are called ”basic” is that these

mixing models can, in general, not account for the level of complexity that real soils

have. By mixing apparent relations corresponding to specific types of soils and a

selection of properties (relative permittivity, porosity, Temperature etc.), models have
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Fig. 2.3: The volumetric water-content ΘV computed with the Topp and CRIM equations. The latter
was done with a porosity Φ = 0.35 and an εr = 5 for the matrix, which are standard values for a dry
sand.

been found that can yield information about the subsurface. Figure 2.3 shows the Topp

and CRIM equations over a range of relative permittivity values. One can see that they

behave very similarly in media with up to εr ≈ 30 where they both yield ΘV ≈ 0.45.

This is approximately the maximum water saturation level for sands. It is for these

materials that the two equations were calibrated for and thus produce different ΘV for

media with εr > 40.

Topp Equation The Topp equation shown below was introduced in 1980 by Topp et

al., and is a popular method for estimating a ground’s water content based on relative

permittivity data.

Θv = −5.3 · 10−2 + 2.92× 10−2 · εr − 5.5× 10−4 · ε2
r + 4.3× 10−6 · ε3

r (2.21)

It fits a third-order polynomial function to observed permittivity values of sandy/loamy

soils as determined from TDR experiments. In a frequency range of about 10 MHz

- 1 GHz, it agrees reasonably well with observed values over a wide range of water

contents (∼ 5−50%), the authors provide a standard error of estimate of ≈ 1.3%. The

relation generally does not uphold when dealing with clays and organic-rich soils, for

which extensions and variants of the Topp equation exist (Jol et al. 2009, pg. 63).

CRIM Model The CRIM model accounts for multi-phase mixtures of materials by
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adding the contributions of each phase with prior knowledge of its component parts.

There exist a range of similar versions that are based on the same principle, but each

fine-tuned to specific soils and conditions, with CRIM being the basic one that is

commonly used. The main assumption is that the medium is one-dimensional and

layered. By knowledge of the relative permittivities and the fractional volumetric

percentages, an indefinite number of layers can be accounted for. The general definition

of the CRIM formula is stated below

εmix =
(

N∑
i=1

Vi
√
εi

)2

(2.22)

where:

εmix = bulk relative permittivity of the mixture; Vi = volume fraction of the

ith component; εi = complex relative permittivity of the ith component.

The most common model contains three phases with εw, εg, and εm representing the

measured complex relative permittivities of water, gas (air) and matrix, respectively.

The above equation hereby becomes eq. (2.23) and rearranging for ΘV yields eq. (2.24)

εmix =
[
ΘV

√
εw + (Φ−ΘV )√εg + (1− Φ)√εm

]2
(2.23)

ΘV = 1
√
εw − 1

√
εmix −

(1− Φ)√εm + Φ
√
εw − 1 (2.24)

where:

Φ = porosity;

2.3. Electrodynamics

GPR involves the propagation of electromagnetic waves, thus belonging to the

realm of EM methods. This chapter aims to introduce the fundamentals of electro-

dynamics and the physical laws which are relevant for GPR. It is not designated to

provide a complete derivation of all equations and relationships. The following theo-

retical chapters will use normal letters for scalars, and bold letters for tensors of order

1 and above. Functions in the time is the standard case if not otherwise written as a

function of t, whereas functions in the frequency domain are denoted with the subscript

s, e.g. see chapter 2.3.3. For further reading see Orfanidis (2002), Butler et al. (2005),

Sadiku (2007) and Annan et al. (2009).
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2.3.1. Maxwell’s Equations

Electromagnetic phenomena are governed by Maxwell’s equations, which are a

mathematical description of electric and magnetic fields, and which are introduced here

in the differential form. In the time domain and for isotropic matter, the macroscopic

version of Maxwell’s equations may be written as:

Faraday’s law of induction ∇×E(r, t) = −∂B(r, t)
∂t

(2.25)

Ampère’s law ∇×H(r, t) = Jσ(r, t) + ∂D(r, t)
∂t

(2.26)

Gauss’s law for electric fields ∇ ·D(r, t) = ρf (2.27)

Gauss’s law for magnetic fields ∇ ·B(r, t) = 0 (2.28)

where:

E = electric field intensity [V/m]; H = magnetic field intensity [A/m]; D

= electric displacement oder electric flux density [C/m2]; B = magnetic

flux density [Vs/m2 or Tesla]; Jσ = free electric current density [A/m2]; ρf

= volume charge density [As/m3]; ∇ = differential operator where ∇× and

∇· are the curl and divergence respectively.

The first equation, Faraday’s law of induction (2.25), says that a time-varying magnetic

field induces a spatially-varying, non-conservative electric field. Ampère’s law (2.26)

says that electric currents and changing electric fields lead to a circulating magnetic

field. Gauss’s law for electric fields (2.27) states that the total electric flux leaving a

closed surface is proportional to the charge enclosed by the surface. Gauss’s law for

magnetic fields (2.28) states that the total magnetic flux leaving a closed surface must

equal zero.

2.3.2. Constitutive Relations

The constitutive relations are used to describe a material’s response to an applied

electromagnetic field – i.e. the relationship between the displacement field D and the

electric field E –, as well as the magnetizing field H and the magnetic field B. The

equations below describe the effect of an applied EM field on matter and how atoms,

electrons, and molecules respond in the macroscopic sense. Ohm’s law (2.31) is often
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additionaly stated to provide the relationship between free currents and charge density

and an electric field E.

In general, the constitutive parameters permittivity and permeability are each a

function of the position (homogeneity), the direction (isotropy), the strength (linearity),

and frequency (dispersivity) of an applied field. The general form of the constitutive

equations in the frequency domain – mind you denoted with subscript s – is presented

below.

Ds = ε0Es + P s = εs ·Es (2.29)

Bs = µ0Hs +M s = µs ·Hs (2.30)

J s = σs ·Es (2.31)

where:

ε= absolute permittivity [F/m]; µ= absolute magnetic permeability [H/m];

σ = electrical conductivity [S/m]; P = polarization density [C/m2]; M =

magnetization polarization [N/Tm2]

For general purposes involving GPR, materials are often assumed to be linear,

homogeneous, isotropic and non-dispersive, where the parameters adopt their scalar

form. This is often done for GPR problems because the effects on real-life measurements

have seldom been possible to discern and are still subject to study (Butler et al. 2005;

Annan et al. 2009; Novotny 2013). Linearity is assumed, and held from this point

on, because non-linear terms for D and B mainly come into play when dealing with

strong-field physics (Novotny 2013). As will be shown, dispersion has a considerable

effect on the the constitutive parameters.

Attention must be given to the fact that in their full form the constitutive re-

lations, as given here, are strictly not valid in the time domain wherein they would

invoke a convolution in space and time.

2.3.3. Electromagnetic Wave Equations

This chapter aims at deriving the wave equations from Maxwell’s equations to

show its inherent wave nature, further reading can be done in Butler et al. (2005).

Although the later used FDTD method does in fact not use these derivations as it deals

directly with the Maxwell equations – see section 2.6 – it shall be broadly covered here
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and in the subsequent chapter. Solutions for the wave equations that contain source

terms do exist (Butler et al. 2005), but for the sake of simplicity, it shall be assumed

that the medium considered here is homogenous and isotropic, and has no sources and

no free charges. This particularly means that ∇ ·E = 0, which will be useful later on.

Depending on the ratio of energy loss to the energy storage – see eqs. (2.9) and

(2.10) –, EM fields propagate diffusively or as a wave. The latter becomes apparent

by reaching the electromagnetic wave equations through a number of operations. Due

to the fact that the constitutive relations (2.29)-(2.31) do not hold for time-dependent

fields, and to stay true to the general approaches given up until now, Maxwell’s equa-

tions (2.25)-(2.28) will be transformed to the frequency domain via the Fourier trans-

form defined below.

f(t) = 1
2π

∞∫
−∞

f(ω) e−iωtdω (2.32)

f(ω) =
∞∫
−∞

f(t) eiωtdt (2.33)

Having assumed a sinusoidal time dependence eiωt, the above transformations relate

a vector F in both time and frequency domain, F (r, t) and Fs(r, ω) respectively. It

shall be noted that the

∂F

∂t
⇔ iωFs

∂2F

∂t2
⇔ (iω)2Fs

Considering the lack of free charges , Maxwell’s equations in the frequency domain get

the following form

Faraday’s law of induction ∇×Es = −iωBs (2.34)

Ampère’s law ∇×Hs = Jσ,s + iωDs (2.35)

Gauss’s law for electric fields ∇ ·Ds = 0 (2.36)

Gauss’s law for magnetic fields ∇ ·Bs = 0 (2.37)
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This is done by applying the curl operator on eq. (2.34) and (2.35) and using the

constitutive relations (2.29)-(2.31) to decouple the electric and magnetic fields. Please

note that the frequency dependency of the field quantities on the material parameters

(ε, µ, σ) is upheld, but suppressed from the notation for reasons of brevity.

∇×
(
∇×Es

)
= −iωµ ·

(
∇×Hs

)
= −iωµ ·

(
σEs + iωε ·Es

)
= −iωµσ ·Es − (iω)2µε ·Es = (ω2µε− iωµσ)Es

(2.38)

∇×
(
∇×Hs

)
= ∇× Js,σ + iωε ·

(
∇×Es

)
= σ ·

(
∇×Es

)
+ iωε ·

(
− iω ·Bs

)
= σ ·

(
− iωµ ·Hs

)
+ iωε ·

(
− iωµ ·Hs

)
= −iωµσ ·Hs − (iω)2µε ·Hs

(2.39)

The left-hand side of the equations containing ∇ × ∇×, can be simpliefied using the

following vectorial equivalent equation for an arbitrary vector field f .

∇×∇× f ≡ ∇∇ · f −∇2f (2.40)

where:

∇2f = ∇ · (∇f)

Remembering that the assumptions made for this derivation conclude that ∇ ·Es = 0
in addition to ∇ ·Bs = 0, the first term on the right-hand side of eq. (2.40) vanishes.

The material parameters on the right hand side of the equations are replaced with

the complex propagation constant γ defined in eq. (2.43). Applying all this to eqs.

(2.38) and (2.39) and rearranging leads to the homogeneous frequency domain wave

equations, or Helmholtz equations

∇2Es − γ2Es = 0 (2.41)

∇2Hs − γ2Hs = 0 (2.42)

with

γ =
√
iωµ(σ + iωε) =

√
iωµσ − ω2µε = α + iβ (2.43)

The real part α of the propagation constant γ is defined as the attenuation constant,
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the imaginary part β as the phase constant. The former defines the rate at which the

fields of the wave are attenuated as it propagates, and the latter defines the rate at

which the phase changes as the wave propagates. Solving for α and β yields

α = ω

√√√√√µε

2

√1 +
(
σ

ωε

)2
− 1

 (2.44)

β = ω

√√√√√µε

2

√1 +
(
σ

ωε

)2
+ 1

 (2.45)

2.3.4. Solution to the Wave Equations

This chapter shows one approach at solving the homogenous electric wave equa-

tion (2.41) for a lossy media, aiming at illustrating the wave-nature of electromagnetic

fields. The same approach is valid for the magnetic wave equation (2.42) but will not

be shown here. For further reading please refer to Sadiku (2007) and Butler et al.

(2005).

For the following part, the media is further assumed to be linear and the fields

to be time-harmonic. These assumptions allow for time-harmonic signals (sinusoids)

of different frequencies to be superimposed to create arbitrary wave packets or pulses.

By reducing the problem to one dimension, e.g. the wave propagates in z-

direction, we obtain a scalar version of eq. (2.41) below

d2Es
dz2 − γ

2Es = 0 (2.46)

This is a scalar wave equation, i.e. a linear homogeneous differential equation, with

the general solution

Es = E1 e
γz + E2 e

−γz (2.47)

whereby E1 and E2 are constants which represent electric field amplitudes. The first

term on the right side represents the wave traveling in the −z direction while the

second term represents the wave traveling in the +z direction. The final step is now
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Fig. 2.4: Schematic progression of a wave propagating forwards in space and time. Modelled after the
2nd term in eq. (2.48).

to transform the solution in eq. (2.47) back into the time domain.

E(z, t) = Ese
iωt =

(
E1 e

γz + E2 e
−γz

)
eiωt

= E1e
αz ei(ωt+βz) + E2e

−αz ei(ωt−βz)
(2.48)

The progression of the wave as well as the decay become clear at this stage. The

propagation in time of such a wave propagating in the +z direction is schematically

shown in fig. 2.4.

A final regard should be made towards extreme cases, which are dependent on

the terms of the propagation constant γ. Significant for GPR is the case where the

conductive losses are relatively small. As a result the terms of γ are related in the

following way, which is also seen as the approximation criterion for lossless media

(compare to eq. (2.10)).

ωµσ � ω2εµ or
σ

ωε
� 1 (2.49)

A usefull result of this simplification is an approximation for the phase velocity vp of

the wave. It is related to the wave function (2.41) by the definition below. By assuming

σ = 0 and upholding eq. (2.49), one gets the following approximation for the phase
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velocity in a lossless medium

vp = ω

β
≈ 1
√
µε

= c0√
µrεr

(2.50)

In extension, it can further be assumed that the geological medium is non-magnetizable,

which allows to set µr = 1 (Butler et al. 2005). As a result, the phase velocity is only

determined by the dielectric permittivity of the medium, and eq. (2.50) is reduced to

vp ≈
c0√
εr

(2.51)

It is thus clear that the dielectric permittivity constitutes an important measurement

target of all High Frequency (HF) EM methods.
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2.4. Ground-Penetrating Radar

This section will cover the basics of Ground-Penetrating Radar (GPR) as well

as the properties and characteristics that are most relevant for this study. The GPR

system in this thesis is a bow-tie antenna utilized for CO measurements. If not stated

otherwise, the discussions will deal with GPR theory and concepts that are most im-

portant to this specific setup. For more complete information on GPR, refer to Daniels

et al. (2004); Annan et al. (2009) and Jol et al. (2009).

GPR is a geophysical technique that uses radio waves to probe the ground and

gain information about the subsurface. A radar device typically consists of a transmit-

ter and receiver antenna that sends and receives electromagnetic signals respectively.

The dielectric and electric properties in the ground influence the behaviour of the elec-

tromagnetic field propagation. This is the cause for reflections, refractions, as well as

changes in travel-time and amplitude of the signal.

Different GPR systems are used in a wide range of applications to gain infor-

mation about the subsurface, including engineering applications for the detection of

landmines, cracks in bentonite, or pipes, and for mining operations. In addition, it is

used for forensic and archeological purposes to investigate buried objects and struc-

tures. In the field of hydrogeology and hydrogeophysics, GPR is used to image the

geological setting of the shallow subsurface; most commonly the stratification, ground-

water table and water-content distribution.

2.4.1. Types of GPR Systems

There are two main modes of GPR systems that differ in their data acquisition

which is either done in the time domain or the frequency domain, whereby the former

is also called impulse radar and the latter Continuous-Wave (CW). Impulse radar is

the most common type of GPR data acquisition and is used throughout this thesis.

CW There are three main types of CW GPR systems and they all involve a frequency

modulation (FM): swept FM CW, stepped FM CW and gated, stepped FM CW. A

sweep covers all frequencies over a fixed bandwith. Stepped FM CW is similar to

performing a sweep, except that the transmitted frequencies are divided into linear

increments. Gated, stepped FM CW is an addition to the previous method. Signal

noise coming from the transmitting antenna or EM waves on the surface can interact

and mask the receiving signal. By turning the transmitter off and only subsequently
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turning the receiver on, this unwanted noise is ”gated” out.

Impulse Impulse data acquisition uses a time domain voltage pulse that is sent to

the transmitting antenna, which radiates an EM wave (Daniels et al. 2004, pg. 103).

The receiver antenna records the received voltage as a function of time. The geometry

(form) and eletrical characteristics of the antenna, as well as the electronically produced

pulse, determine the center frequency and associated bandwith of the EM wave. The

impulse radar has some advantages including the simplicity of creating an impulse

waveform, practicality, cost-efficiency and most importantly the measurement speed.

2.4.2. GPR Methodologies

Depending on the subject of study, different GPR methodologies can be used.

Below is a brief overview of different measurement setups, which are in general, inde-

pendent of the type of antenna. A couple assumptions that are typically made when

processing data afterwards are, that (i) the electromagnetic properties are locally ho-

mogeneous, (ii) the approximation for the electromagnetic wave velocity vp = c0/
√
εr

holds, and (iii) the observed interface is horizontal, and at a specific depth d.

Wide Angle Reflection and Refraction - WARR In this setup, a Transmitter

antenna is placed at a fixed position, while a receiver is incrementally displaced, typi-

cally by a fixed distance. This is useful for determining horizontal layer interfaces and

velocities, which can be used to transform into depths.

Common Midpoint - CMP This setup uses a fixed central position, from which

the Transmitter and Receiver antennas are incrementally and equally displaced away

from. That way the midpoint is always at the same location. This setup is effective

for horizontal as well as non-horizontal reflecting layers.

(Multi) Common Offset - CO This method is commonly used for imaging purposes

because large areas can be covered efficiently. Hereby the Transmitter and Receiver

antenna are kept at a fixed distance to each other, and are moved along a path. The

spacing for the consecutive measurements is usually kept at a fixed increment to facil-

itate data processing. Figure 2.5 illustrates a single CO measurement.
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Fig. 2.5: Schematic setup of a Common Offset measurement. Tx and Rx are the Transmitter and
Receiver antenna resp.

2.4.3. Antenna System Properties

The GPR system’s performance is a result of a multitude of interacting antenna

properties. An overview of the important antenna properties is given below, with more

technical detail about the electronics availabe in Jol et al. (2009) and Daniels et al.

(2004).

Frequency Range & Bandwidth Commercial GPR systems are designed to operate

in a frequency range of about 10 MHz to ca 4 GHz. Many systems, as for example

ones that involve bow-tie antennas, are categorized as broadband antennas. These can

be defined by their central frequency fc and the bandwidth B they cover. The former

is the dominant frequency of the transmitted signal. A GPR system’s bandwidth B

can be defined seperately for impulse and CW GPR, although only the former will be

covered here. For impulse GPR it is the inverse of the pulse width W , which is the

length in time of the transmitted signal (Jol et al. 2009, pg. 16). For most broadband

antenna systems, such as ones using bow-tie antennas, the bandwidth is centered about

and often also approximately equal to the center frequency fc. For impulse GPR, the

bandwidth is therefore:

B = 1
W
≈ fc (2.52)

Dynamic Range Modern GPR systems need to be able to receive strong as well as

weak signals. The dynamic range is essentially determined by the electrical components

of the antenna system, most importantly the analog-to-digital converter. The ratio of
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the largest receivable signal amplitude to the minimal detectable signal amplitude is

called the dynamic range and is defined as follows:

Dynamic Range = 20 log10

(
Vmax
Vmin

)
[dB] (2.53)

Vmax must not overload the radar front end while Vmin must be above the Signal-to-

Noise Ratio (SNR)) to be detectable.

Antenna Shielding & Damping GPR antennas are normally placed as close as

possible to the air-ground interface to provide optimal coupling and thus maximize

energy transfer into the ground. Commercial antennas are usually equiped with some

sort of shielding box to suppress and enhance certain signals. Some key features are:

• Increase (broaden) the signal’s frequency spectrum

• Maximize the signal into the ground and reflected from subsurface targets.

