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ABSTRACT

The contamination of underground systems causes serious detriment to the
environment and can pose a serious threat to human health. The challenge of locating
many common contaminants creates the need to develop technologies that enhance our
ability to detect and characterize underground contamination. Cross-Well Radar (CWR)
is being evaluated as a potential technology for detection of hazardous contaminants,
such as Dense Non-Aqueous Phase Liquids (DNAPLs), present in underground
environments. This work addresses the development of enabling CWR technologies that
rely on the use of transmission and reflection measurements to detect changes in soil
electromagnetic (EM) properties caused by the presence of underground target elements,
such DNAPL contamination. Time- and frequency-domain measurements and
simulations are applied to assess the performance of antennas and design testbeds for
proper estimation of EM properties in soil systems. Results indicate that proper
development of CWR testbeds must account for wave propagation near sharp EM
boundaries. Time-domain analysis shows that transmission and reflection measurements
in a properly developed testbed can be applied to accurately estimate EM properties of
bulk soil. The integrated use of soil testbeds with time- and frequency-domain EM
modeling, thus, lead to enhanced CWR enabling technologies for DNAPLs detection in

underground environments.



RESUMEN

La contaminacion de suelos causa serios deterioros a la calidad ambiental y presenta una
amenaza a la salud humana. El reto de localizar estos contaminantes potentes ha llevado a
desarrollar tecnologias que tengan potencial para la localizacion y caracterizacion en
suelos de estos peligrosos contaminantes. “Cross-Well Radar” (CWR por sus siglas en
inglés) es evaluado como una tecnologia con potencial para detectar peligrosos
contaminantes como lo son compuestos méas densos que el agua (“Dense Non-Aqueous
Phase Liquids”-DNAPLSs por sus siglas en inglés) presentes en ambientes subterraneos.
Este trabajo trata del desarrollo de aplicar “CWR” el cual se basa en medidas de
transmision y reflexién de ondas electromagnéticas (EM) para detectar cambios en las
propiedades electromagnéticas de suelo causado por la presencia de “DNAPLs”. Medidas
y simulaciones en el domino en frecuencia y tiempo fueron realizados para poder estudiar
el rendimiento de antenas en suelo y para el disefio de tanques para realizar medidas
apropiadas de suelo con el fin de obtener estimados apropiados de las propiedades
electromagnética del suelo estudiado. Los resultados indican que es necesario el
desarrollar tanques apropiados para poder obtener que la onda electromagnética al
propagarse cerca de las fronteras del tanque sean adecuadas para tener buenos estimados
de las propiedades del suelo. El analisis en el dominio del tiempo nos demostré que las
medidas de transmision y reflexion en un tanque apropiado puede aplicarse para obtener

unos estimados precisos de las propiedades electromagnéticas del suelo estudiado. La



integracion de usar modelaje en el dominio del tiempo y frecuencia en tanques para
realizar pruebas de suelo demuestra el poder utilizar tecnologias como “CWR” para

detectar “DNAPLSs” presentes en ambientes sub-superficiales.
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1 INTRODUCTION

Contamination of soils and groundwater by accidental spills, poor storage
facilities, and inadequate disposal practices causes serious detriment to the environment
and can pose a serious threat to human health. Common contaminants found in
underground environments include many Dense Non-Aqueous Phase Liquids (DNAPLS).
These contaminants pose particular threats because of their heterogeneous distribution
and long-term perseverance in the environment. Moreover, they are difficult to locate,
characterize, and remediate [NRC 2000]. It is, therefore, necessary to develop new
technologies that will enhance our ability to characterize contaminated sites, locate
underground contaminants, evaluate fate and transport processes, and remediate these

contaminated sites.

1.1 Justification

DNAPLs are hazardous substances commonly found in underground systems.
These substances affect the environment and are very harmful to human health. Persistent
underground contamination has created the need to develop cost effective technologies to
detect and monitor underground contamination. Traditional approaches for locating and
characterizing contaminated sites rely on invasive techniques which require drilling,
testing, and sampling. While these techniques provide the most direct access to the
subsurface, they are generally expensive, only provide measurements at some spatial

points, and may promote further spread of contaminants. Non-invasive techniques such



as electromagnetic and acoustic methods, offer rapid and relatively inexpensive
characterization, but may suffer lack of resolution and specificity. Improvement of these
technologies will enhance our ability to detect and monitor plumes and sources of organic
contaminants, form a better understanding of the process affecting their fate and transport
in subsurface environments, and assess remediation schemes in contaminated sites.

Cross well radar (CWR) is a new technology that may serve as a non-invasive
method with minimal soil disruption for locating and characterizing underground
contamination. It involves placing antennas into distant boreholes and emitting radar
waves from the transmitting antennas in one borehole, through soil, to receiving antennas
in other locations. The propagation characteristics of the waves depend on the materials
present under the ground surface, and their distribution, and are assessed through
electromagnetic (EM) wave reflection and transmission measurements. These
measurements should therefore reflect the composition and distribution of materials in
underground environments.

Previous work indicates that CWR technologies may be used to detect changes in
fluid distribution, including DNAPLs, in homogeneous sandy soil [Serrano 2008].
Transmission and reflection measurements indicate that the EM response is affected
when a fluid is introduced into the system. This effect is caused by changes in dielectric
properties of the bulk soil in the presence of the fluid, object, or soil heterogeneities.
Further studies are, however, necessary to evaluate frequency dependence, boundary
effects, and quantify changes in dielectric properties caused by the presence of soil
heterogeneities and contamination. The presence of DNAPLs in the underground

environments may induce changes in the electromagnetic properties of the bulk soil.



Previous efforts to estimate bulk-soil EM properties from transmission and
reflection (s-parameters) measurements using loop antennas interfaced with a Network
Analyzer in a sandy soilbed under different degrees of contamination [Serrano 2008]
have shown high variability in the results. This variability may be attributed to the
antenna's radiation characteristics and performance, energy coupling to the receiving port
around the borders of the soilbed tank, and non-ideal wave propagation characteristics

near sharp EM boundaries.

This work applies time- and frequency- domain measurements and simulations to
assess the performance of helix antennas, evaluates the effects of the testbed’s boundaries
on EM response, and redesigns testbeds for proper estimation of EM properties in soil
systems. It also implements a time-domain method to estimate EM properties of a soilbed
under different EM bulk conditions of the medium from transmission and reflection
responses. This method will lead to the development of CWR technologies to detect EM
changes caused by variable distribution of fluids with different EM properties, and
ultimately it will enhance our ability to characterize and locate underground

contamination of different EM properties.



1.2 Objectives

Design, simulate, fabricate, and test helix antenna to obtain adequate performance
of the antenna’s response in soilbeds used for assessment of CWR technologies

under different soil conditions.

e Assess the performance of the helix antennas and evaluate the effects of the

testbed’s boundaries on the wave propagation response in CWR systems.

e Evaluate helix antenna’s frequency domain experimental measurements by using

time domain measurements.

e Applies time- and frequency- domain measurements and simulations to redesigns

testbeds for proper estimation of EM properties in soil systems.

e Implements a time-domain method to estimate EM properties of a soilbed under

different EM bulk conditions.

1.3 Thesis Structure

This thesis consists of 5 chapters. This chapter (Chapter 1) introduces the problem
and addresses the objective of this work. Chapter 2 consists of literature review and
background theory of Cross Well Radar technology, electromagnetic wave propagation,
antennas, scattering parameters and the electromagnetic properties of a material. The

third chapter presents the methods for design and implementation of the testbed for



soilbed testing, and for the antenna configuration. Additionally, methods to estimate the
electromagnetic properties for soil measurements using frequency and time domain are
described. Analysis and Results of the methods performed for the modeling and
experiments are presented in Chapter 4. Conclusions and recommendations are presented

in Chapter 5.