• Minimize the direct signal from the transmitter to the receiver.

• Minimize the energy that escapes into the air.

• Minimize external electromagnetic noise.

It must be noted that shielding is never perfect and does bring with it some drawbacks.

The signals that travel between the shielding walls can reverberate for a long period

of time. Furthermore a shield increases the weight, size and therefore manufactoring

cost significantly. In practice, usually only antennas with frequencies above 100 MHz

employ a shield, one reason being that with higher frequencies the antennas become

smaller.

Signal Amplitude & Penetration Depth Several factors modify the electromagnetic

pulse as it propagates in the ground and thereby affect the received signal. Besides

electromagnetic attenuation, geometric spreading decreases the signal amplitude by 1/r
with distance r from the source, spurous reflections in the ground and signal noise from

the surrounding can distort the signal trace, as well. With sufficient amplitude - i.e. a

low SNR - the noise may overshadow the target signal and render it indistinguishable.

An effective and common way to address this issue is to apply stacking, i.e. averaging

multiple traces at the same position. When performed at the same measuring position,

this can dramatically improve the SNR without distorting the radargram.

The penetration depth of a GPR system’s signal into the ground depends mostly

on the central frequency, the bulk permittivity and attenuation in the medium. The
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Fig. 2.6: Resolution for a standard GPR antenna with casing. It divides into two parts, range and
lateral resolution. Inspired by Jol et al. (2009, p. 14).

latter can be split up into intrinsic (ohmic + dielectric losses) and scattering attenua-

tion, whereby the former was already defined in eq. (2.44) and the latter comes into

play when objects of a similar size to the wavelengths of the field are considered.

Choosing an appropriate antenna for a desired depth is a tradeoff with signal resolution

(further explained in the next paragraph). While lower frequencies penetrate deeper,

the resolution is lower and vice versa. A decrease in penetration depth can also gener-

ally be seen during the presence of water. One must hereby distinguish between pure

water and water that contains solved elements as they can exhibit drastically different

dielectric properties.

Resolution GPR resolution describe the ability of a signal to resolve reflections from

different targets such as layers or buried objects. Figure 2.6 schematically depicts the

two resolution parts that can be treated differently, range ∆r and lateral ∆l resolution.

The two are defined below as in Jol et al. (2009).

∆r ≥ Wv

4 and ∆l ≥
√
vrW

2 (2.54)

where:

v = wave velocity in the material; r = distance to the target; W = half-

width of the signal pulse (see fig. 2.7).
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Fig. 2.7: Arbitrary temporal pulses with arbitrary amplitude A and pulse width W . Note this is not a
representation of the pulse that is sent to the GPR antenna, which generally look like a ricker wavelet.
(a) Pulses are still clearly seperable. (b) Pulses are overlapping. (c) Pulses are coincident and not
distinguishable. Inspired by Jol et al. (2009, p. 15).

It becomes clear that the smaller the two quantities are, i.e the greater the Bandwith

B as defined in eq. (2.52), the ”higher” the resolution of GPR signal. The equation

for range resolution does not account for pulse dispersion - a widening of the pulse or

wavelet - and attenuation, which actually results in dependency of the range resolution

on the radius.

In the impulse mode, which is the one in question for this thesis, the antenna

sends out a wavelet with a pulse width W and a corresponding envelope. For two

seperate pulses to be distinguishable, their envelopes must be seperated in time by an

amount T whereby T � W . In general, the half-width (-6 dB in Voltage) point of the

received signal is used as a reference for quantifying W . Figure 2.7 depicts the different

scenarios.

Antenna Coupling Antenna coupling refers to the proximity of the antenna to the

medium under study. This is done to maximize the energy trasmitted into the medium,

i.e. reduce signal distortion and reflections. When the medium is geologic, it can be

categorized as a lossy dielectric, and the loading effect that follows can play a significant

role in determining the low-frequency performance of the antenna Jol et al. (2009, pg.

113).

At a height above the desired interface, the transmitted signal becomes more di-
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rective, i.e. more focused, below the interface, and looses energy (Diamanti et al. 2013),

the rate depending on the impedance difference. Neglecting absorption and magnetic

susceptibility, the reflection coefficient R of a material interface at a perpendicular

angle of incidence, can be estimated with (Demtröder 2013)

R = n1 − n2

n1 + n2
with ni ≈

√
εr,i (2.55)

Antenna Field Regions The space around an antenna is generally divided into three

regions and in the following order away from it: reactive near-field, radiative near-field

(Fresnel) and far-field (Fraunhofer). The reactive near-field is the immediate region

surrounding the antenna and is characterized by the electric and magnetic fields not

necessarily being in phase to each other and the angular field distribution being highly

dependent upon the distance and direction from the antenna. The radiative near-field

is the next ”layer” around the antenna where the radiation fields dominate, the electric

and magnetic fields are in phase, but the angular field distribution is still dependent

upon the distance from the antenna. The far-field region extends beyond the near-field

into infinity and holds the majority of space the wave travels through, the electric

fields are in phase and the angular field distribution is essentially independent of the

distance to the antenna. The boundaries seperating these regions are not unique and

the transition is gradual, but various criteria have been established to differentiate

between them. With D being the maximum linear dimension of the antenna, hereby

the length of the transmitting bow-tie in the 400 MHz antenna, the near-fields’ extents

can be estimated as follows (Balanis 2015, pg. 31):

0.62
√
D3

λ
: Reactive Near-Field (2.56)

2D2

λ
: Radiative Near-Field (2.57)

2.4.4. Antennas for GPR

GPR antennas come in various sizes and shapes mainly depending on the center

frequency, the effective frequency spectrum they cover and the performance.

Transmitter & Receiver GPR almost always incorporates seperate antennas for

transmitting and receiving signals, because a single antenna for both purposes carries

with it technical difficulties that are not yet overcome by commercially available an-
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Fig. 2.8: Schematics of differently shaped bow-tie antennas (a)-(c), and a typical vivaldi antenna (d).

tenna systems. In summary, the problem lies in switching between transmitting and

receiving signals in the sub-nanosecond region with sufficiently high levels of isolation

between the transmit and receive ports (Jol et al. 2009). It is thereby necessary to

incorporate seperate antennas for transmitting and receiving the signal.

GPR Antennas Common examples of GPR antennas are TEM horn, dipole, the

bicone, vivaldi and bow-tie antenna. GPR are often required to cover a wide frequency

range of at least an octave, e.g. 10 MHz - 1 GHz. Most commercial antennas have a

limited low-frequency performance and hence act as high-pass filters for the desired

frequencies (Jol et al. 2009).

Although the same antennas can generally be used for both the time- and frequency-

domain, some differences arise with regard to the electrical equipment and circuitry

(Jol et al. 2009). Antennas intended for the use in the frequency domain have a geom-

etry that is dominated by angles. Some examples of such antennas include biconical

dipole, equiangular spiral, vivaldi and conical antennas. The outline of a vivaldi an-

tenna is shown in fig. 2.8 (d). Common examples of time-domain (impulse mode)

antennas are TEM horn, dipole, the bicone and the bow-tie antenna. In the impulse

mode, the input voltage driving function to the terminals of the transmitter antenna is

typically a gaussian pulse which needs to be electrically fitted to the antenna’s impulse

response. Bow-tie antennas, as depicted in fig. 2.8 (a-c), are widely used in commer-

cial GPR systems due to their good performance over at least an octave bandwith. As

can be seen, different geometries exist which result in different center frequencies and

frequency bands.

Antenna Dimensions The dimensions of the antenna heavily influence the signal

that is transmitted and received. This not only includes the antennas themselves, but

also the box that they are often embedded in together with the electronics. Although

different kinds of antennas exist, the following are desired characteristics summarized

in Jol et al. (2009), that apply to all:
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• The transmitter and receiver responses (transfer functions converting electric field

to/from voltage current) must be time and space invariant.

• the vector character of the field linking the source voltage and received voltage

must be quantifiable.

• the bandwidth of antennas must match the system application needs.

For bow-tie antennas, the dimensions are chosen in such a way as to minimize cross-

talk with the receiver antenna, reduce antenna size and provide good directionality.

Generally speaking for bow-tie antennas, the longer the antenna arms, the lower the

central frequency.

2.4.5. Signal Processing & Visualisation

The general goal of processing GPR data is to allow different parts and infor-

mation bits of the radargram to be highlighted for further study. It might be the

amplitudes, the travel-times, the crosstalk or reflections, and for each part, a specific

section in the radargram needs to be highlighted. Lastly it should be noted, that in

GPR processing steps can also be evaluated before a measurement to adapt and im-

prove a GPR survey to the measuring conditions. This is mainly dependent on the type

of data aquisition systems used; in case they include a monitor to view radargrams,

pre-processing steps can be taken to improve data quality.

The processing of GPR data varies quite a bit depending on the methodology and

the information that is to be extracted. Raw data generally needs to be processed to

enable interpretation and evaluation techniques. Some GPR systems allow for filtering

in real-time while measuring, but the data generally needs to be post-processed in

some way or another. The user must be careful because processing data may introduce

significant errors. Besides standard filters in the time and frequency domain, a number

of standard operations, that are applied and valid for most GPR data but also those

that were mostly applied in this thesis, are listed below. For the processing of the GPR

data in this thesis, the software Reflexw was used (Sandmeier 2016).

Sampling Criteria The data obtained with GPR are EM fields sampled in time and

space and must adhere to fundamental sampling criteria. For a broadband signal with

a bandwidth to center frequency of unity (see eq. (2.52)), Jol et al. (2009, pg. 29)

recommends double the Nyquist criteria with the following limitations for time ∆t and
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space ∆x

∆t ≤ 1
6fc

(2.58)

∆x ≤ v

6fc
(2.59)

As will become clear later on, these criteria are very generously met with the guided

waves method.

Dewow GPR measurements that are made with two antennas in close proximity are

subject to electrostatic and inductive fields near the transmitter. These contain low-

frequency energy that decay rapidly with distance, and introduce a slow time-varying

component to the measured data. This causes a ”bowing up” or down of the data and

has been coined a baseline ”wow”. To revidate this effect it often suffices to apply a

temporal high-pass filter and thus eliminating the very low frequencies.

Time Gain Radar signals suffer great attenuation when they enter the ground and

therefore the amplitudes of the received signals from greater depths are very small

compared to the ones from shallower depths. Jol et al. (2009, p. 37) illustrates the

attenuation of a signal as it enters the ground. When the signal amplitude in the raw

data a time-varying gain factor can be introduced to compensate for the amplitude

loss. An appropriate choice depends on spherical spreading, as well as the physical

and electric properties of the ground, which is usually unknown beforehand. Note here

that this procedure can introduce distortions in the signal and thus decrease the data

quality.

Choosing an appropriate time gain factor can be a subjective matter depending

on the user; nonetheless, systematic approaches do exist. Two popular methods are

automatic gain control (AGC) and spherical and exponential compensation (SEC). The

former is used when equal amplitudes over the entire time range are desired, e.g. for

stratigraphic evaluation. SEC attempts to equalize the spherical divergence that the

field undergoes while propagating in the ground.

DC-Shift Removal A standard trace recorded with a GPR receiver system may

exhibit a constant shift in voltage. This is mainly caused by non-exact matching of

transistors in the amplifiers of the GPR receiver, which is typically also dependent

on the temperature. This obviously affects picking phases in GPR data and should

be removed, an easy and practical way of identifiying the DC-shift is to average the
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portion of the trace that preceeds the antenna crosstalk.

Temporal and Spatial Filtering These two filtering techniques include a multitude

of methods, of which the most important ones are mentioned here. The difference

between the two is that, although they might overlap depending on the method, spatial

filtering is used on the spatial axis of a dataset while temporal filters are applied on the

time axis. For the purpose of explanation, we can focus on a simple 1D dataset where

a radargram is typically shown with the spatial dimension (distance) on the horizontal

x-asis (the traces) and the time on the vertical y-axis (the samples). While a spatial

filter manipulates each trace thus acting in the x-direction, a temporal filter acts in the

y-direction, therefore on the samples of a single trace.

The following are some examples of such filters. Classic spatial filters are called

running average, subtracting average, background removal. The first is used to ”smoothen”

a dataset in a particular dimension by replacing values with the mean of a specified

subset of neighboring points. A ”subtracting average” filter simply subtracts a single

trace from the dataset which can be useful when a reference trace is available that only

includes unwanted signals like the crosstalk. A ”background removal” first calculates a

mean trace from either parts of, or the entire radargram and subtracts that from each

trace.

Stacking Stacking refers to the averaging of traces at one measurement location

to improve the SNR. The idea is that the trace at one location consists of the same

signal, except for the random noise. Stacking should increase the signal from the target,

whereas the random noise will tend to reduce. The latter is important to note because

noise like internal reflections resulting from the GPR system and antenna will not be

reduced. Depending on the technical standpoint of the GPR system, stacking can

significantly increase measuring times and therefore a balance between a high enough

SNR and low enough measurement duration generally dictates the level of stacking.

Travel-Time & Phase Picking Travel-time is the time it takes a pulsed signal that

is sent out by a source, to be reflected/refracted from a target and arrive at a receiver

location. Often the travel-time is also called two-way travel-time because it is in fact

the time it takes the signal to travel the distance to the target twice, however this is

infered hereon unless specified otherwise.

Figure 2.9 depicts an arbitrary distinguishable, noise-free signal with different

phases that can be picked. For standard GPR purposes, it is often necessary to pick

first arrival times, e.g. to determine depths of reflectors. The factors that mostly
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Fig. 2.9: Different phases that can be picked on an arbitrary noise-free signal pulse for determining
travel times. The arrival time turns out to be difficult to pick and thereby interpret which, however
is a problem that is not inherent to the guided waves method (see chapter 3.2)

influence the accuracy of arrival time picks are the sample/scan rate and time range of

the data acquisition system, as well as the noise present in the signal. Low sample/scan

rates combined with long time ranges may result in a large offset between a true and a

recorded arrival time. In addition, they may force an inaccurate interpolation between

the points around the desired location, especially at the extrema. The zero-crossings

are generally more accurate to pick because the zero-crossing time can be computed

from interpolating between the two points around the zero-line. Thereby an offset in

time and amplitude on those two points results in less picking error than for extrema

points.

The noise-free signal in fig. 2.9 might enable accurate travel-time picking, but

real datasets always contain some degree of noise that can interfere with the picking

process. Signal stacking is one way of remediating this effect. Picking later phases,

such as the first extremum (maximum or minimum) and zero crossing, can be more

accurate, although the effect of wavelet-widening must be accounted for.

2.5. S-Parameter Background & Methodology

This chapter will give an introduction to S-parameters and how they are used,

with further reading to be done in Zinke et al. (1990); Orfanidis (2002) and Sasamori et

al. (2014). S-parameters are complex, frequency dependent quantities in RF electrical

engineering that describe the input-output relationship between terminals in an elec-

trical system, specifically the incident and reflected voltage and current waves which

shall be summarized as ”power waves”. A terminal can loosely be defined as an end

point of a conductor in an electrical network, e.g. the end of a coaxial cable, and two

terminals define a port. A port can loosely be defined as any place where a voltage
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Fig. 2.10: Schematic of a 2 port network with two antennas and a Vector Network Analyzer (VNA)
attached to it (Sasamori et al. 2014, compare pg. 2). The transmission lines in form of coaxial cables,
together with the outgoing waves bi, reflected waves ai, voltages Vi, currents Ii, generator ZG and load
impedance ZL of the VNA, and characteristic impedance Z0 of the transmission line are depicted.

and current can be delivered. In that sense, the two feed points at the center of the

transmitter and receiver antenna of a bow-tie antenna are terminals which can each be

connected to two further terminals to form two ports.

The equipment to which the antenna is connected for measuring the S-parameters

shall be introduced. S-parameters for two-port networks are commonly measured with

a device called a Vector Network Analyzer (VNA) which has two terminals connected

each to the open ends of the network, in this case the SMA coaxial connectors of the

antenna system, via standard coaxial cables. The VNA is then setup to sweep through

a defined frequency window with a defined frequency step.

A schematic for an arbitrary antenna model is shown in fig. 2.10. In a two-port

network with ports 1 and 2, the power transferred from port 1 to port 2 is conventionally

written as S21 and vice versa. For a two-port network the complete S-parameters matrix

relating the outgoing waves b1, b2 to the incident waves a1, a2 is

b1

b2

 =
S11 S12

S21 S22

 a1

a2

 (2.60)

With knowledge of the characteristic impedance Z0 of the coaxial cables, often Z0 = 50 Ω,
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and the voltages Vi and currents Ii, the traveling wave variables ai and bi can be ex-

pressed as (Orfanidis 2002, pg. 664)

a1 = V1 + Z0I1

2
√
Z0

a2 = V2 − Z0(−I2)
2
√
Z0

(2.61)

b1 = V1 − Z0I1

2
√
Z0

b2 = V2 + Z0(−I2)
2
√
Z0

(2.62)

The four S-parameters can be described in the following way

S11 The input port voltage reflection coefficient, or the power reflected at port 1

relative to the power incident at port 1.

S22 The output port voltage reflection coefficient, or power reflected at port 2 relative

to the power incident at port 2.

S21 The forward voltage gain, or the power received at port 2 relative to the power

incident at port 1.

S12 The reverse voltage gain, or the power received at port 1 relative to the power

incident at port 2.

Of the four S-parameters, S11 and S21 are the most relevant ones for examining antenna

designs. S11, also called reflection coefficient, indicates how much power is reflected

from antenna 1 – lets call it the transmitting antenna (TX) – when a voltage is applied

at port 1. This means that an antenna designated to transmit more power at a specific

frequency, e.g. 400 MHz, should have a minimal reflection at that frequency. S21 on the

other hand describes how much power is received at the other antenna element – lets

call it the receiving antenna (RX)–, in relation to the power incident at TX. S21 should

thereby show a maximum at 400 MHz. These results are expected for the upcoming

measurements.

The S-parameters are measured by connecting the coaxial cables, whose Z0 needs

to be known, to the terminals of the antenna and VNA. Next, the VNA needs to

be calibrated to the cables which means that ZG and ZL need to be matched to Z0

to reduce or minimize internal reflected waves. This process is done automatically

by modern VNAs by means of calibration kits that are included with the machines.

Successful calibrations ensure accurate measurements of the S-parameters through the
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following relations (Orfanidis 2002, pg. 667)

S11 = b1

a1

∣∣∣∣∣
ZL=Z0

S22 = b2

a2

∣∣∣∣∣
ZG=Z0

(2.63)

S21 = b2

a1

∣∣∣∣∣
ZL=Z0

S12 = b1

a2

∣∣∣∣∣
ZG=Z0

(2.64)

It shall be noted here that so far the two antennas were described as being isolated

from each other, e.g. that S11 is really only the reflection of the signal based on the

impedance of antenna 1. However, GPR antennas are almost always set up in a way

that they lie very near to each other, meaning that all S-parameters of bow-tie GPR

antennas are the result of both antennas radiating and influencing the signal. This is

generally unwanted and in the special case of unshielded antennas, this effect needs to

be considered.
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2.6. The Finite-Difference Time-Domain Method

The following chapters aim at introducing the Finite-Difference Time-Domain

(FDTD) method and the aspects important to Radio Frequency (RF) simulations.

The underlying theory and ideas will be presented, as well the implementation of

sources and boundary conditions. A complete derivation of the formulas and ideas is

not intended, but a reference shall be made here to Taflove et al. (2005) and Inan et al.