2 LITERATURE REVIEW

2.1 Overview

Cross Well Radar (CWR) is evaluated as a potential minimally invasive
technology for detection of DNAPL pollutants in underground environments. CWR relies
on electromagnetic (EM) wave reflection and transmission (s-parameters) measurements
in underground systems. It involves placing antennas into distant boreholes and emitting
radar waves from the transmitting antennas in one borehole, through the soil, to the
receiving antennas in other locations. CWR technologies have been applied to locate
underground tunnels [Kim et al. 2009, Farid et al. 2003a], voids [Farid et al. 2003b], and
objects [Serrano et al. 2007, Takahashi et al. 2006, Rappaport et al. 1999], identify
bedrock fractures [Sato et al. 2009, Day-Lewis et al. 2003], characterize subsurface soils
[Sagnard et al. 2010], characterize lithology and hydrogeological properties [Jang et al.
2007, Kim et al. 2004], and delineate flow zones and tracer movement [Lane et al. 2003].
Previous work indicates that CWR technologies may be used to detect changes in fluid
distribution, including DNAPLs, in homogeneous sandy soil [Serrano 2008].
Transmission and reflection measurements indicate that the electromagnetic (EM)
response is affected when a fluid is introduced into the system. This effect is caused by
changes in dielectric properties of the bulk soil in the presence of fluid, object, or soil
heterogeneities. Further studies are, however, necessary to evaluate frequency

dependence, boundary effects, quantify changes in dielectric properties, and the response



of similar experiments under water saturated systems, and soil properties and

heterogeneities.

2.2 Theoretical Background
This section provides a brief theoretical background on EM concepts important
for the development of CWR technologies. These include concepts on wave propagation,

scattering parameters, antennas, and EM properties of materials.

2.2.1 Electromagnetic Wave Propagation

An electromagnetic wave is radiation of energy through free space or matter by
form of an electric and magnetic field arrangement. A transverse electromagnetic (TEM)
wave consists of the electric and magnetic field components oscillating orthogonal to
each other and to the direction of propagation (Figure 2.1). EM waves can interact with
and travel through different media at the speed of light (3x10*° cm/s in vacuum). EM
radiation can be present at different frequency ranges. Microwave radiation is a type of
EM wave which covers a range from 300 MHz to 300 GHz region of the electromagnetic

spectrum.
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Figure 2.1 lllustration of the Electromagnetic Wave Propagation.
Source: http://www.tutorvista.com.

A parallel plate waveguide is the simplest waveguide structure, and also supports
TEM wave mode (Figure 2.2). In order to preserve a TEM wave mode for the parallel
plate waveguide, the cut-off frequency (f;) of the high order propagating modes must be
determined. The first high order mode in a parallel plate waveguide is TEg;. The cut-off
frequency of this mode also indicates the largest frequency where there is only a TEM
wave mode (which has a DC cut-off). For a parallel-plate waveguide, f. depends on the
filling medium and the separation between plates (d). The cut-off frequency f. is

determined by using equation 2.1;

f.=c /(2*(d)*(urer) " 2.1

where ¢ is the speed of light (3x10™ cm/s in vacuum), and ¢ and , are the relative

permittivity and relative permeability, respectively.



Figure 2.2 lllustration of a Parallel-Plate Waveguide.
Source: http://cc.ee.ntu.edu.tw.

2.2.2 S-parameters

The scattering parameters or s-parameters are used to provide a complete
description of a network at high frequencies. At microwave frequencies the analysis of a
network relies on traveling waves which can be represented as incident voltages (Vi®)
and reflected voltages (Vi) on the input and output ports. Information of the transmitted
and the reflected electromagnetic waves are provided from the s-parameters (S;). Sjj is
defined as the ratio of the reflected voltage (Vi) from the wave traveling on port i over
the incident voltage (V) at port j. When i is equal to j, the response represents the
reflection coefficient response at that port. For different values of i and j, the response
represents the transmission coefficient of the analyzed network. Figure 2.3 shows a
diagram of a two-port network with the incident and the reflected voltages. The

underground soilbed system can be represented as a two-port network.
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Figure 2.3 Two-Port Network Representation of the S-parameters.