(2011), which are both excellent and comprehensive guides to the FDTD method as a

whole.

2.6.1. Introduction to FDTD

Numerical Simulations of electromagnetics are an important tool in the world of

engineering and science because it allows testing and analyzing systems and designs

without actually performing physical experiments. FDTD belongs in the realm of

grid-based finite-difference methods and was introcuced by Yee in 1966. It computes

numerical solutions to Maxwell’s equations and has grown to become an especially

popular tool because it has several advantages among being simple (by virtue of being

an explicit method), robust, and easy to use (Taflove et al. 2005). Since it is a time-

domain method, FDTD solutions can cover a wide frequency range in one simulation

and the method is thus well suited for GPR purposes. It shall be noted here that FDTD

method can be used and adapted to account for anisotropic and dispersive media, but

only the general case of isotropic and nondispersive media is discussed here (consult

Taflove et al. (2005)).

FDTD discretizes Maxwell’s equations (2.25)-(2.28) using central-difference ap-

proximations for the space and time partial derivatives. The resulting finite-difference

equations are solved in a leapfrog time-stepping manner: meaning the E-field vector

components are solved in a volume of space at a given time instant; then the H-field

vector components are solved in the same space but at the next time step.

Current FDTD algorithms differ mainly in how their space lattice is set up.

Grids can be set up in a uniform structured manner (original form), surface-fitted,

and unstructured manners (Taflove et al. 2005, pg. 6-7). The last two will not be

discussed further because the algorithm used for this thesis uses a structured cartesian

grid. A structured grid having congruent unit cells is the most basic example of a

space lattice and was also originally employed by Yee. Structural features that have

surfaces not parallel to to the grid coordinate axes are approximated in a staircasing
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manner. This in fact presents one of the major drawbacks of the standard FDTD

method, because the staircase edges introduce additional reflections from impinging

waves that need to be minimized, and curved features can thus only be modelled

accurately by approximating them with sufficient cells. Shlager et al. (1994) showed

that the amplitude of these additional reflections can be controlled by ensuring the

following ratio

∆s
λ

< 0.5 (2.65)

where:

∆s = largest hypotenuse of a staircased cell [m]; λ = smallest effective

wavelength in the simulation [m].

The FDTD method approximates the spatial and temporal derivatives that ap-

pear in Maxwell’s equations with central differences. The derivation of the latter as

well as its commonly used scheme of second-order accuracy form is explained hereon

(refer to the lecture notes by Schneider). A taylor series expansion of an arbitrary

function f(x) expanded at the point x0 with an offset of ±δ/2 is shown below:

f

(
x0 + δ

2

)
= f(x0) + δ

2f
′(x0) + 1

2!

(
δ

2

)2

f ′′(x0) + 1
3!

(
δ

2

)3

f ′′′(x0) + ... (2.66)

f

(
x0 −

δ

2

)
= f(x0)− δ

2f
′(x0) + 1

2!

(
δ

2

)2

f ′′(x0)− 1
3!

(
δ

2

)3

f ′′′(x0) + ... (2.67)

where the primes indicate differentiation. Subtracting the second from the first equa-

tions and dividing by δ yields

f
(
x0 + δ

2

)
− f

(
x0 − δ

2

)
δ

= f ′(x0) + 1
3! ·

δ2

22f
′′′(x0) + ... (2.68)

The term on the left is called the central difference approximation of the first derivative

and is equal to the derivative of the function at the point x0 plus a term which depends

on δ2 and an infinite number of following terms that depend on δ4 and continuing.

Rearranging the above equation for the derivative yields

df(x)
dx

∣∣∣∣∣
x=x0

=
f
(
x0 + δ

2

)
− f

(
x0 − δ

2

)
δ

+O
(
δ2
)

(2.69)

If δ is sufficiently small, a reasonable approximation to the derivative may be obtained
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by neglecting all the higher-order terms, which exactly renders the form of the central

difference approximation that is second-order accurate and commonly used

df(x)
dx

∣∣∣∣∣
x=x0

≈
f
(
x0 + δ

2

)
− f

(
x0 − δ

2

)
δ

(2.70)

Note how the function is never actually sampled at the location x0, but the function

value is approximated by evaluating the function at the neighbooring points x0 + δ/2
and x0 − δ/2. In the limit as δ goes to zero, the approximation becomes exact.

2.6.2. Revisiting Maxwell’s equations

Before diving into the Yee algorithm, Maxwell’s equations shall be revisited to

clarify some aspects important to FDTD. Keep in mind that the media is assumed to

be isotropic and nondispersive. They specifically get an update in form of hypothetical

magnetic charges ρm and thus also a magnetic current density Jm. The latter leads to

the following updated version of Faraday’s law (2.25) and Ampère’s law (2.26)

∇×E(t) = −∂B(r, t)
∂t

− Jm(t) (2.71)

∇×H(t) = ∂D(t)
∂t

+ Jσ(t) (2.72)

This step is taken because hereby Maxwell’s equations acquire symmetry to duality

tranformations, which leads to faster computations for many electromagnetic problems

that exist (Inan et al. 2011, pg. 34). Additionally, Jσ and Jm can act as independent

sources of E- andH-field energy, Jσ,source and Jm,source. We also allow for the media to

exhibit electric and magnetic losses that attenuate the E- and H-fields via conversion

to heat energy. Leaning on the constitutive relation (2.31) - but still assuming a

nondispersive media - and incorporating the above newly defined electric and magnetic

current densities, we obtain new definitions for Jσ and Jm

Jσ = Jσ,source + σE (2.73)

Jm = Jm,source + σ∗H (2.74)

where:

σ = electric conductivity [S/m]; σ∗ = equivalent magnetic loss [Ω/m]
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By substituting (2.73) and (2.74) into (2.71) and (2.72), we obtain Maxwell’s curl

equations in linear, isotropic, nondispersive and lossy materials

∂H

∂t
= − 1

µ
∇×E − 1

µ

(
Jm,source + σ∗H

)
(2.75)

∂E

∂t
= 1

ε
∇×H − 1

ε

(
Jσ,source + σE

)
(2.76)

The last step is splitting the above equations into their vector components, resulting

in a system of six coupled scalar equations, of which the Ex-component will be shown

representatively below (refer to the remaining in appendix A).

∂Ex
∂t

= 1
ε

[
∂Hz

∂y
− ∂Hy

∂z
−
(
Jσ,sourcex

+ σ∗Ex
)]

(2.77)

The FDTD method need not explicitly enforce Gauss’ laws (2.27) and (2.28) because

they are – in theory – a direct consequence of the curl equations.

2.6.3. The Yee Algorithm

The Yee algorithm involves a robust representation of Maxwell’s equations in

integral and differential form by spatially and temporally sampling the electric and

magnetic field vector components. The algorithm centers its E and H vector com-

ponents in three-dimensional space so that every E component is surrounded by four

circulating H components, and vice versa. Figure 2.11 illustrates this concept.

The algorithm also centers its E and H components in time, in a so-called

leapfrog arrangement which can be seen in fig. 2.12. For a particular time-step and

for the entire model space, the E field is computed using the previously (in time)

stored H values. Then the H for the time-step are computed using the E that was

just calculated, and the whole process is repeated until the model time has ended.

Leapfrog time-stepping is fully explicit and employs central differences as has been

explained in the chapter 2.6.1. Schneider summarizes the Yee algorithm elegantly as

follows:

1. Replace the derivatives in Maxwell’s equations with finite differences (hereby with

central differenes). Discretize space and time so that the E-field and H-field

vectors are staggered in both space and time.

2. Solve the resulting difference equations to obtain the ”update equations” that
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Fig. 2.11: Sketch of the standard cartesian yee cell and the distribution of the electric and magnetic
vector components about it.

express the (unknown) future fields in terms of (known) past fields.

3. Evaluate the magnetic fields one time-step into the future.

4. Evaluate the electric fields one time-step into the future.

5. Repeat the previous two steps until the fields have been obtained over the desired

duration.

2.6.4. Update Equations

After defining the finite difference relation (2.70) and the equations for the electric

and magnetic field components ((2.77) and appendix A), the equations that update the

fields in time will be introduced. This process involves extensive equations and therefore

only one will be fully shown here, but rather in appendix B. Using the exemplary Hx-

field, the time and space derivatives in (2.77) are replaced with central differences.

The notation for the space derivatives are written in the subscript and for the time

derivatives in the superscript. Hereby x, y, z are denoted with i, j, k and n denotes the

time-step. Equation (2.77) is repeated here for convenience

∂Ex
∂t

= 1
ε

[
∂Hz

∂y
− ∂Hy

∂z
−
(
Jσ,sourcex

+ σ∗Ex
)]

S. Stadler: Vertical Water-Content Distribution Using Guided GPR Waves



54 2. Theoretical Background

Fig. 2.12: Sketch of the space-time chart of the Yee algorithm for a 1D wave propagation (Taflove
et al. 2005, pg. 61). Central differences are used in space with discretisation ∆x and a leapfrog scheme
in time with discretisation ∆t.

By applying the central difference relation to the derivatives in the above equation we

get

Ex
∣∣∣n+1/2

i,j+1/2,k+1/2
− Ex

∣∣∣n−1/2

i,j+1/2,k+1/2

∆t =

1
εi,j+1/2,k+1/2

·


Hz

∣∣∣n
i,j+1,k+1/2

−Hz

∣∣∣n
i,j,k+1/2

∆y −
Hy

∣∣∣n
i,j+1/2,k+1

−Hy

∣∣∣n
i,j+1/2,k

∆z

−Jσ,sourcex

∣∣∣n
i,j+1/2,k+1/2

− σi,j+1/2,k+1/2Ex
∣∣∣n
i,j+1/2,k+1/2


(2.78)

The way the Yee cell sets its space lattice and by nature of the central difference scheme,

the Ex field components in eq. (2.78) are never explicitly computed at a full time step

n but only at n± 1/2. The FDTD method uses a semi-implicit approximation for the

E-field components at time step n by calculating the arithmetic average at time steps

n− 1/2 and n+ 1/2 as below

Ex
∣∣∣n
i,j+1/2,k+1/2

=
Ex
∣∣∣n−1/2

i,j+1/2,k+1/2
+ Ex

∣∣∣n+1/2

i,j+1/2,k+1/2

2 (2.79)

Using the above equation for the En term in eq. (2.78), and some rearranging (not

displayed here. Refer to Taflove et al. (2005, pg. 62-64)) of the variables we obtain the
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explicit time-stepping relation for the Ex
∣∣∣n+1/2

i,j+1/2,k+1/2
-component

Ex
∣∣∣n+1/2

i,j+1/2,k+1/2
=


1− σi,j+1/2,k+1/2∆t

2εi,j+1/2,k+1/2

1 + σi,j+1/2,k+1/2∆t
2εi,j+1/2,k+1/2

Ex
∣∣∣n−1/2

i,j+1/2,k+1/2

+


∆t

εi,j+1/2,k+1/2

1 + σi,j+1/2,k+1/2∆t
2εi,j+1/2,k+1/2

+



Hz

∣∣∣n
i,j+1,k+1/2

−Hz

∣∣∣n
i,j,k+1/2

∆y

−
Hy

∣∣∣n
i,j+1/2,k+1

−Hy

∣∣∣n
i,j+1/2,k

∆z

−Jσ,sourcex

∣∣∣n
i,j+1/2,k+1/2



(2.80)

The remaining E- and H-field components are derived in a similar way, but are only

shown in appendix B and not here for reasons of brevity. The information so far

represents the backbone of the FDTD algorithm upon which variations exist that are

adapted to specific problems.

There are many ways of storing the material’s property values ε, µ, σ and σ∗,

and implementing them into the update equations. Methods exist that effectively

implement media properties depending on whether they are continuously changing or

a finite number of distinct media properties, whether or not the media is assumed to be

nonpermeable – i.e. µ = µ0 and σ∗ = 0, as well as the dimensionality of the problem.

Refer to Taflove et al. (2005) for more information.

2.6.5. Numerical Stability and Dispersion

Numerical stability describes a numerical solution that produces a bounded result

given a bounded input. A solution is instable when the solution produces an unbounded

result given a bounded input, i.e. the numerical error increases spuriously without limit

during time-marching (Taflove et al. 2005, pg. 39). In practical terms, the energy that

travels in a FDTD grid should not be able to propagate any further than one spatial

step for each temporal step. In the context of the FDTD scheme, stability is ensured in

3D when ∆x, ∆y, ∆z and ∆t are chosen to satisfy the Courant Friedrich Lewy (CFL)
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stability criterion below (Courant et al. 1967)

∆t ≤ 1

vmax

√√√√ 1
(∆x)2 + 1

(∆y)2 + 1
(∆z)2

(2.81)

where vmax is the maximum propagation velocity present in the grid. Often the ratio

of the two quantities on either side of equation (2.81) is taken, which is also called the

Courant number Cn. When considering a 3D problem, and in case the grid is uniformly

spaced, i.e ∆x = ∆y = ∆z, Cn simplifies to

Cn = vmax∆t
∆x ≤ 1√

3
(2.82)

Cn can be chosen such as to allow for dispersion-free wave propagation for waves

propagating along the diagonals of the FDTD grid. However, since waves generally

do propagate in all directions, this in fact has little practical value for 2D and 3D

problems.

The accumulation of numerical dispersion errors needs to be controlled by choos-

ing a sufficiently fine grid spacing with respect to the smallest relevant wavelength

present in the source signal. It is generally considered appropriate to choose a sam-

pling density of about 10 gridpoints per minimum wavelength for the FDTD scheme.

The FDTD algorithms for Maxwell’s curl equations cause nonphysical dispersion

of the simulated waves in the computational lattice. This means that the phase ve-

locities of numerical wave modes can differ from their theoretical values by an amount

varying with the wavelength, direction of propagation in the grid, and the grid dis-

cretization. The phase error accumulates and can lead to nonphysical results, such as

broadening and ringing of pulsed waveforms and imprecise wave interferences (Taflove

et al. 2005, pg. 107).

Taflove et al. (2005, chapter 4) provide the derivation for the numerical dispersion

relation in 1D, 2D and 3D. The result for the 3D case is shown below

[
1

vmax∆t
sin

(
ω∆t

2

)]2

=
[

1
∆x sin

(
k̃x∆x

2

)]2

+
[

1
∆y sin

(
k̃y∆y

2

)]2

+

+
[

1
∆z sin

(
k̃z∆z

2

)]2
(2.83)

Hereby k̃ represents the numerical wavevector and is related to the numerical phase
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velocity ṽp by k̃ = ω/ṽp. Qualitatively and at first glance, it becomes clear that the

numerical dispersion can be reduced to any desired level by choosing a sufficiently

small FDTD grid and time step. A general closed-form solution does not exist for

determining k̃ and ṽp, but it is possible to compute them for special cases. When

assuming a square-cell grid, i.e. ∆x = ∆y = ∆z = ∆, ṽp can be computed for the

two cases where the wave travels along the major 3D grid axes and along the 3D grid

diagonals by (Taflove et al. 2005, pg. 112):

ṽp = π

Nλ sin−1
[ 1
Cn

sin
(
πCn
Nλ

)]vmax :
propagation along

major grid axes
(2.84)

ṽp = π

Nλ

√
3 sin−1

[
1

Cn
√

3
sin

(
πCn
Nλ

)]vmax :
propagation along

grid diagonals
(2.85)

where:

Nλ = λ0/∆ the grid sampling density; Cn = vmax∆t/∆s the Courant sta-

bility factor (compare to eq. (2.82)).

The phase dispersion along the major grid axes turns out to be higher than along the

grid diagonals and can thus serve as an estimate of the maximum phase dispersion in

the numerical grid.

2.6.6. Source Definitions

This section shall cover definition of sources, whereby only the information rele-

vant to this thesis are explained in detail. When modelling antennas in time, defining

sources obviously becomes important as the energy is transmitted to the antenna at

a specific location called the feed point. Three of the main groups of electromagnetic

wave sources are hard sources, additive sources and a special case of feeding the model

through a transmission line, with different methods of implementations for each (Inan

et al. 2011, pg. 152).

Hard & Additive Sources Hard sources are sources of electromagnetic energy that

are implemented by simply assigning a desired temporal variation to a specific electric

or magnetic field component at a single or a few grid points. The temporal variation

can be chosen arbitrarily, but common functional forms used for such are sinusoidal

and gaussian. One major issue with hard sources is that they reflect energy when
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scattered fields reach them. If this effect is undesired, it is – for simple hard sources

– possible to limit the source to a time span, effectively turning it ”off” after some

time. Alternatively, additive sources can be used which are implemented by adding an

additional source term to the update equations.

Two further variants of hard sources shall be mentioned here, current and voltage

sources. The previously defined hard sources assigned E- and H-field values to the

model. When using an antenna, its physical dimensions are what drive the fields, and

the antenna itself is fed with a driving current or voltage. The former is defined as a

current density at one or more grid points, whereby a voltage source is defined over

a gap in the grid, e.g. the terminals of a wire antenna. The main advantage of these

two source types is in implementing a – possibly – known physical source type in the

model, instead of an arbitrary field.

Transmission Line Source Feeding an antenna with a transmission line is an option

in FDTD modeling that enables further analysis of the feeding process and the coupling

between a transmitting and receiving antenna. This subchapter aims at providing a

basic overview, further reading regarding RF technology and transmission line theory

can be done in Zinke et al. (1990). This method is an option in gprMax, the open

source FDTD software that was used for the numerical simulations in this thesis and

further explained in chapter 2.7. In electrical engineering, a transmission line is simply

a cable or structure used to carry AC current of radio frequencies. Commonly used

transmission lines for antenna designs are coaxial cables because their design minimizes

power loss and signal distortion from external electromagnetic interference.

Transmission line theory presents the 1D telegrapher’s equations which describe

the voltage V and electric current I in the transmission line as functions of time and

distance travelled in the transmission line circuit. The 1D telegrapher’s equations with

physical dimension x are shown below

∂V

∂x
= −RI − L∂I

∂t
(2.86)

∂I

∂x
= −GV − C∂V

∂t
(2.87)

where:

x= distance on the transmission line [m]; L= distributed inductance [H/m];

R = distributed resistance [Ω/m]; C = distributed capacitance [F/m]; G =

distributed conductance [S/m]
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Fig. 2.13: Sketch of the FDTD spatial grids of the seperate 3D antenna model and 1D transmission
line model with k′ denoting distance, i.e. the cell index, in the transmission line. An incident Voltage
waveform (Vinc) is introduced in the coaxial line at k′ = k′source as a ”one-way” injector, meaning the
wave launches only in one direction, in this case the positive z-direction. The two models are attached
where k′ = k′top.

V and I can be seen as travelling waves, which becomes clear after rearranging the

above two equations into the general wave equations for transmission lines

∂2V

∂x2 = LC
∂2V

∂t2
+ (RC +GL) ∂V

∂t
+GRV (2.88)

∂2I

∂x2 = LC
∂2I

∂t2
+ (RC +GL) ∂V

∂t
+GRI (2.89)

One method of including the transmission line feed in the FDTD model is to use an

additional 1D model space that is seperate from the antenna model space (Maloney

et al. 1994; Bourgeois et al. 1996). Figure 2.13 illustrates how the 1D transmission line

is connected to the 3D antenna model. The voltage and current on the transmission

line are updated in the standard FDTD fashion, whereto Inan et al. (2011) provides a
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thorough derivation

I
n+1/2

k′+1/2 = I
n−1/2

k′+1/2 −
( 1
Z0

)(
v∆t
∆z

) [
V
n

k′+1 − V
n

k′

]
(2.90)

V
n+1

k′
= V

n

k′
− (Z0)

(
v∆t
∆z

) [
I
n+1/2

k′+1/2 − I
n+1/2

k′−1/2

]
(2.91)

where:

Z0 = characteristic impedance [Ω]; v = phase velocity for the transmission

line [m/s]; k′ = index of distance in the transmission line

The characteristic impedance Z0 of a transmission line is defined as the ratio of the

voltage and current travelling in one direction. Commonly used coaxial cables usually

have a Z0 = 50 or 75.

The incident waveform Vinc is introduced into the coaxial line through an exten-

sion to eq. (2.91) using a ”one-way” injector, meaning the voltage wave launches only

in one direction – in the case below in the +z direction

V
n+1

k′
= V

n

k′
− (Z0)

(
v∆t
∆z

) [
I
n+1/2

k′+1/2 − I
n+1/2

k′−1/2

]
+
(
v∆t
∆z

)
V
n+1/2

inc,k′source+1/2 (2.92)

The part of the transmission line below k′source is truncated with an Absorbing Boundary

Conditions (ABC) (Maloney et al. 1994, p. 2), and can further be used to observe the

voltage and current waveforms that are reflected from the antenna feed point.

As stated before, a transmission line can be used to analyze the feeding process of

the antenna, and the coupling between the antennas. This is achieved by calculating S-

parameters from the traveling currents and voltages in the transmission line. Thereby,

an integral component of antennas can be measured and compared to simulations

thereof.

2.6.7. Perfectly Matched Layers

This subchapter will introduce the perfectly matched layer (PML) ABC that are

used by gprMax (Giannopoulos 2012), and explained in more detail in Taflove et al.

(2005, pg. 273) as well as Inan et al. (2011, pg. 199). Besides employing analytical

ABCs to terminate a computational grid, PML have been in development and used for

more than 20 years. What sets them apart from standard ABCs is that they implement

an additional layer with a material that absorbs incoming electromagnetic plane waves
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– at any angle, which gives them an advantage over standard ABCs which produce

high reflection coefficients for small incidence angles. A couple groups of PMLs exist

such as Uniaxial PMLs (UPMLs) and Complex Frequency Shifted PMLs (CFS-PMLs),

a modern variant of the latter being implemented in gprMax.

PMLs were first introduced by Bérenger et al in 1990 and are called as such

because they perfectly match incoming plane waves of arbitrary incidence, polarization

and frequency at the boundary and thus eliminate reflections. This however is only

the case in a continuous space, and a discretized space like a FD grid introduces errors

and thereby also spurous reflections. Consider the reflection coefficient at an interface

at a medium 1 and medium 2 with a wave at normal incidence (Taflove et al. 2005, pg.

275)

Γ = η1 − η2

η1 + η2
(2.93)

with the wave impedances

η1 =
√
µ1

ε1
and η2 =

√√√√µ2(1 + σ∗/iωµ2)
ε2(1 + σ/iωε2) (2.94)

By enforcing the ”matching conditions” below

µ2

ε2
= µ1

ε1
and

σ∗2
µ2

= σ

ε2
(2.95)

the wave impedances equalize η2 = η1, thus are matched and the wave continues

to propagate in the PML. The attenuation, thereby the conductivity, is gradually

increased towards the outer boundary of the PML. This outer boundary of the PML,

which represent the real border of the numerical model, is modeled as perfect electric

conductors (PEC), which reflect the wave in the PML. However, the size of the PML

can be chosen such as to minimize the amplitude of the wave as it is reflected from

the PEC back to the PML/model interface. The efficiency of the PML is thereby

dependent on the type of, size of and attenuation gradation in the PML.

For standard PMLs, and at oblique angles, there will always be some reflection

from an interface with a lossy medium. The impedance matching of the two media is

where the core of the PML surfaces in form of splitting the field components into two –

non-physical – parts each, and each being assigned different non-physical electric and

magnetic losses.
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While the original split-field PMLs and UPML are both robust and efficient at

terminating most FDTD grids, both methods are unable to absorb evanescent waves.

This would require for the PMLs to be placed sufficiently far from any scattering

sources, which in turn is not desired as the general goal is to minimize the model

space. The CFS-PML formulation avoids singularities with the material properties in

Maxwells curl equations by incorporating a shift in the frequency spectrum. Although

CFS-PMLs do not attenuate the wave to the same degree as standard PML techniques

this issue can be resolved by increasing the PML size (Taflove et al. 2005, pg. 297).

PMLs have proven to be very effective and offer solutions to problems still present

with standard ABCs, however they do have some drawbacks. The number of field

components is doubled for most PML methods which doubles the memory requirements

in the absorbing region, and in 3D this can become significant.

S. Stadler: Vertical Water-Content Distribution Using Guided GPR Waves



2.7. gprMax 63

2.7. gprMax

This chapter will give a short introduction to the open source FDTD software

gprMax that was used in this work, with a more detailed summary given in Warren

et al. (2016) as well as the gprMax User Guide.

2.7.1. Introduction

The software gprMax is an open source software written in Python and C++ that

simulates electromagnetic wave propagation using the FDTD method and is currently

developed at https://github.com/gprMax. It was originally developed in 1996 and

designed for modelling GPR and includes tools that simplify the whole process and the

creation of objects like antennas, cylinders and layers (Warren et al. 2016).

gprMax employs PMLs that generally perform ”well”, i.e. minimize artifical

reflections, when the sources and targets are kept at least 15 cells away from them

(Giannopoulos 2012). This must be taken into account when building the model ge-

ometry.

The authors of the software provide information on the numerical accuracy of

gprMax, as well as links to sources – see the sources cited in chapter 1.2.2 – that

successfully simulated field propagation with 3D antennas (gprMax User Guide). On

this basis, gprMax was chosen for the simulation studies performed in this thesis.

2.7.2. Using gprMax

Simulations with gprMax are performed with text-based input files like the one

shown below in listing 1. The gprMax input file only interprets predefined com-

mands preceded by a hashtag, like #domain and #pml cells, that take parame-

ter values which define the domain and PML space of the model. The time window

#time window and discretization dx dy dz commands need to be chosen with the

computational resources in mind. The time discretization ∆t is calculated by con-

forming to the 3D CFL condition (2.81), however using the speed of light in vacuum

and not in the medium. The time step can still be decreased manually with the

command #time step stability factor. Material definitions are possible with

#material, and constructing specific objects like cylinders, which will be necessary

for this work, and assigning previously defined material properties is possible with

#cylinder. All dimensional values are given in meters. Advanced usage, like cre-
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1 #domain: 0.7 0.85 1.35
2 #dx_dy_dz: 0.001 0.001 0.001
3 #time_window: 32e-9
4 #pml_cells: 10 10 10 10 10 10
5
6 #material: 9 0 1 0 Boden
7 #box: 0 0 0 0.7 0.85 1.05 Boden
8 #cylinder: 0.35 0.522 0 0.35 0.522 0.8 0.044 pec
9

10 #python:
11 from user_libs.antennas import antenna_like_GSSI_1500
12 antenna_like_GSSI_1500(0.35, 0.32, 1.05, 0.001, excitationfreq=4e8,

sourceresistance=100, absorberEr=1.1, absorbersig=0.06)
13 #end_python:
14
15 #geometry_view: 0.3 0.475 0.25 0.4 0.57 0.3 0.001 0.001 0.001 temp n
16 vertical snapshots through center
17 #python:
18 for i in range(1, 65):
19 print(’#snapshot: 0.349 0.001 0.001 0.35 0.849 1.349 0.001 0.001

0.001 {} vpara_snapshot{}’.format((i/2)*1e-9, i))
20 #end_python:

Listing 1: Sample gprMax input file with basic commands for the model setup, object construction,
material definitions and antenna usage, as well as field and geometry output. The input file only
reads code/commands which is/are defined in gprMax. The code in blue are uniquely defined
commands written in Python, designed for simple and quick models. Code in orange and
anything between the commands #python: and #end python: are written in Python and
enable advanced usage like loading an antenna model on the lines 10-13.

ating 2D snapshots of the fields at a specified time and loading antenna models is

possible with python code snippets which are begun with #python and ended with

#end python. The exemplary input file 1 uses this function when loading a model of

the 1.5GHz GSSI antenna and creating snapshots every half nanosecond.

To store field values, the user defines points at which one or all E- and H-field

values are recorded in the HDF5 file format. It is also possible to store geometric data

– also containing field values – in the VTK format by defining snapshots of an area in

the model. In this thesis the free VTK reader Paraview is used to view geometric data

and process snapshots.

gprMax allows the usage of 1D transmission lines in the feed points of the trans-

mitter and receiver antennas, thereby yielding time-series of the voltage and electric

current inside them. Using a discrete fourier transformation, a frequency spectrum

of the incident and reflected power waves can be calculated and thereby also the S-

parameters.
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2.7.3. Taguchi’s Method of Optimization

In this chapter the parameter optimization process called Taguchi’s Method shall

be illustrated as it will become an important aspect towards building a functional 3D

antenna model. This method is implemented in gprMax and has been used by Warren

(2009) to successfully optimize an antenna, and has advantages over other methods

(Weng et al. 2007, pg. 9):

1. simple to implement

2. fast convergence speed

3. independence from initial values for the optimization parameters

Taguchi’s method is an iterative process, based on an Orthogonal Array (OA), that

iterates over a small but optimal number of experiments, providing a balanced and

fair comparison of parameter values, to determine a good fit to a specified goal. In a

parametric and unformal way, a OA can be written as OA(N, k, s, t) whereby N = the

number of experiments per iteration, k = the number of parameters under study, s =
the ”levels” per parameter range and t = the ”strength” or the number of columns

in which the st other possibilities appear equally often. For the Taguchi optimization

performed here with gprMax, an OA(9, 4, 3, 2) – shown in table E.1 – was available

for N ≤ 4, as in our case with the three unknown parameters. Per iteration, each

experiment is assigned different levels for each parameter, always staying within their

respective limits specified by the user. Per iteration, the experiment with the best fit

is used as basis for adapting and reducing the parameter limits for the next iteration,

thereby converging on a global maximum fit. Considering a 3-level OA, the second

level is, for the first iteration, the center value of the two initial optimization limits,

and for every following iteration set as the value from the optimal experiment. For

every subsequent iteration, adapting and reducing the parameter limits is achieved

by adding or subtracting a variable that shall be called Level Difference (LD). This

variable itself is reduced for every subsequent iteration by multiplying it with another

variable that shall be called rr, which can be set constant or also change with running

iteration, and lies between 0.5 and 1. The variables LD and rr are defined below

LDi = max−min
s+ 1 (2.96)

LDi+1 = rr · LDi (2.97)

where:
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6. Reduce the
optimization range

1a. Select an OA
1b. Design fitness function

2. Design input parameters using OA

3. Conduct experiments and build
a response table

4. Identify optimal levels and conduct
confirmation experiment

End

5. Termination
criteria met?

Y

N

Fig. 2.14: The Taguchi method (Warren 2009, pg. 118).

max and min = upper and lower optimization limits;

In case the values for levels 1 or 3 for any parameter lie beyond the initial parameter

limits, level 2 is assigned the difference between the limit that is overstepped and LD.

Thereby, that previous limit is kept, and only the other limit is reduced. This has

the negative side effect of assuming a new level 2 value, which otherwise would be the

optimal result of the previous iteration, and which might ”steer” the optimization pro-

cess in a wrong direction. Figure 2.14 illustrates the process of implementing Taguchi’s

method.

To allow for a fast convergence, it is crucial to have a good estimate of the limits of

the unknown parameters and choose an OA that results in adequate run-times. To gain

insight on the parameter limits, simulations were performed prior to the optimization

to understand the sensitivity of the simulated signal to each parameter. Concerning

the OAs, high values for N , k, s, and t result in more experiments and thus a longer
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run-time for the optimization process, but can potentially improve the convergence. At

the time of writing, gprMax employs two OAs for 4 and 9 parameters, with a strength

of 2 and 3 levels each.
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Fig. 3.1: Front view of the GSSI SIRr 4000 Data Acquisition System with descriptions (GSSI SIRr

4000 Manual 2015).

3. The GPR Apparatus & Guided Waves Method

3.1. The GPR Apparatus

This section will introduce the Data Acquisition System and the GPR Antenna

that were made available by the LIAG and used for this thesis.

3.1.1. Data Acquisition System

The data acquisition system that was used together with the GPR antenna was

the SIRr 4000 from the company Geophysical Survey Systems (GSSI), Inc., depicted

in fig. 3.1. It is compatible with many of the analog and digital GSSI antennas and

has a large display for convenient and quick setup of the measurement survey. It

has a transmit rate of up to 800 KHz, 32-bit output data format, a maximum time

range of 20,000 ns and a maximum sample/scan rate of 16,384. The latter is important

because together with the time range, it defines the time step and thereby the temporal

resolution ∆t.

∆t = sample/scan rate

time range
(3.1)

Small values of ∆t generally enable more precise traveltime picks, but could be

chosen larger to reduce the measurement duration. Please refer to the GSSI SIRr 4000

S. Stadler: Vertical Water-Content Distribution Using Guided GPR Waves



3.2. The Guided GPR Waves Method 69

Fig. 3.2: The 400 MHz GSSI antenna. A detailed geometric description is provided in appendix C

Manual for more information.

3.1.2. The 400 MHz Antenna

The antenna that was used for this thesis is an shielded bow-tie GSSI antenna

with a center frequency of 400 MHz, depicted in fig. 3.2. It was chosen because it

provides a good balance between resolution and penetration depth for hydrogeological

problems. Depending on the dielectric properties of the ground, it has a penetration

depth of up to 5 m. This makes it a good candidate for the guided waves method. It

weighs ca. 5 kg and measures approximately 30 x 30 x 17 cm (lwh).

It shall be noted here that generally speaking, the center frequency fc of commer-

cial antennas is only an estimate and in practice can deviate by as much as 200 MHz.

Often, these indication result from measurements in air and thereby do not represent

the signal in a dielectric medium.

3.2. The Guided GPR Waves Method

This chapter will introduce the guided GPR waves with theoretical background

and survey methodology, including the apparatus setup, data acquisition and process-

ing.
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3.2.1. Theoretical Background

The guided GPR waves method varies the standard GPR methods by introducing

a metallic cylinder to which the transmitted electromagnetic wave couples, propagating

as a so-called electromagnetic surface wave. Upon reaching the end of the cylinder,

the E-field is partially reflected due to the impedance difference between the cylinder

and the surrounding material. The theory behind the propagation of electromagnetic

surface waves guided by a metallic cylinder and/or wire was already explored as early

as 1899 by Sommerfeld and later by Harms (1907), Hondros (1909) and Goubau (1951)

to name a few. A general overview of guided electromagnetic surface waves is provided

by Sommerfeld (1988). The aforementioned sources, derived sets of solutions for the

E- and H-fields around the cylinder as well as the phase velocities of such waves,

for specific types and modes, most notably radially symmetric waves. The analytical

solutions that exist generally do not account for main elements of a GPR problem.

This mainly concerns the source-excitation, the finite extent of the waveguide and the

dielectric surrounding material. This further motivates the study the guided GPR

waves by means of numerical simulations.

When using highly conductive metals as material for the cylinder, the E-field

inside a cylinder can be ignored as the skin depth – i.e. the depth at which the

amplitude of the field decays to 1
e

of its original value – in metal is generally orders

of magnitude smaller than the width of the cylinder wall. Sommerfeld has shown

that on the outside of the cylinder, the E-field lines are almost perpendicular to the

cylinder wall, and more importantly, that almost no waves are emitted from it. The

latter however, is only true for straight cylinders. The guided waves exhibit evanescent

character in the radial direction, thereby decaying exponentially. Besides the EM-

fields, it was concluded that an electromagnetic wave propagating on a metallic cylinder

wall travels with nearly the velocity of the surrounding material, if the radius of the

cylinder and the frequency are not too low. In propagation direction, i.e. the cylinder

axis, the guided wave looses energy notably only due to the geometry of the cylinder,

otherwise being able to traverse distances of multiple wavelengths – in media with

low attenuation. Sommerfeld analyzed only four different setups of guided waves on

cylinders, with 2 different frequencies (30 kHz and 1 GHz) and 4 different radii (≤
4mm), the results however undermined his theoretical approach. The difference in

velocity of the guided wave to the velocity in the surrounding material with frequencies

30 kHz and 1 GHz were 25% and 0.003% resp. The center frequency of the antenna used

in this thesis is ∼ 400 MHz, which allows the assumption that the velocity difference is
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negligible. The cylinder used in this thesis has a radius of 2.05 cm and is thus an order

of magnitude larger than the ones used by Sommerfeld. High frequencies and large

radii, such as used in this thesis therefore effectively minimize the difference between

the velocity of the guided wave and the velocity in the surrounding material.

The core aspect of the guided waves method is determining the velocities v in the

ground through tavel-time picking. Travel-time picking for the guided waves method

turns out to be simpler as it is not strictly necessary to pick the first arrival times.

Instead of calculating depths from absolute travel times, relative travel time differences

at two known depths are evaluated . With a high sample/scan rate and appropriate

recording time window the accuracy of picking can be increased. From v, εr can be

calculated using eq. (2.51), from which in turn the water content can be calculated. v

is computed by knowledge of the cylinder depth z and the two-way travel time of the

signal ttw, the latter is because the travel time recorded is the time the signal takes to

travel both down and up.

v = 2z
ttw
≈ c0√

εr
(3.2)

The travel-time is an integral over the entire length of the cylinder in the ground. An

interval velocity vi corresponding to only a specified interval of size ∆i in the ground

can be obtained by the difference of the travel-times from the upper and lower end of

interval

vi = 2∆i
ttw (z0 + ∆i)− ttw(z0) (3.3)

By this method a detailed velocity distribution of the underground can be obtained.

Although technically speaking ∆i could be set at sub-millimeter level, the choice of ∆i
should depend on

• the desired detail of the velocity distribution. A small ∆i may yield a more

detailed velocity profile, but with knowledge of the geological stratification, ∆i
can be increased to reduce the measurement duration. However, decreasing ∆i
also means an increase of the errors. The accuracy of interval velocities is subject

of this thesis and will be analyzed later on.

• the time necessary to increment the cylinder depth. The cylinder can be placed

at a desired depth either manually or using a motor that is connected to it.

• the recording time window and sample/scan rate of the measurement. Depending
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on the data acquision system, these settings can be adjusted. With modern

systems like the SIRr 4000, high sample/scan rates and large time windows are

possible.

The time discretisation ∆t of the recording device, naturally introduces errors in the

computed interval velocity ∆vint, the relative permittivity ∆εr and the volumetric water

content ∆ΘV , whereby the latter two are each computed from the previous quantity.

Assuming the Topp equation (2.21) for calculating ΘV , the errors can be obtained by

means of linear uncertainty propagation as shown below:

∆vint =
∣∣∣∣∣dvdt

∣∣∣∣∣ ·∆t = −
(
vtheor
tint

)
·∆t (3.4)

∆εr =
∣∣∣∣∣dεrdv

∣∣∣∣∣ ·∆vint =
(

2c2
0

v3
int

)
·∆vint (3.5)

∆ΘV =
∣∣∣∣∣dΘV

dt

∣∣∣∣∣∆t =
∣∣∣∣∣dΘV

dεr
· dεr
dv
· dv
dt

∣∣∣∣∣ ·∆t =

=
∣∣∣2.92 · 10−2 − 1.1 · 10−3εr + 1.29 · 10−5ε2

r

∣∣∣ · 2c2
0

v3
int

· vint
tint
·∆t

(3.6)

where:

vtheor = theoretical velocity as by eq. (2.51) [m s−1]; tint = travel-time in the

interval [s]; c0 = speed of light in vaccum≈ 3e8 [m s−1]; ∆t = (time range)/(sample/scan-rate)
= time discretization of the recording device [s].

Figure 3.3 depicts, for a time range of 100 ns, the 4 highest sample/scan rates available

and two interval lengths ∆i = 1, and 5 cm, the errors for ∆v, ∆εr and ∆Θ. For a

spatial step ∆x = 1 cm it can be seen that the velocity error decreases with a higher

sampling rate, however below εr = 10 – which are common values for unsaturated

top-soil materials – is still generally high between 5− 10%.

The effect of the velocity error on the εr computation can be seen in the middle

diagram in fig. 3.3 although this time absolute errors are shown for direct comparison

to the x−axis. For example, in a medium with εr = 5, an average value for dry sand,

the absolute uncertainty for the highest sampling rate is ±0.83. Increasing ∆i to 5 cm,

seen by the dotted curves, dramatically reduces the error to ±0.12. The uncertainties

for both ∆i are much smaller than the average permittivity ranges that are known

for geologic materials, see table 2.1, thus permitting the use of measuring intervals as

small as 1 cm.
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Fig. 3.3: Errors in computing interval velocities ∆v (top), permittivities values ∆εr (middle) and
volumetric water content ∆ΘV (Topp) thereof. The top and bottom figures are relative errors while
the middle figure shows absolute errors. From top to bottom, this represents the order in which the
quantities are calculated. The computations were done for a time range of 100 ns, the 4 highest
sample/scan rates available and two interval lengths ∆i = 1 and 5 cm. The latter are depicted as
solid and dotted lines resp.

The bottom figure depicts the relative error in the volumetric water content ∆ΘV ,

as by Topps equation. For ∆i = 1 cm, the errors for εr ≤ 10 are again above 10%,

even for the highest sampling rate. By increasing ∆i to 5 cm, this can be alleviated.

Note that ΘV can be calculated in a number of ways, see chapter 2.2.2, and is always

only an approximation of the real volumetric water-content.

3.2.2. Survey Methodology

The survey methodology for guided GPR waves differs from that of standard GPR

surveys by introducing a metallic waveguide, which in turn can encompass additional
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Fig. 3.4: Sketch of the guided GPR waves methodology. The setup begins by using a borehole that is
wide enough for the inner cylindrical metallic waveguide and placing the GPR antenna on the ground
centered and right next to it. The outer supporting cylinder is fixated above ground with strings that
are hooked in the ground to hold it in place. The guided waves are depicted travelling down into the
ground and coupled to the waveguide. Subsequently, the metallic waveguide is lowered – in this case
by a motor – to a desired depth. Upon starting the measurement, an electromagnetic wave is guided
by the inner cylinder and is reflected at its lower end. The sketch is not to scale.

hardware, depending on its usage.

Apparatus Setup The general setup is shown in fig. 3.4. Besides the GPR equip-

ment, an encased borehole is required that is just wide enough for the inner cylinder

to fit – in this thesis the diameter of the inner cylinder is ≈ 4.1 cm – to minimize

the effect of an intermediate layer between the inner cylinder and the ground. With

the current setup, the borehole absolutely needs to be encased to counteract the rock

pressure. In addition, the borehole casing must be made of a non-conducting material

such as standard PET materials. After positioning and securing the metallic cylinders,

the GPR antenna is placed on the ground as close as possible to the metallic waveguide

with the antenna centered and its bow-ties each orientated towards the cylinder as in

fig. 3.4. This is done to ensure a similar coupling between each bow-tie and the cylin-

der. The bow-ties are obviously fixed inside the enclosure, the antenna could however

be rotated by 90°, which is not done for reasons stated previously.
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Fig. 3.5: The control unit (top) and motor (bottom) of the guided waves method. The control unit
consists of a programmable Arduino microcontroller board.

The Leibniz Institute of Applied Geophysics has developed a system for the guided

waves method that comprises two cylinders, an inner and an outer. The outer cylin-

der is there to secure and vertically stabilize the inner cylinder, which is hollow and

threaded on the inside to allow it to be driven by a spindle that is connected to a

motor. As fig. 3.4 and 3.5 indicate, the motor is fixated on top of the outer cylinder

and is controlled digitally by a control unit. The latter consists of a programmable

Ardunio microcontroller board.

Data Acquisition The data acquisition in the guided waves method comprises the

survey setup of the data acquisition system – in this case the SIRr 4000 – and the

setup of the driving motor. The setup steps to be taken with the SIRr 4000 are:

1. Choose one of the two measuring modii: ”continuous” or ”step-wise”, whereby the

latter requires a discrete depth resolution ∆z in accordance to sampling criterion

(2.59).

2. choose an appropriate time range that includes the signal reflected from the bot-

tom of the cylinder, when it is at the bottom of the borehole. This can be

estimated and/or done in real life by lowering the cylinder to the bottom.

3. Choose a sample/scan rate that allows for an appropriate time resolution.

4. Choose a stacking rate by estimating the noise in an exemplary scan on the
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viewing screen.

The setup regarding the driving motor can be altered in code, e.g. on a laptop, that

is connected to the control unit of the driving motor. The control unit, which was

part of the development of the guided waves method can be used to choose one of

two measurement modes, as well as either rise or lower the inner cylinder. The two

measuring modii were labeled ”continuous” and ”step-wise”. The former lowers/rises

the inner cylinder in a continuous manner, whereby the speed can be manually changed

in code, and – as of time of writing – is setup to measure every 0.2 mm with a sampling

rate of 8192. The former was done because the driving motor is precise to ≈ 0.5 µm.

Choosing to measure at such a small interval demands no additional effort because

the motor is set to move the cylinder at a fixed rate, however, the maximum expected

relative error in the interval velocities vi with this interval, e.g. with a time-range of

100 ns and a medium with εr = 3 – average value for dry sand –, can be computed

with eqs. (3.4) to be 4225.71 %. Although this error margin renders the recorded

GPR traces in the continuous mode unacceptable to use by themselves, this setup is

kept to assess whether processing the data can yield results similar to the step-mode

or if simply calculating the interval velocities over a greater interval is necessary, e.g.

calculating vi every 50th interval yields an interval of 1 cm. The continuous mode is

generally faster than step-wise, but it limits the stacking and sampling rate because

the waveguide may travel further than desired, while the measured data is recorded.

If stacking is necessary and a longer measuring duration acceptable, the step-

wise mode is recommended because – as the name implies – every measurement depth

is taken in steps ∆z and recorded while the cylinder is stationary. Concerning the

latter, the time span for the motor to halt and allow the measurement until further

driving the inner cylinder down/up, also depends on the stacking rate. This must be

reviewed beforehand in the code of the control unit. The depth increment ∆z needs to

be chosen with regard to the desired depth resolution and time available for measuring.

At the time of writing, the step-wise mode is setup with a sampling rate of 16384 and

∆z = 1 cm. At the time of writing, this measurement setup needs about 45 min for

2 m.
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4. Numerical Studies

The following chapters will present the numerical studies with guided GPR waves,

beginning with the validation of an unshielded replica of the bow-ties of the 400MHz

antenna by means of S-parameters. This was to serve as basis for building a complete,

shielded 400MHz antenna model that explicitly contains the crucial parts of a real

antenna like bow-ties, shielding case, absorbing material and printed circuit board

(PCB), to accurately reproduce GPR traces of the real antenna. Implementing a point

source with a pulse signal that is similar or equal to the pulse signal of the real antenna

is possible, however, this would neglect the influence and effects on the signal by the

metal shield, the coupling effects of the two bow-ties as well as the proximity to the

ground and metal waveguide.

Simulation studies using the a shielded antenna model are performed to assess

the field distribution around the waveguide, the wave propagation close to the antenna,

and how accurate the guided waves method can be simulated.

A short briefing of the space ∆x and time ∆t discretization will be made here, as

they – if not stated otherwise – will be the same for all of the numerical simulations in

this chapter. ∆x was chosen to be 1 mm, as that value was used for the built-in antenna

models in gprMax and because it is a good compromise between geometrical accuracy

and simulation run-time, as by the computation capacity of the LIAG. ∆t is computed

in gprMax via the 3D CFL condition (2.81) with the speed of light in vacuum, meaning

it is only dependent on the spatial discretization which is also kept equal throughout

at ∆x = 0.001 m. This yields a ∆t ≈ 1.9245e−12 s. Seeing that the signal transmitted

by the antenna is broadband in nature, makes the spatial sampling non-trivial. The

center frequency of the antenna’s signal is ≈ 400 MHz, but even assuming a maximum

effective frequency of 1.5 GHz and a medium with εr = 81 would yield a minimum

spatial sampling of ≈ 22 cells per wavelength. Both this minimum spatial sampling

and the aforementioned ∆t value generously meet the GPR sampling criteria in eqs.

(2.58) and (2.59).

Hereinafter, the numerical dispersion that is inherent to FDTD modeling, is esti-

mated for the aforementioned ∆x and ∆t by the use of eqs. (2.84) and (2.85). Figure

4.1 shows the numerical phase velocity error relative to the theoretical phase velocity

in a medium with εr = 60. The latter was chosen because the dispersion error increases

with εr, therefore εr = 60 is used here to present a maximum error. The top diagram

in the figure shows how the error increases with frequency, whereby the wave propa-
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Fig. 4.1: The relative numerical dispersion error in the phase velocity of an electromagnetic wave.
The top diagram shows the relative error vs. frequency, in a medium with εr = 60, and for waves
propagating along and diagonally towards the majord grid axes. The bottom diagram shows the
relative error of a 1 GHz sinusoid propagating along the major grid axes, in media with different εr.

gating along the major grid axes suffers more dispersion. A GPR pulse with a center

frequency fc of 400 MHz can be seen as containting a maximum effective frequency of

approximately 2fc. In an attempt to estimate the maximum numerical dispersion error

in a GPR signal, the relative phase velocity error for a sinusoid with 1 GHz – ≥ 2fc
–, propagating along the major grid axes in a media with εr = 1 − 81, is plotted in

the bottom diagram. The error is greatest for εr = 81 with −0.148 %. The numerical

dispersion error in the phase velocity, at least by these estimates, are thus deemed low

enough to continue using the previously declared space and time discretizations.

The time range of the simulations, i.e. the ending simulation time, was generally

adapted to the specified, e.g. to record the crosstalk or reflected wavelet. ∆t is kept

constant, therefore the time range can be kept at a minimum to decrease the run-time

of the simulation.
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4.1. Validating an Unshielded Antenna Model by S-Parameters

This chapter will present the S-parameter measurements and simulations of an un-

shielded 400 MHz antenna. The two datasets are expected to yield similar S-parameter

data and shall enable to build a 3D antenna model around the unshielded bow-ties

created here.

4.1.1. Unshielded Bow-Tie Antenna Replica & Numerical Model

The S-parameter measurements were performed in air with an unshielded 400 MHz
antenna, as supposed to a shielded and enclosed one. The reason was that the real

400 MHz antenna that was used for the remaining laboratory and field measurements

cannot be connected to S-parameter measuring devices due to the encasing and built-

in electronics. However, upon opening the antenna casing, the geometry and setup of

the bow-ties were recorded – see appendix C – and used to build a replica that was

equipped with standard SMA coaxial connectors. Hereby, bow-ties with the same ge-

ometry could be studied in real life and compared to numerical simulations. Although

this does not represent measurements with real, encased antennas, achieving similar re-

sults with measured and simulated S-parameters shall enable the bow-tie configuration

to be used in the 3D antenna model.

Figure 4.2 depicts the antenna replica, albeit without the SMA connectors which

lie on the other side. The bow-tie elements were created with copper foil that is glued

onto standard PCB material and lie paralell to each other. Standard PCB material

has εr values between 2.2 and 4 (Riddle et al. 2003; Warren 2009), unfortunately the

exact value for the PCB board that was used here is not known, for the antenna

model εr = 2.35 was chosen. The measurements were designed to be done in air for

simplification and to prevent the coupling effects of external sources. The antenna

was glued onto blocks of XPS, also called Styrodur, which is made of ∼ 99% air and

exhibits an effective air-like relative permittivity εr ≈ 1.05. This gave the user more

freedom to keep the antenna at distance from undesired objects, including the user

him/herself, without introducing significant signal distortion and coupling effects.

4.1.2. Measurements

The S-parameter measurements were performed in air , in the anechoic chamber

of the Institute of Microwave and Wireless Systems at the Leibniz University Han-
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Fig. 4.2: The replica of the antenna bow-ties of the 400MHz GSSI antenna, that was built and used
to perform the S-parameter measurements. The bow-ties are made of copper foil that is glued onto
standard PCB material, lie parallel to each other on the same plane and are connected to the SMA
connectors at the feed points. The antenna is glued onto XPS for more usability. The photo does
not show the back side which contains the SMA coaxial connectors. Further geometrical details are
provided in appendix C.

nover. Anechoic chambers are designed to be insulated from exterior sources of noise

and absorb electromagnetic waves impinging on them by means of radiation absorbent

material, thereby providing optimal measuring conditions. The effectiveness of ane-

choic chambers can roughly be determined by the lowest frequency at which radiation

is absorbed. It must be noted that the chamber used here is designed for optimal mea-

surements for frequencies of 1 GHz and above, below which internal reflections need to

be considered.

The VNA used for the measurements was a ZV A24 model by Rohde & Schwarz

which is able to produce single frequency signals in the range of 10 MHz - 24 GHz. It

includes a digital screen showing real-time results of measurements. Upon calibrating

the VNA to the 50 Ω cables, the antenna was placed inside the anechoic chamber and

held by hand at a height of about 1 m – see fig. D.1 in appendix D. Unfortunately,

there was no designated equipment to secure the antenna in place. Besides keeping

the antenna fixed during the measurements, this meant that the chamber door had to

be kept open during the measurements which can be seen on the figure as well. To

maximize the distance to the antenna while measuring and at the same time minimizing

the effect on the signal, XPS beams on which the antenna was glued, were used. The

inability to keep the beam, antenna and cables constantly stable was a factor that

had to be considered before measuring. Moving the beam and antenna introduces
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Feed point Bow-tiesPCB
x y

Fig. 4.3: Close up of the feeding point of one of the two antennas of the unshielded 1 mm antenna
model. One cell has 1 mm dimension. From either bow-tie, a metal wire – here exaggerated in size! –
was modelled to connect to the feed point. The figure is true to scale.

unwanted reflections from the chamber walls, the user and the cables. As can roughly

be seen in fig. D.1, the cables coming off of the antennas were at a certain angle which

was controlled by the user. In effect, the screen of the VNA – which can be set up to

show the 4 S-parameters in real time – was closely observed while holding the antenna

in position. It was concluded that holding the antenna as in fig. D.1, with minor

movement of the user would minimize the error and allow consistent measurements of

the S-parameters.

4.1.3. Simulations

The numerical antenna model was built according to the bow-tie dimensions and

geometry of the real 400MHz GSSI antenna, see appendix C. The domain space was

set up with 0.45 × 0.45 × 0.2 m and 10 cells of PMLs on all six borders. The code

for an already built-in model of a 1.5 GHz GSSI antenna and especially its source feed

implementation and setup, served as basis for the new shielded and unshielded 400 MHz
GSSI antenna.

Figure 4.3 depicts the feeding point of one of the two bow-ties of the unshielded

antenna, with the PCB plate, and the bow-tie elements as perfect electric conductors.

Besides the bow-tie elements, two PEC wires were modelled as edge elements at the

feed point. The figure further clarifies the staircasing of the FD method, whose effect is

controlled by maintaining eq. (2.65) which is repeated below for convenience. The spa-
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tial disretization is 0.001 m in all dimensions, thus the greatest staircased hypotenuse

– as can be seen in fig. 4.3 – is ∆s =
√

0.0022 + 0.0012, and the smallest wavelength

λ is computed in air from a frequency of 1.5 GHz which shall represent the largest

frequency content of a pulse with fc = 400MHz.

∆s
λ
⇒ 0.002236

0.2 = 0.0111� 0.5

The feed points at the transmitter and receiver antenna were implemented with trans-

mission lines to be able to calculate the S-parameters. Although the exact voltage

pulse that the electronic circuitry of the real GSSI antenna produces is not known,

and could not be measured with the availabe equipment, it is known that the voltage

pulses resemble the shape of a gaussian curve (Daniels et al. 2004, pg. 108). Generally

speaking the center frequency of the pulse must be similar to the center frequency of

the antenna to ensure that most of the energy is actually transmitted. gprMax offers

the possibility to use a time series as pulse source, or to choose from a set of analytical

waveforms. For the transmission line source, a gaussian pulse with a center frequency

of 400 MHz was used through the equation below

V (t) = e
−
(

2π2f2
c (t− 1

fc
)2
)

(4.1)

At the feed point of the antenna, the same point that the transmission line is connected

to the antenna domain, the resulting voltage is applied in the y−direction of the model

to drive electric current into both antenna bow-ties.

4.1.4. Results

In this chapter the results of the measured and simulated S-parameters, depicted

in fig. 4.4, shall be discussed. The top figure shows the S11 parameters that were

measured with only one of the transmitter and receiver antennas – denoted TX and

RX from hereon – attached at a time. This was done to evaluate how similar each

antenna performs by itself, seen as ideally they should be identical. The TX and RX

antennas respectively have a minimum roughly at 455 and 465 MHz, with amplitudes

of -25 and -30 dB. The curves have a good general correlation and reflect the least

power close to the desired center frequency of the real, encased antenna, of 400 MHz.

This is stated explicitly here because the center frequency of the unshielded antenna

may not have the same center frequency as the encased antena. The strong oscillations

between 0 and 0.25 GHz can have multiple causes, foremost the fact that the chamber
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Fig. 4.4: Plots of the measured and simulated S11 and S21 parameters. The top figure shows the
S11 parameters that were measured with only the RX and TX attached at a time. The middle figure
presents the simulated and measured S11 parameter, each with both the RX and TX antenna attached
during the simulation/measurement and the bottom figure presents the measured and simulated S21.
The arrows hint towards the global minima and maxima in the graphs.

is built to optimally absorb frequencies starting at 1 GHz. This will result in stronger

reflections off the wall from signals that have a greater wavelength than the dimensions

of the absorbing cones in the chamber, i.e. the lower the frequency below 1 GHz, the

stronger the reflections must be. Additionally, since the door could not be closed during

the measurements, part of the signal is reflected off the user and the walls of the room

that lie behind him/her; this circumstance could unfortunately not be improved. The

fact that the amplitudes between 0 and 0.25 GHz sporadically become positive, bears
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no physical explanation as the amplitude of S11 parameters cannot exceed 0 dB. It was

concluded that the offset in minimum frequency and amplitude of the two antennas is

acceptable and that the two antennas can be deemed similar.

The middle figure compares the measured and simulated S11 parameters, this

time the S11 parameters were measured/simulated at the transmitter antenna and

with the receiver antenna attached – denoted full S11 measurement for convenience.

Due to the proximity of two antennas, they can be regarded as one radiating entity

and can thereby exhibit a frequency response that is different from the single antennas.

Although the full S11 and the previously discussed single S11 measurements exhibit

a similar minimum at ca. 460 MHz, they differ in two major ways. Firstly, the am-

plitude of the minima of the full S11 measurement is more than ten times as high

(−18dB > −31dB), the trend of which at least, is to be expected because the addi-

tional antenna distorts and reflects part of the signal back to the transmitter antenna.

Secondly, the full S11 measurement further exhibits high-amplitude minima through-

out the frequency spectrum, notably at 185, 300 and 615 MHz. The single S11 data do

not exhibit these local extrema, therefore they must result from the interaction with

the second antenna. Besides the influence of the second antenna, the coaxial cables

that feed the antennas need to be considered as well. These can act as waveguides

along which an electromagnetic wave can travel and influence the signal. In summary,

these extrema are unwanted, but are most likely the result of inaccurate construction

of the unshielded antenna and the less-than-perfect measuring conditions. The S11

data from the simulation coincides well in amplitude up to the minimum at around

455 MHz. Starting from there, the simulated transmitter antenna reflects more energy

back into the transmission line than the real one. This circumstance could not be

resolved.

The bottom plot of fig. 4.4 shows the measured and simulated S21 parameters,

remembering that S21 is the ratio of the power that is received at the receiver antenna

and the power input at the transmitter antenna. In theory, the S11 minima and S21

maxima should coincide as the less energy is reflected at the transmitter-antenna feed

point, the more can be received at the receiver antenna. The global maxima are visible

at around 435 and 446 MHz, which coincides well with the minima of the full S11

data. The measured S21 data shows high-amplitude extrema at the, difficult to see

on the figure, exact same frequencies as in the measured S11 data. The S11 minima

and S21 maxima coincide up to the global maximum at ∼ 450 MHz, i.e. these are

the frequencies at which the unshielded full bow-tie antenna and the transmission lines

are best matched. Starting at about 500 MHz, the S21 data shows high-amplitude
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minima that also coincide with the full S11 data but, as stated before, these should in

fact be maxima. In a contradictory manner, these seem to be frequencies at which TX

transmits a lot of energy, but at which the RX receives less. One reason for this could

be resonant frequencies of waves traveling outside or along the cables. The simulated

S21 data shows a good match in the general amplitude scale, besides the strong extrema

in the measured data.

At this point the conclusion was made that using a 1D transmission line model as

source and a numerical model of the unshielded 400 MHz GSSI bow-tie antenna could

accurately reproduce measured data with an identical real unshielded antenna. The

numerical model of the unshielded bow-ties shall be used in the next step, which is to

construct a full numerical model of the real, shielded, 400 MHz GSSI bow-tie antenna.

4.2. Building & Optimizing a Shielded Antenna Model

The following chapter will show the process of building a full, shielded model of

the 400 MHz GSSI antenna, with the previously designed unshielded version serving as

basis. The work here is based on the progress made by Warren (2009) where a 1.5 GHz
antenna was accurately modelled. The dielectric parameters of the material compo-

nents of the antenna were only partialy known. The remaining unknown parameters

have to be determined for the antenna model to accurately simulate the signal radi-

ated from the real antenna. This was done by an optimization process called Taguchi’s

method, which will be introduced here and to which Weng et al. (2007) provides more

information.

4.2.1. Full Shielded Antenna Model

Warren (2009) built a model of the 1.5 GHz GSSI antenna with a 1 mm spatial

discretization. Such a discretization and maximum model dimensions of ca. 0.75 ×
0.75 × 1.5 meters were used to estimate that the equipment available at the LIAG

allowed for adequate simulation times. It was clear from the beginning that reproducing

the electrical components of the antenna was not feasable as it would require a sub-

millimeter spatial disretization, as well as being generally difficult to model with FDTD.

The dimensions of the different geometric components of the antenna were recorded

upon opening the antenna and can be seen in figure C.1, with a 3D view of the antenna

–built in gprMax– shown in fig. 4.5. The components that were recorded were the bow-

ties, metallic case, PCB, the absorbing foam plastic casing. The bow-ties and metallic
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Fig. 4.5: Full, shielded numerical model of the 400 GHz GSSI antenna with the different compo-
nents. This is an upside-down view of the antenna and cropped at the −z (bottom) and +y end for
convenience.

case were modelled as Ps, and the High-Density Polyethylene (HDPE) was added to

have an ε = 2.35 as by Warren (2009, pg. 92) and the absorbing foam was assigned

a bulk permittivity of ε = 1.1 , while the dielectric parers, the source voltage and

resistance, thereby also pertaining to the 1D transmission line model, were unknown

as well and unfortunately, there was no means of testing these because of a lack of

equipment.

4.2.2. Parameter Optimization using Taguchi’s Method

For the purpose of simulating an accurate antenna signal, the Taguchi method was

used to maximize the cross-correlation of the simulated and measured signal crosstalk.

The cross-correlation is a measure of similarity of two data series as a function of the

displacement of one relative to the other, in a time series therefore this represents the

time-lag. The crosstalk was chosen as target because it is the first signal to arrive at

the receiver antenna and the model domain can be kept small around the antenna. The

amplitudes of the measured and simulated signals are difficult to work with, as they

needed to be known beforehand to provide a functional fitness level as termination

criteria, therefore a normalized cross-correlation was computed with values between
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−1 and 1. To achieve this, two equally discretized functions f(m) and g(m) can be

normalized as follows

f(m) = f(m)− f̄
σf · l

and g(m) = g(m)− ḡ
σg

(4.2)

This is done prior to computing their discrete cross-correlation with

(f ? g) def=
∞∑

m=−∞
f ∗[m]g[m+ n] (4.3)

where:

f ∗ denotes the complex conjugate of f ; n is the time-lag; l is the length of

f ; σi is the standard deviation of signal i.

This method has the advantage of being independent of any zero time offset between

the measured and simulated data, as well as the amplitudes of the signal.

To prevent the optimization process from endlessly converging towards the desired

fitness level, the termination criteria is two-fold. Besides checking whether the desired

fitness level, i.e. a normalized cross-correlation value, is reached, the process also

stops when the relative change between two successive is below a certain value. The

optimization process was setup with a desired cross-correlation of 0.99 and a minimum

relative change of 0.1 %. The former was chosen this high because the sensitivity study

that was performed to estimate the paramater limits also showed that high correlation

values above 0.9 were easily achievable, and because gprMax allows to print the results

of each iteration on screen, enabling a monitoring of the optimization process while it

is running.

The crosstalk of the real 400 MHz antenna was obtained through a measurement

in air by placing the antenna sideways on a 1 m tall table made of XPS elements,

facing a metal gate. This was done in order to have a sample measurement in air that

could be compared to simulations with the optimized parameter values for the antenna

model. The measurement was done at a distance of 1.5 m to the metal gate to ensure

that the crosstalk is easily identifiable and undisturbed from the reflection at the gate;

at this distance the reflection – without the additional zero-time – should arrive at 10

ns, whereas the crosstalk is present until ca. 7 ns.

The fixed parameters values that were introduced so far, as well as the unknown

parameters and their estimated limits and optimization results are shown in table

4.1. Figure 4.6 shows the optimization history of the cross-correlation, while that
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Tab. 4.1: Parameter limits and results of the Taguchi Optimization.

Unknown Parameter
Lower Upper Optimized
Limit Limit Value

Source pulse frequency [MHz] 300 600 392.3

Resistance at source feed [Ω] 50 250 111.6

Conductivity σ of absorber [S/m] 0.01 0.45 0.062

Fixed Parameters Value

εr of absorber [ ] 1.1
εr of HDPE [ ] 2.3
εr of PCB [ ] 2.3
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Fig. 4.6: Optimization history of the cross-correlation between the measured and simulated crosstalk.

of the parameters are shown in appendix E for reasons of brevity. Throughout the

optimization, it can be seen that the cross-correlation is at a relatively high level of

≥ 0.9. between the 2 and 7 iteration, the values of the cross-correlation alternate in

a zig-zag manner. This is most likely the result of correcting the levels due to them

overstepping the inital parameter limit, as well as a complex interdependence of all

parameters. A maximum and satisfactory cross-correlation is achieved at iteration 9

of the taguchi optimization, whose values can be seen in table 4.1. The optimization

stopped after 12 iterations, at which point the relative change of the cross-correlation

to iteration 11 was below 0.1%.

The optimal parameter values obtained before, served as basis to simulate the

reflection of a 1.5 m away metal gate, to which the measured data – from which

the crosstalk was obtained – will be compared. The results of the measurement and
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Fig. 4.7: Time-signal and frequency spectrum of the the crosstalk and the reflection from a metal gate
in air, measured and simulated with a 400 MHz antenna. The top diagrams show the left and right
half of the same signals, whereby the reflection (right) is zoomed in because of the smaller amplitude.
The crosstalk (left) is shown until 10 ns, which is also the time range to which the simulated crosstalk
was optimized to. The horizontal distance to the gate was 1.5 m. The bottom diagram shows the
normalized frequency spectrum of the reflected wave from 10 to 20 ns.

simulation are shown in fig. 4.7, whereby the top left diagram shows the actual crosstalk

optimization, the top right diagram shows the reflection and the bottom diagram shows

the frequency spectra of the latter. The crosstalk shows a good fit in terms of the

wavelet’s length in time, although amplitude discrepancies exist at the extrema and

between 6 and 8 ns. The reflection in the measured signal seems to be superimposed

with spurious reflections, which limit a clear definition of the reflected wavelet as well

as a comparison with the simulated reflection. These reasons should be the source

of the amplitude differences in the measured and simulated signals. The frequency

spectra of the reflected wavelets have a good general correlation with their global

maxima at ca. 400 MHz. Both still contain a low-frequency content ≤ 200 MHz and the

measured reflection exhibits a different frequency content between 500 and 800 MHz. In

conclusion, the optimized parameter values replicate the crosstalk and reflected signal
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in a satisfactory manner and shall thus enable further simulations with the antenna.

4.3. Forward Modeling Studies with gprMax

The following chapters will present the studies that were performed to investigate

the field distributions around the waveguide, the E-field in the vicinity of the antenna,

as well as the influence of a plastic borehole casing on the permittivity measurements.

If not mentioned otherwise, the conductivity σ was set to 0 to be able to focus on the

influence of εr on the field distributions.

4.3.1. Field Distributions Around the Waveguide

The first step in using numerical simulations to study the guided GPR waves

method with the 400 MHz antenna, shall be to gain insight on the field distribution

around the metal waveguide. This presents itself as a difficult task due to the size of

the models and the number of simulations that would be necessary to gain accurate

results. A compromise shall be to look at the field distributions when the antenna and

metal waveguide are placed on/in media. Following the general setup as by fig. 3.4, the

antenna model is placed very close to the metal waveguide on an air/ground surface,

the latter having different εr values ranging from 3-60. The model domain was initially

setup with the dimensions 0.7× 0.85× 1.5 (x, y, z) to allow for an adequate expansion

of the guided waves and simulate a shallow measurement, but at the same time limit

the domain size and computation time. In reality, the metal waveguide extends to

about 3 m above the ground, which is not included here for convenience. A schematic

of the domain geometry is included in appendix F. Note that gprMax’s geometry is

defined such that the entire domain has positive values, resulting in depth – hereon

out as z-axis – indications to be positive.

Figure 4.8 exemplifies the wave propagation by showing snapshots in time of a

simulation in media with an εr = 6, i.e. a standard dry sand, in the presence of

a waveguide. The first snapshot shows the wave that propagates directly from the

antenna, while in the last two only the reflected wave, as it travels upwards along the

waveguide is present. Analyzing the guided wave as it travels downwards is thereby

difficult as it superimposed with the signal that is transmitted by the antenna. This

was to be expected and allows for an accurate analysis of the guided wave only after the

guided wave is reflected at the bottom of the waveguide. The latter two diagrams in fig.

4.8 also show a seemingly spherical wavefront that propagates together with the guided
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Fig. 4.8: Vertical snapshots at different times with the antenna model placed on a ground/air interface
with the ground having εr = 6, µr = 1 and σ = 0. The model domain has the dimensions 0.7×0.85×1.5
m (x, y, z); the ground level and antenna are positioned at z = 1.25 m and the metal waveguide extends
to z = 0.05 m. The left image shows the simulation at 17 ns, the middle at 31 ns and the right at 38
ns.

wave and seems like a direct reflection from the bottom of the cylinder. This wave turns

out to have an amplitude decay of nearly 1/r away from the bottom of the cylinder.

The last of the three diagrams shows how the wavefront is turning more and more

perpendicular to the cylinder, which leaves the question which wavefront is effectively

recorded at the antenna? Accurately differentitiating between either one might be

difficult as they always appear together, although for real measurements the stronger

attenuation of the spherical wave might render it weak enough. Also, this simulation

does not include any layering in the subsurface and accompanying reflections from it;

a real measurement should thereby not exhibit such an even and particularly strong

signal from the spherical wave.

For further investigation, horizontal – in the x, y-plane – snapshots are taken at

the depths z = 0.1, 0.46, 0.84 and 1.2 m, each at the times of the first amplitude

extrema to analyze the radial extension of the field. This is done for media with

εr = 3, 9, 20 and 36, the first representing a minimum value for dry sand and the last a

completely saturated sand. As shown in fig. 4.8, the reflected wave has its amplitude

extrema at its first peak, which is where the horizontal snapshots will be taken. Figure
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Fig. 4.9: Horizontal snapshot (x, y-plane) of the ascending reflected wave at z = 0.84 m and t = 38 ns
for a medium with εr = 6, simulated with gprMax. The dotted line going through the center of the
waveguide, denotes the line along which E-field data is sampled for analysis. Note that in relation to
the figure, the antenna is situated with its center at x = 0.35, y = 0.35 m. Furthermore, the colorbar
limits are decreased in relation to fig. 4.8 for convenience.

4.9 exemplifies the horizontal field distribution around the waveguide at z = 0.84 m of

the same simulation as in fig. 4.8. The horizontal field distributions of the guided waves

and for all the different media are, at the first extrema of the guided wave, similar to

the one in fig. 4.9. The radial extension becomes tangible by extracting data along

a line – the black dotted line in fig. 4.9 – parallel to the y−axis and centered on the

cylindrical waveguide.

As stated at the beginning of this chapter, the field distributions shall hint to-

wards the sensible volume of guided wave, precisely by looking at the decay of the

E-fields around the waveguide. Figure 4.10 shows the E-field amplitudes extracted

from the aforementioned line, at different heights z and for the different media. The

horizontal snapshots should ideally lie at the same three heights, at the times of the

first amplitude extrema. gprMax only allows to save predefined snapshots, with the

result that, especially for the simulations with low εr, the wave maxima could not

exactly be captured at the same heights. The legend in fig. 4.10 indicates the offset

range in the heights.

Note how the E-field is zero where the metalic waveguide is located. What be-

comes clear is the expected overall drop in amplitude with increasing εr for the ground.

Furthemore, in each media the guided wave decreases in minimum/maximum ampli-
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Fig. 4.10: Horizontal snapshots of the E-field distributions at depths z = 0.46, 0.84 and 1.2 m., and
for media with εr = 3, 9, 20 and 36. Note that each diagram has a different y−scale, decreasing with
increasing εr−value.

tude as it ascends the waveguide – from z = 0.46 to z = 1.2. This was unexpected as

the model only included PECs and elsewise no conductivities. The shape and decay of

the curves as they move away from the waveguide differ per different medium because

of the spreading of the reflected wavefront, as is seen in fig. 4.8. The radial decay

strongly resembles an exponential decay curve and can be fitted with functions of the

type y = AeBx+C, with A,B and C being constants. This step was deemed nonsensical

because more detailed data would be necessary to allow for accurate conclusions.

Although an ambiguous denomination in this case, the skin-depth, i.e. the dis-

tance at which a wave decays to 1/e of its original value, shall be calculated for the
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E-field in both directions away from the cylinder; table 4.2 presents the results. The

Tab. 4.2: Skin-depths of the E-field, y−component, at opposite sides of the waveguide. Per medium,
the two values represent the ”skin-depth” at the −y and +y side of the waveguide. The offset in the
z−height in the left column is not an error but an indication of the maximum range in which the
horizontal snapshots were taken. Refer to figs. 4.9 and 4.10.

Skin-depths [cm] of the radiated E-field

z-height [m]
εr of the medium

3 9 20 36

0.46± (0.059) 4.35 4.53 4.35 4.63 4.25 4.93 3.95 5.23
0.84± (0.015) 4.35 4.43 4.35 4.53 4.25 4.63 4.15 4.83
1.20± (0.026) 4.25 4.43 4.35 4.43 4.25 4.53 4.25 4.63

guided wave does not extend far away from the waveguide with the skin-depths ranging

from 3.95 - 5.23 cm. The decay of the fields as presented in table 4.2, are to be seen as

indicative towards, and not representative of the field distribution. In conclusion, the

general field distribution and the decay of the field radially and along the waveguide

seem to be consistent for different type of media, however, the data that was stored

from the simulations do not allow any quantitative results. More snapshots within

depths of interest would be necessary to gain more accurate results, at least when

following this method of studying the field distributions.

4.3.2. Wave Propagation in the Vicinity of the Antenna

It has been shown experimentally and theoretically that certain parts of elec-

tromagnetic waves in the near-field region of an antenna can appear to propagate

faster than light, to which Orfanidis (2002) and Oloumi et al. (2016) provide a general

overview. For a 400 MHz antenna with a bow-tie length of 25 cm, in soil, the near-field,

as defined by eqs. (2.56) and (2.57), extends to about ≈ 40 cm, keeping in mind that

the transition is gradual. The guided waves method, at least as it currently exists at

the LIAG, allows to measure up to ca. 3 m below the ground. Considering that the

near-field zone makes up a generous amount of the total measuring distance, as well as

the top soil layer being the target of interest in certain applications, this chapter aims

at studying the accuracy of the interval-velocities in the vicinity of the antenna with

the ultimate motivation of correcting this effect in future measurements or simulations.

It is not entirely clear how the transmitted signal wavelet is changed in the near-field

of the antenna, therefore different phases of the reflected/direct wave will be picked

and compared in detail.
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The measurements and simulations were performed in air and the calculated

interval velocities of different phases are compared. The measurements were performed

with the guided-waves motor and the SIR 4000 setup in the continuous mode . The

first measurement was of guided waves conducted horizontally and following the same

setup of the standard guided waves method as in fig. 3.4 but the metallic waveguide

is placed horizontally above the ground and supported by XPS building blocks. The

waveguide was extended in the continuous mode and covering the distance from 0 to 2

m. The data was sampled at 8192 samples/scan. The second measurement was of the

direct wave sent by one antenna and recorded with a second one which was available

at the LIAG. The setup was such that one antenna was stationary and the other one

gradually pushed closer by the motor of the guided waves apparatus. The transmitter

and receiver bowties of each antenna were placed at the same height to avoid any

geometrical effects. They are inherently different because for the guided waves setup,

the signal travels twice the distance as the direct wave, the receiver bowtie lies at an

offset to the waveguide meaning a geometrical effect would be present in the data,

and the presence of the metallic waveguide further changes the near-field effect. The

difference in velocity is thereby expected to be less pronounced for the guided waves

measurements. Despite the presence of multiple changes to the transmitted signal in

the antenna’s near-field, the two datasets should provide an insight to the dependence

of the velocity on the distance to the transmitting antenna. A detailed list of the

measuring setups is provided in appendix G.

In an attempt to replicate the guided-waves and direct-wave measurements with

gprMax, the antenna model was positioned centrally at one end of a 0.7×0.85×2.35 m
domain in air with εr = 1 and σ = 0, and the waveguide in- and excluded resp. The two

simulation are different from the two measurements because instead of measuring the

guided-wave and direct-wave with a receiver bowtie, the E-field is captured and stored

at 1 cm intervals along the waveguide, 1 cm away from the surface of the waveguide and

directly opposite the transmitter bowtie resp., thereby negating the effect of the receiver

bowties in both cases. This was done because a new simulation had to be computed

for every interval step, which would by far have exceeded the available computation

time. For the guided waves method, the E-field was recorded at the aforementioned

positions in accordance with the maximum field strength position as was shown in the

previous chapter 4.3.1. Despite these differences, a similar dependency of the interval

velocity on the distance to the transmitting antenna is expected.

The results of the measurements and simulations in air are shown in fig. 4.11.

The four diagrams, from top to bottom, show the calculated interval-velocity difference
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Fig. 4.11: Interval-velocity difference ∆v vs. distance away from the antenna, measured and simulated
in air with measuring setups. The different datasets allowed for picking the two phases: first maximum
(max) and first zero crossing (zero). The differences are calculated in relation to the theoretical velocity
in air vair, in percent. The top 2 diagrams show the velocity differences measured and simulated with
the guided waves method. The bottom 2 diagrams show the results of the direct wave measured and
simulated in air. The red arrow in the first diagram hints at the general distance after which the
guided wave was clearly distinguishable from the crosstalk.
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from different picked phases of the guided waves measurements and simulations, and

the direct wave measurements and simulations, vs. the distance to the antenna. The

interval-velocity difference is the difference between the calculated interval velocity to

the velocity in air, in percent. The most relevant processing steps of each dataset shall

be outlined here, with a full list in appendix G. The first arrival phase in real data is

generally not pickable due to the high SNR and the great error margin introduced by

it. Therefore only the first maximum and zero crossing is picked for each dataset. The

dataset with the most noise and amplitude variance was the measured direct wave,

for which the interval velocity was determined over a 3 cm interval. To enable a fair

comparison, this procedure was repeated for each dataset in addition to a running

average over 1 cm.

The guided waves measurement contains the crosstalk which is superimposed on

the guided wave at small distances away from the antenna. To pick the guided wave at

these small distances, the crosstalk had to be removed. This was done by performing

a background removal, which means subtracting from each trace the average over all

traces. It is important to note here that every processing step introduces a new margin

of error, therefore the travel-times picked where the crosstalk and guided wave overlap

are not only the result of a physical effect of the near-field, and offer a general overview

at most.

As already stated in the beginning of this chapter, the guided waves simulation

records the E-field along the waveguide and not at the receiver bowtie. Therefore, they

were expected to, and do show a different velocity curve as the measurement. Addi-

tionally, the maximum and zero phase of the guided waves measurement show a very

similar trend, while the two diverge in the simulated data. The direct wave measure-

ments exhibit a much lower SNR, resulting in the strong variance and oscillations in

the velocity data of the zero phase. The maximum phase of the measured direct wave

exhibits great variance in the velocity rendering any interpretation from this dataset

difficult.

All curves show an increase in velocity close to the antennas, with differences

well beyond 100 % when closer than 10 cm, which are cut off on the diagrams to show

the decay towards the zero line. As expected, the near-field effect is less pronounced

in the guided-waves data, albeit only slightly. The measured data both show a more

gradual rise that begins further away from the antenna between 0.6 and 0.8 m, than the

simulated data. The two measurements and especially the direct wave data, exhibit

undulations in the velocity curves, which are most likely due to reflections from the
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Fig. 4.12: Processed radargrams of the measured (top) and simulated (bottom) direct wave. The
measured signal was recorded with a second 400 MHz antenna, while the simulated signal was recorded
by storing the E-field at the given distances away from the antenna and thereby negating the effect of
the receiver bowtie. Note that the measured data has an advanced time scale, due to the zero-time
offset in the SIR 4000, and that this difference is irrelevant for determining interval velocities. The
color contrast is exaggerated for convenience.

surrounding, like the floor and walls, and the amplitude drop of the guided wave. An

overall trend is visible, but exactly defining the point where the curves approach the

zero line remains difficult, at least for the measurements. The simulations obviously

contain less noise and no physical dispersion, allowing for more exact picking and the

smooth curves in the simulation data. As for the simulated guided-waves data, the

maximum phase of the simulated direct wave begins to diverge closer to the antenna

than the zero phase. This distortion effect of the wavelet is clearly visible – as a

widening in the vertical time axis – in the radargram profiles of the measured and

simulated direct wave, depicted in fig. 4.12. Although the wavelets are not the same,

the interval velocities should be similar, especially when picking early phases. The

two colors indicate the negative (blue) and positive (purple) amplitudes of the wavelet.

Until about 5 cm away from the antenna, both wavelets change their shape in time,
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which is the direct cause for the change in the interval velocities.

To conclude this chapter, the measurements and simulations in the vicinity of

the antenna yielded an increase of the interval velocities when picking the zero and

maximum phase of the wavelets close to the antenna. The exact cause(s) that lie

behind this phenomenon are subject of current research and shall not be explored here.

Defining a correction function that can be applied on future measured or simulated

data is also beyond this investigation for two primary reasons: for one the results

would need to be replicated and performed with more accuracy in an environment that

produces less reflections, to ensure data quality and secondly, measurements in/over

geologic materials are needed to use this knowledge in the field. An additional future

step to be taken could be to simulate and record actual guided-waves reflections, and

to use a second antenna for the direct wave simulations. It must be noted that the

antenna nearfield depends on the wavelength, which is shorter in media with higher

permittivities, this effect should therefore play a lesser role in geologic media.

4.3.3. Permittivity Measurements with a Metal Waveguide

The third simulation study using the 3D antenna model was to reproduce the

guided-waves measurements and assess how accurate the permittivity of the ground

can be calculated from interval velocities. The influence of plastic borehole casing

is not considered here, but will be studied in the following chapter. The media will

have εr values ranging from 1 − 60. Lowering the waveguide in intervals requires a

new simulation every time and the large model domain and small space and time

discretization require a relatively long simulation time, which allows for only a small

number of intervals to be computed. The current computation resources at the LIAG

required, for a 0.8 m × 0.8 m × 1.4 m model with a 1 mm discretization and a 35 ns
run-time, about 20 h. It was decided that per medium, two depths for the waveguide

and thereby one interval shall be enough. The velocity dependence on the distance to

the antenna was analyzed in chapter 4.3.2 and an accurate velocity is obtained at ca.

1 m away from it. Although that study only looked at the effect in air with εr = 1, the

cylinder in all media will have a depth of at least 1 m. The two cylinder depths were

chosen to be 5 cm apart.

The model setup includes the 3D antenna model placed in a 0.7 × 0.85 × 1.5 m
domain on a ground/air interface and next to it the metallic waveguide, with variable

εr values for the ground. This domain geometry was already used in chapter 4.3.1 and

can be seen in appendix F.
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Figure 3.3 in chapter 3.2.1 shows the errors for the interval velocities and calcu-

lated εr, based on specific time discretization ∆t and measuring interval ∆i. Equation

(3.5) can be used to calculate the sampling error for the different simulations. The re-

sults of the simulation, together with the difference in the calculated permittivity and

the permittivity sampling error, are presented in table 4.3. The interval velocities were

Tab. 4.3: εr-values computed from interval velocities with eq. (2.50) in homogenous media with
different εr,medium. ∆εr,calc. is the difference in percent of εr,calc. to the real εr,medium. The last column
shows the theoretical permittivity sampling error ∆εr,sampl. as by eq. (3.5).

εr,medium Cylinder εr,calc. ∆εr,calc. relative sampling error
[ ] depth [m] [ ] [%] ∆εr,sampl. as by eq. (3.5) [%]

1
1.8

0.96 4 2.31
1.85

3
1

2.97 1 1.33
1.05

9
1

8.86 1.6 0.77
1.05

36
1

35.59 1.1 0.38
1.05

60
1

59.6 0.7 0.3
1.05

computed by picking the first zero phase (first zero-crossing) of the reflected wave. As

this is the standard practice for the guided-waves method, picking different phases was

made dependent on how accurate the zero crossing data is. Apart from the medium

with εr = 1 (air), all the simulations had the same depths for the waveguide. The high

velocity of the EM wave in air results, at depths of 1 m and shallower, in a time-overlap

of the crosstalk and the reflected wave, preventing accurate traveltime picking. ∆εr,calc.
is the relative difference between εr,calc. and εr,medium. The far right column shows the

errors in εr produced by the sampling of the signal, which turn out to be lower than

∆εr,calc., except for εr = 3. As expected, the interval permittivity errors ∆εr,calc. are

generally low, and decrease with increasing εr,medium. It is unclear at this stage why the

error in the calculated εr values are higher than the sampling errors, but these results

shall nonetheless show that for a simple model with no conductivity, a homogenous

half-space, no plastic casing and with picking the zero phase the guided-waves method

can accurately be simulated with gprMax.
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Fig. 4.13: Cylinder cross-section with a 1 mm coating and 1 mm discretisation.

4.3.4. Influence of Plastic Borehole Casing on Permittivity Measurements

Essentially, the velocity of the guided wave is determined not only by the sur-

rounding material but is also, to some degree, affected by the material properties of

the casing. The concept of coupling is implied here because if a critically large gap of

air or fallen material in the borehole has a considerable effect on the guided wave, this

circumstance needs to be addressed. The influence of such a casing on permittivity

measurements is the focus of this analysis. The guided waves method as it exists at the

LIAG, enables measurements only in boreholes with a diameter of 4.1 cm, or rather, in

borehole casings with such an inner diameter. The borehole that is available for real

measurements at the LIAG contains a plastic PET casing tube with εr = 3 and a wall

thickness of ∼ 1 mm. This is exactly the spatial discretization of the model domain,

which creates an improper representation of the plastic cylinder around the metal-

lic waveguide, depicted in fig. Figure 4.13. The plastic layer is unevenly distributed

around the waveguide and has gaps at certain corners of the metal waveguide. Because

gprMax employs a uniformly discretized spatial grid for the entire domain, a finer dis-

cretization is not possible due to the prolonged run-time it entails. It was therefore

chosen not to model the borehole casing that is used for the real measurements, but

instead to model a groundwater monitoring well – denoted with GW monitoring well

from hereon – which has a diameter of 8.8 cm and a wall thickness of ∼ 4 mm. This

scenario is not comparable to real data because none exists so far, but is a potential fu-

ture usage of the guided waves method and shall provide a first insight of the influence

of borehole casing on permittivity measurements.

The model setup for this study is the same as for the previous chapter except
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Tab. 4.4: εr,calc.-values computed from interval velocities in homogenous media with different εr,medium.
The first maximum (max) and first zero crossing (zero) phase were picked.

max phase zero crossing

εr,medium Cylinder εr,calc. ∆εr,calc. εr,calc. ∆εr,calc.
[ ] depth [m] [ ] [%] [ ] [%]

9
1

8.21 -8.8 8.33 7.4
1.05

20
1

15.08 -24.6 15.82 20.9
1.05

36
1

20.99 -41.7 22.99 36.1
1.05

60
1

27.28 -54.5 30.04 49.9
1.05

for the increased waveguide diameter and the 4 mm plastic casing surrounding it. The

ground is again attributed different εr,medium values, but this time a simulation in air and

a ground with εr,medium = 3 are skipped because the former is an unrealistic scenario for

real measurements, and the latter is effectively already included in the previous chapter.

As in the previous chapter 4.3.3, two depths were chosen for the cylinder, in depths

not shallower than 1 m. The media was attributed with εr values from 9− 60 and the

results are presented in table 4.4. The influence of the plastic borehole casing becomes

apparent when looking at the errors introduced in εr,calc.. Of the two phases, the first

maximum (max) and the first zero crossing (zero), the latter produces permittivities

slightly closer to the real values. Nonetheless, the errors are very large and εr,calc.

can not be used to make conclusions about the subsurface. Ideally, a correction of

the measured permittivity could be dervied from the simulation and applied on real

measurements. This however still does not consider the depth of the cylinder which

was set at ca. 1 m in this study, as it is not known how a shorter or longer travel path

along the waveguide affects the guided wave. Nonetheless and to gain a first insight, the

average εr,calc. value of both phases in table 4.4 is plotted against the real permittivity

of the medium, and fitted with a correction function, which is presented in fig. 4.14.

In the figure it becomes apparent how εr,calc. flattens out. The data is to be interpreted

such that when performing the guided-waves method in a GW monitoring well and

in a medium with permittivity εr,medium, one would calculate εr,calc.. For convenience

but without intended practical usage at this stage, an exponential function of the

type AeBx + C with constants A,B and C was chosen to fit the data and correct the
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Fig. 4.14: Diagram of the calculated εr,calc. vs. εr,medium of the medium. Simulated with a GW
monitoring well. The top and bottom diagrams show the computed results for the max and zero
phase. The green line shows the fit of εr,calc. to an exponential function of the type AeBx + C, with
constants A,B and C. The R2 values represent the correlation betweent the corrected values εr,corrected

and the 1 : 1 line.

measured εr,calc. to the actual value, the red 1 : 1 line. The fitting was done using a

non-linear least squares algorithm in Python. With the εr,calc. data computed in this

study, this approach is able to precisely correct the measured data and could be used

and improved future research.

S. Stadler: Vertical Water-Content Distribution Using Guided GPR Waves



104 5. Field Measurements

Fig. 5.1: A foto of the guided waves measurement in water that was performed on a frozen lake nearby
the LIAG.

5. Field Measurements

The following chapters present the field measurements in water and in soil, per-

formed with the guided waves apparatus of the LIAG.

5.1. In Water

The first measurement was performed in the winter of 2015/2016 on a frozen lake,

nearby the LIAG, a map is provided in appendix H. The aim was to gain accurate

interval velocities and εr values of water. The frozen surface was thick enough to hold

the guided-waves apparatus, whose setup can be seen in fig. 5.1. The thickness of the

ice was measured at 7.5± 0.1 cm and the antenna and apparatus had to be placed on

a wooden block with a thickness of 3.5 cm to hold the metal cylinder in place. The

temperature of the water was 2 ◦C which, referring back to chapter 2.1.3 and 2.2.1,

yields a real part of εr of about 88, which in turn is the value expected from the data.

The height of the water layer, seen as below the ice/water interface, was measured

at 75± 1 cm. Measuring could have been performed at greater depths further out on

the lake, which howerver was not done for safety reasons. The near-field effect on the

interval velocity, as presented in chapter 4.3.2, was only examined in air, leaving the
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near-field effect in media with higher permittivity like water, yet unknown. Assuming

a sufficiently high SNR and a small amount of spurous reflections in the data, this

measurement thereby offers another opportunity to study this effect. Two identical

measurements were performed at 1 cm intervals in the step-mode, which was preferred

to the continuous mode because it allows for a higher stacking rate, which was set at

64.

When measuring GPR on ice, additional shortcomings are introduced by the poor

coupling to the water surface due to the intermediate ice layer, which has a relatively

low εr ≈ 3 (see table 2.1). Following eq. (2.55), the reflection coefficient at an ice/water

boundary is R ≈ 0.47, i.e. the signal looses about half its intensity upon entering the

water. Besides the drop in amplitude of the transmitted signal, the reflected signal

from the ice/water interface overlaps with the crosstalk and is generally difficult to

remove in the processing step. It is advised to keep the antenna below 0.1λ0 above the

ground, where λ0 is the free-space wavelength (Diamanti et al. 2013, pg. 88), which in

fact is not done here as the ice and wood thicknesses add up to ≈ 0.15λ0. The data is

thereby expected to have a high SNR, at least at earlier recording times, but accurate

travel-time picking was at least expected at higher depths.

Figure 5.2 shows the processed radargram of the one dataset that contained

the higher-quality data, with detailed processing steps outlined in appendix I. It is

immediately clear that a high amount of spurous and unwanted reflections that coincide

with the guided wave is present, especially above the ice/water interface (blue line).

The guided wave becomes visible to the naked eye – the red arrow in the radargram

–, but picking any phase proved to be difficult as the wavelet is strongly altered in

its shape. Early phases are generally preferable as they are less distorted by phase

dispersion and more accurately define the travel-times of the wavelet, but in this case

a total of 4 phases were picked, 1st and 2nd maximum and 1st and 2nd zero crossing.

Figure 5.3 depicts the interval velocities vi and εr of the 4 datasets. The 4 datasets

were plotted together for comparison, but for convenience, the 2nd maximum and 2nd

zero crossing are highlighted as they exhibit less variance. The black dotted lines show

the expected values of vi and εr for water. The interval velocities were picked beginning

approximately at the ice/water boundary, and computed over a 6 cm interval, to gain a

remotely smoother curve. This was done explicitly because the aim of the measurement

was not to resolve layers. The interval velocities show a significant increase between

0.075 and 0.3 m below the ice surface, which hint towards a near-field effect in water.

Seeing that the wavelength in water is about 1/10 of that in air, the near-field effect

was expected to be much smaller than what is present in the data. At this stage, this
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Fig. 5.2: Processed radargram from the water measurement data, the 0 depth being the top edge of
the ice. The blue line indicates the ice/water interface and the red arrow indicates the guided wave
that runs along the profile.

is difficult to interpret because the signal travels twice through 7.5 cm thick ice layer

before arriving at the receiver antenna.

The radargram and the computed parameters also exhibit jumps between 0.4 and

0.5 m, and 0.65 and 0.75 m depth, resulting in εr values as high as 120. In these depth

regions, the offset in vi and εr are relatively similar, suggesting the same source. A

possible cause could be constructive interference of a wave mode that travels between

the ice/water interface and the antenna, and the reflected signal. The exact cause of

these two interferences however, could not be resolved. In conclusion, the data alone

unfortunately, does not allow for accurate estimates of the underground. Nonetheless,

future measurements in water, at slightly greater depths and in a more controlled

environment, specifically without an overlaying ice-sheet, could yield more accurate

data and possibly reveal the nature of the near-field effect in water.
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Fig. 5.3: Interval velocities vi and relative permittivities εr computed from the water measurement
data. The black dashed lines indicate the theoretical velocity vwater ≈ 0.0319 m ns−1 and εr = 88 of
water.
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Fig. 5.4: The guided waves measurement in soil that was performed at the Schillerslage test-site near
Hannover. To the left of the guided-waves apparatus, in blue, is the groundwater monitoring well that
was used to measure the groundwater table.

5.2. Soil Measurements

The second set of measurements was performed in soil, on the test-site in Schiller-

slage, near Hannover, which is often used for geophysical measurements by the LIAG.

Figure 5.4 shows a measurement in action, a map is provided in appendix H and full

details of the measurement setups included in appendix I. Two datasets will be ana-

lyzed here, one performed in the continuous mode, conducted in October of 2015, and

one in the step-wise mode, conducted in August of 2016. The differences between the

two modii were already covered in chapter 3.2.2, the comparison of data from each

shall reveal their accuracy with soil measurements.

The measurement of 2016 was only done in the step-wise mode, therefore, to

provide a comparison to continuous data, the older dataset from 2015 was used. The

SIRr 4000 that was introduced in chapter 3.1.1, was acquired by the LIAG just prior

to the measurement in 2016, while for the one in 2015 the older model SIRr 3000 had

to be used, which differs mainly in its slower transmit rate of max. 100 kHz. Measuring

in the continuous mode, the old model allows a maximum sampling rate of 2048.

The site includes the borehole and the plastic casing in which the guided-waves

measurements can be conducted. The plastic casing of the borehole has a portion that
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extends 45± 1 cm above the ground level, however, all future depth references will be

made in relation to the ground level, unless specified otherwise. The borehole itself

has a depth of 3 ± 0.01 m. A geologic core was extracted at the site in September of

2016, about 10 m away from the guided-waves borehole. The lithology may strictly not

be the same, but shall serve as an indication for the guided-waves measurements. By

nature of extracting geologic cores, the depth is given with an uncertainty of 10 cm.

The lithology up to the depth of the borehole, is composed of medium sands with a

46± 2 cm thick peat layer in between. From the peat layer and the sand layer below

it, probes were extracted and the relative permittivity measured in the GPR frequency

range with a VNA at the LIAG (J. Igel, personal communication). Barely visible in

figure 5.4 is the blue groundwater monitoring well in which the groundwater table was

measured at 1.66 ± 0.01 m. During the continuous and step-wise measurements, the

water tables were 1.81 m and 1.66 m resp.

Besides the guided waves measurement, the LIAG possesses a TRIME-PICO

IPH/T3 TDR measurement kit, that was used during both measurements to obtain an

additional permittivity depth profile in the borehole, to which the results of the guided

waves measurement will be compared. The TDR method was already briefly discussed

in chapter 1.2.1, and is an accurate tool for deriving permittivity values, although it

strongly depends on the medium to which it is calibrated. The system available here,

is calibrated to low-permittivity sands and will calculate erronous εr values in high-

permittivity media like the peat. This TDR sensor measures in increments of 18 cm and

shall be compared to the guided-waves data. More detailed information can be found

in the TRIME-PICO r TDR Sensor User Manual (2016), Vereecken et al. (2008) and

Preko et al. (2012). The lithology, εr laboratory data and TDR data will be compared

to the computed εr and ΘV depth-profiles.

Figure 5.5 and 5.6 show the processed radargrams of the soil measurements in the

continuous and step-wise mode. The water tables are again highlighted in blue, and

were at 1.81 m and 1.66 m depth for the continuous and step-wise measurement resp.

The guided waves are clearly visible in both radargrams, and show a velocity change

at about 1.25 and 1.7 m. Two maximum and two zero-crossing phases were picked for

each dataset, and the results are shown in fig. 5.7.
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Fig. 5.5: Processed radargram from the 2015 soil measurement data in the continuous mode, the 0
depth being the ground level. The blue line indicates the water table and the red arrow indicates the
guided wave that runs along the profile.
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Fig. 5.6: Processed radargram from the 2016 soil measurement data in the step-wise mode, the 0
depth being the ground level. The blue line indicates the water table and the red arrow indicates the
guided wave that runs along the profile.
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Both sets of diagrams include the lithology of the borehole on the far right. It

was known beforehand that the peat layer that follows could not be measured with the

TDR sensor, as it is calibrated towards sands. The laboratory analysis was therefore

performed on a peat sample and additionally on a saturated sample of the sand below

it. The sand probe was artificially re-satured with water to replicate the natural state

in the ground at and below the water table. The peat sample yielded an εr = 55 and

the satured sand an εr = 19, plotted in the diagrams with purple markers. Of the

four phases that were picked, the 2nd max and zero phase are highlighted because they

yielded more accurate data, and further references are made regarding these two if not

mentioned otherwise. Although not entirely clear, one explanation could be that the

2nd max and zero phase are both preceded and followed by the high-amplitude extrema

of the wavelet. The results computed from the continuous data were calculated over

a 2 cm interval – keeping in mind the measurement interval of 0.1 mm –. Although

the data did not require it, this was also done for the step-wise dataset to enable a

fair comparison. Additionally, all curves were smoothed with a running average filter

over 5 cm, the length of which was chosen to suit the continuous data which naturally

exhibited the greatest variance. For both the step-wise and continuous data, the SNR

below 1.75 m depth was relatively low and did not allow for accurate travel-time picking.

The diagrams on the far right show the volumetric water-content ΘV derived

with Topp’s equation (2.21). Computing water-contents is always dependent on the

petrophysical model that is used and the soil it is calibrated to. Also note that ΘV is

derived from εr, which in turn is derived from vi, and that the error it contains may be

very large, refer back to fig. 3.3. Although not specifically intended to derive water-

contents from very high permittivity values and anything but soils, Topp’s equation

is used here for the entire depth-profiles, and mainly to illustrate the procedure of

obtaining ΘV data with the guided-waves method.

The first two sand layers exhibit a similarly constant εr ≈ 4 from both guided-

waves measurements as well as from the TDR data, and are effectively not distinguish-

able. The εr curves show a gradual increase between 1.25 m and 1.8 m and reach an

approximate plateau of εr ≈ 40 to 50, which presents a ≈ 27 % deviation from the

laboratory measurement. The step-wise data exhibits less variance in the peat layer

than the continuous data and has a clearer defined plateau for both phases. The con-

tinuous data includes a number of extrema, clearly visible in the vi diagram, such as

at ≈ 1.6 m, which may be labeled as artifacts. In the bottom sand layer, the TDR and

laboratory data coincide reasonably well at εr ≈ 19, a value that cannot be derived

from the guided-waves data.
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The ΘV diagrams of both measurements include sensible results for the sand layers

with ΘV ≈ 8.5 % for the top layer and ΘV ≈ 33 % for the bottom layer. Considering

table 2.1, the former is a relatively high value for dry sand, which is most likely the

result of the organic content. A ΘV of 33 % for a saturated sand can be set equal to

its porosity and falls within the lower range of porosities of sands.

In conclusion, the measurements show an adequate fit with the laboratory mea-

surements of the peat and medium-sand layer beneath it, and succeed in defining

the known geologic layers. It is difficult to assess the accuracy of the guided-waves

method at this point because the lithology documentation itself includeds uncertain-

ties of 10 cm. The ability of the guided-waves method to resolve a high-permittivity

medium like peat, can at least be interpreted to be approximately 20 cm, obtained by

the length of the transition zone of the curves at the layer interfaces. Thereby the

interval step of 1 cm for the step-mode seem to be unnecessarily low and may be in-

creased to reduce the relatively long measuring duration. As expected, the step-wise

data showed a smoother curve than the continuous data which required an averaging

over at least 5 cm to be interpreted. Smoothing the data, especially the continuous

data, to a higher degree could yield more accurate maximum values for the layers, but

would also smoothen and widen the transition zones. This is not the intended approach

here and the data was generally processed as little as possible. An increase of the ve-

locity in proximity to the antenna was not observed here, also due to the fact that

the travel-times could not accurately be picked at 40 cm or closer. Compared to the

more established TDR method, the guided-waves data provides a dramatic increase in

vertical resolution, and is furthermore able to measure velocities in high-permittivity

media.
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Fig. 5.7: Interval velocities vi, relative permittivities εr and volumetric water-content ΘV computed
from the soil measurement continuous (top) and step-wise (bottom) datasets. Besides the data
from the guided-waves measurement, a TDR and laboratory εr dataset is included as well. ΘV is
obtained via the Topp equation (2.21). All curves are smoothed with a running average over 5 cm.
The legend is valid for both sets of diagrams.
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6. Conclusion & Outlook

The aim of this thesis was to study the guided-waves method with a 400 MHz
GSSI antenna, by means of numerical forward simulations and field measurements.

The specific steps taken were, to build and validate a 3D model of the real antenna,

study the electromagnetic field propagation around the waveguide, study the wave

propagation in the vicinity of the antenna, and study the guided-waves method with

and without a plastic borehole casing. The numerical simulations were performed with

the open-source FDTD software gprMax. The field measurements were performed with

the guided-waves apparatus of the LIAG, in water on top of a frozen lake, and at a test-

site which included the lithology of the subsurface, as well as laboratory permittivity

measurements of soil samples.

Building and Validating a 3D Antenna Model

The first step towards the numerical studies was to build a 3D model of the

400 MHz GSSI antenna, that will accurately reproduce the signal sent out by the real

antenna. The antenna bow-ties, the main component of the antenna, were modelled

in gprMax and also physically replicated as an unshielded version. Their performance

was compared by measuring their S-parameters which proved to be difficult as no

appropriate specialized equipment was available. The measurements and simulations

show an overall similar trend and amplitude level, however the measurements include

a large number of alternate frequency-dependent behaviour at the antenna input and

output ports. These could not be resolved definitively, which strongly motivates a more

accurate replica of the bow-ties and a more controlled measuring environment.

Building the actual 3D antenna model was driven by Taguchi’s method to opti-

mize the unknown frequency of the feed pulse and material parameters. The results

were satisfying in that they yielded realistic parameter values and a sufficient correla-

tion between simulated and measured data, however, the optimization process revealed

its flaws by not continuously converging towards a maximum. Even if a correct pa-

rameter range is fed, Taguchi’s method – at least the current state of it in gprMax

along with its Orthogonal Arrays –, is limited in optimizing complex systems such as a

3D model of a GPR antenna. Suggestions for improvements should at least start with

utilizing a larger and stronger Orthogonal Array, provided the extended run-time falls

within the computational capabilities.
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Field Distribution Around the Waveguide

The simulations show that the guided wave is distributed asymmetrically around

the waveguide, looses minimal energy as it ascends back up the waveguide and hint

towards an exponentional decay in the radial direction. The approach used here, which

was to store vertical and horizontal snapshots of the E-field in time, proved to be

inadequate and did not allow for a consistent and accurate comparison of the maximum

field amplitudes at the same heights. The results at least hint towards a radial field

decay to 1/e of the field amplitude, of approximately 5 cm away from the waveguide.

Following this method, quantifying the results would require more snapshots at more

distributed heights in the model.

Field Distribution Around the Waveguide

The wave propagation in air, in the vicinity of the antenna was studied to re-

veal possible changes to the phase velocity of the transmitted signal. Measurements

of guided waves and of the direct wave between two antennas were performed and

compared to simulations thereof. The simulations however, could not be setup to ex-

actly replicate the measurements and instead the E-field for the respective cases was

recorded. A general trend that could be seen was the strong exponential increase of

the phase velocities with proximity to the antenna. This effect becomes noticeable for

the air measurements at about 70± 5 m and closer to the antenna. The simulated data

also showed a general increase in velocity near the antenna, do however, not strongly

correlate with the measurements. This was expected as the models were not identical

to the measurement setups, which is a necessary step when repeating this process.

Furthermore, these results are only valid for measurements in air, but motivate further

research of this near-field effect in geologic media.

Permittivity Measurements With the Guided-Waves Method and Influence of a
Plastic Borehole Casing

The guided waves method was subsequently implemented in numerical models

directly with, and without a plastic borehole casing, by placing the 3D antenna model

on an air/ground interface and lowering and/or rising the metal waveguide. Without

a borehole casing, εr can be calculated with a maximum uncertainty of ±1.6 %. The

effect of a borehole casing on the permittivity computation was studied for a setup for

a GW monitoring well with a wider cylinder than is available at the LIAG. The results
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in chapter 4.3.4 suggest that measuring in a GW monitoring well produces offsets as

high as 54.5 % for high-permittivity media, which needs to be considered in cases that

apply. It is not known how this effect manifests at different cylinder radii and depths,

which is left to future research.

Field Measurements with the Guided-Waves Method

The last part of this thesis comprised field measurements performed with the

guided-waves apparatus available at the LIAG, with one measurement in water and

two measurements in soil. Measuring guided waves in water with a layer of ice on top,

did not yield data with the expected accuracy of measuring in a simple medium. A

more controlled measuring environment is expected to produce more accurate results.

The soil measurements were conducted at the same site, but at different times

and with different data acquisition systems, which was done to compare the two mea-

surement modii, continuous and step-wise. Seeing that the continuous mode can be

done in about half the time of the step-mode, the hopes were that its lower sampling

rate and stacking could be compensated with processing techniques. At least with the

data acquired here, this seemed marginally true. However, the strong oscillations in

the continuous data require a degree of processing that could be unsuitable for iden-

tifying layers that are thinner and lesser defined than the peat layer at the test-site

under study here. Quantifying a depth resolution for the guided-waves method is dif-

ficult because the lithology included an extreme jump in permittivity from the peat

to the sand layers. Judging by this data, the relatively low interval step of 1 cm for

the step-mode may be increased to reduce the duration of the measurement. Lastly, it

could not be clarified if the continuous mode has advantages other than a lesser time

for measuring.

To conclude, the guided-waves apparatus, as it exists at the LIAG, coupled with a

400 MHz antenna is a viable alternative to standard methods like TDR for measuring

and computing permittivity profiles of soils, at least if information of the top 2 m
is desired. Antennas with higher frequencies may be used for a better resolution in

shallower depths, and ones with lower frequencies for large depths, which however was

not necessary in this study. Comparing the performance and accuracy of antennas with

a higher frequency than 400 MHz to the results of this thesis, would provide further

knowledge from which to draw from when using the guided-waves method.
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Appendices

A. Maxwell’s coupled curl equations in scalar form for
linear, isotropic, nondispersive and lossy materials
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C. Antenna Geometry
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Fig. C.1: Sketch of the antenna geometry of the 400MHz antenna. The walls of all single volumetric
elements, i.e. metal casing, have a thickness of 2 mm. Note the 2 mm gap of air between the antenna
bow-ties and the bottom part of the plastic casing. To scale.
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D. S-Parameter Measurements
,

Fig. D.1: Photos of the S-parameter measurements in the anechoic chamber of the Institute of Mi-
crowave and Wireless Systems at the Leibniz University Hannover. Unfortunately, there was no
designated equipment that enabled securing the antenna in place during the measurements. To max-
imize the distance to the antenna while measuring and at the same time minimizing the effect on the
signal, XPS beams on which the antenna was glued, were used.

S. Stadler: Vertical Water-Content Distribution Using Guided GPR Waves



123

0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75

Frequency [GHz]

−30

−25

−20

−15

−10

−5

0
Po

w
er

[d
B

]

456MHz

466MHz

455MHz

466MHz

S11 measured and simulated

S11 sim.
S11 meas.
S11 TX meas.
S11 RX meas.

Fig. D.2: An overlay of all S11 data presented in chapter 4.1.4.

S.Stadler:VerticalW
ater-Content

D
istribution

Using
Guided

GPR
W

aves



124 E. Taguchi Parameter Optimization Results

E. Taguchi Parameter Optimization Results

Tab. E.1: The array table for the orthogonal array OA(9, 4, 3, 2) that is used by gprMax for the Taguchi
optimization. The parameter levels 1, 2 and 3 are indicative for the three levels per parameter and
per iteration. Although the OA allows for 4 parameters to be studied only three serve as input, which
is why one column is missing in this table. This, however does not change the OA-attributes and the
optimization can still proceed.

Experiments Parameter Levels
Excitation Source Absorber

Frequency [MHz] Resistance [Ω] Conductivity [S/m]

1 1 1 1
2 1 2 2
3 1 3 3
4 2 1 2
5 2 2 3
6 2 3 1
7 3 1 3
8 3 2 1
9 3 3 2
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Fig. E.1: Optimization history of the cross-correlation between the measured and simulated crosstalk.
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F. Domain Geometry Used in the Simulation Studies

Figure F.1 shows the geometry of the model domains used in the simulations in

chapter 4.3. This represents the general setup and was only changed for the direct-wave

simulation in air (4.3.2) and the guided-waves simulation in air without a borehole

casing (4.3.3). For the former, the metal waveguide was removed and the antenna

placed centrally in the x, y-plane at the same height, for the latter the height of the

ground layer and depth of the waveguide were increased but kept at the same distance

to each other.
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Fig. F.1: Domain geometry used in the simulation studies. The size of the PML region in orange is
exaggerated for convenience.
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G. Measurement Setups and Processing Steps for the
Near-Field Velocity Analysis

The following list contains the measuring setup and the non-trivial processing

steps that were performed on the 4 datasets in chapter 4.3.2. Trivial steps include

flipping a profile over the depth axis for a correct depth attribution and flipping each

trace over the time axis to pick the first maximum.

Guided-Waves: Measured

Setup

measuring mode: continuous

sample/scan rate: 8192

measurement interval: 0.2 mm

scans/second: 34

time-range: 30 ns

stacking: 2

Processing Steps

1. Subtract DC-shift

2. background removal over entire radargram

3. Low-pass filter with plateau at 900 MHz and cut-off at 1100 MHz

4. Calculate interval velocities over a 3 cm interval

5. Calculate a running average over 1 cm.

Guided-Waves: Simulated

Setup

measurement interval: 1 mm

time-range: 20 ns

Processing Steps

1. Subtract DC-shift

Direct Wave: Measured

Setup
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measuring mode: continuous

sample/scan rate: 8192

measurement interval: 0.2 mm

scans/second: 34

time-range: 30 ns

stacking: 2

Processing Steps

1. Subtract DC-shift

2. Calculate interval velocities over a 3 cm interval

3. Calculate a running average over 1 cm.

Direct Wave: Simulated

Setup

measurement interval: 1 mm

time-range: 15 ns

Processing Steps

1. Subtract DC-shift

S. Stadler: Vertical Water-Content Distribution Using Guided GPR Waves



129

H. Maps and Locations of the Field Measurements

Fig. H.1: Map and location of the measurement in water. The red dot marks the exact location of
the measurement, whose coordinates are 52°24’27.3”N, 9°49’32.69”E. The image is taken from the
software Google Earth.

Fig. H.2: Map and location of the measurement in soil at the Schillerslage test-site. The red dot
marks the exact location of the measurement, whose coordinates are 52°29’48.02”N, 9°58’8.61”E. The
image is taken from the software Google Earth.
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I. Measurement Setups and Processing Steps for the
Guided-Waves Field Measurements

The following list contains the measuring setup and the non-trivial processing

steps that were performed for the field measurements in chapter 5. Trivial steps include

flipping a profile over the depth axis for a correct depth attribution and flipping each

trace over the time axis to pick the first maximum.

Water Measurement

Setup

measuring mode: step-wise

measurement interval: 1 cm

sample/scan rate: 16384

time-range: 100 ns

stacking: 64

Processing Steps

1. Subtract DC-shift

2. Subtract Average over 5 traces

3. Low-pass filter with plateau at 900 MHz and cut-off at 1100 MHz.

4. Divergence compensation

Soil Measurement: Continuous-mode

Setup

date: 12 October, 2015

measuring mode: continuous

measurement interval: 0.1 mm

sample/scan rate: 2048

time-range: 120 ns

stacking: 2

Processing Steps

1. Subtract DC-shift
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2. Subtract Average over 5 traces

3. Low-pass filter with plateau at 900 MHz and cut-off at 1100 MHz.

4. Calculate interval velocities over a 2 cm interval

5. Calculate a running average over 5 cm.

Soil Measurement: Step-mode

Setup

date: 9 August, 2016

measuring mode: step-wise

measurement interval: 1 cm

sample/scan rate: 16384

time-range: 100 ns

stacking: 64

Processing Steps

1. Combine files (an unknown technical issue caused the motor to stop

at 2.2 m, a second measurement was started at that point and added

to the first.)

2. Subtract DC-shift

3. Subtract Average over 5 traces

4. Calculate interval velocities over a 4 cm interval

5. Calculate a running average over 5 cm.
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