For a two-port network, the relation between the incident (V") and reflected (Vi)
voltages with the s-parameters is represented by equation 2.2 in the vector form and

equation 2.3 in matrix form (equation 2.3);

Vli = Sll\/i+ + 812V2Jr
V; = 821V1+ + S22V2+

V17 :|:Sll S12:| Vl+ 23
V, Sy Sy, V,

The S matrix represents the measurements of the transmitted and reflected

2.2

traveling wave along the studied medium. This S matrix is obtained using a network

analyzer.

2.2.3 Antennas

An antenna is a passive structure used as a transition device between a waveguide

and free space [Balanis 2005a]. The antenna radiates to free space the electromagnetic
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energy coming from the waveguide. Many antenna configurations have been used for
target detection using CWR in underground systems [Sagnard 2009, Serrano 2008,
Ebihara et al. 2007, Farid 2004]. Sagnard [2009] designed a bow-tie monopole antenna to
perform soil moisture measurements using borehole radar between 500 MHz to 1.5 GHz.
Wire loops have been used for detection of DNAPLs in sandy soilbeds under different
environmental conditions [Serrano 2008]. Ebihara et al. [2007] performed an analysis of
dipole antennas in cross borehole radar to ensure similarities between the simulated
models with the field experiments of the studied medium. Also, Farid [2004] used
monopoles antennas to assess potential detection of DNAPLSs.

Another antenna configuration is the helical or helix antenna (Figure 2.4). The
helical antenna was invented by John Kraus in 1946 [Kraus 1988]. This configuration is
based on a wire wounded forming a helix [Balanis 2005b, Kraus 1988]. The helix
provides the advantage to select the desired type of propagation of the electromagnetic
wave in two different modes; the axial mode and the normal mode. Another advantage of
the helix antenna is that it provides broadband characteristics in axial mode, which is

very suitable for broader frequency range analysis on the study area.



12

Figure 2.4 lllustration of a Helix Antenna Configuration.

Previous work using helix antennas was a modified counter-wound helix antenna
for land mine detection [Shivandas 2004] using Ground Penetrating Radar (GPR)
technology. This modification of the helix antenna was made to achieve a broader
bandwidth, greater than 5:1, and also obtain linear polarization.

The use of a helix antenna in a 2D EM soilbed system is suitable for soilbed
testing due to the physical design limitations imposed by the system, which are the
separation of the parallel-plate waveguide, the borehole diameter where the antenna is
inserted, and the length used to immerse the antennas into the soilbed. Also it is
considered to provide enhanced performance and lower variability for the estimates of the

EM properties for an experimental frequency range between 500 MHz and 1.5 GHz.

2.2.4 Electromagnetic Properties of a Material

The EM properties of a material in a macroscopic scale can be described using
Maxwell equations [Chen et al. 2004]. There are three parameters that determine the
spatial extent that an EM field can penetrate a material at a given frequency; the

permittivity (€), the permeability (p), and the conductivity (o). In order to determine these
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parameters, a relationship between the transmitted and reflected energy wave must be
established.

A diversity of methods have been proposed and developed to perform estimates of
the EM properties for soil measurements or material properties [Chen et al. 2004]. Chen
et al. [2004] developed methods using reflection measurements only and transmission
and reflection measurements for soil and/or material characterization. Experimental and
simulated methods for soil and/or material characterization were proposed considering
frequency and/or time domain techniques.

Several frequency domain techniques have been applied to determine EM
parameters of materials [Panzner et al. 2010, Maio et al. 2009, Hasar 2009, Gunasekaran
et al. 2008, Chung 2007, Abbas et al. 2001]. Panzner et al. [2010] applied frequency
domain to determine EM parameters of dry sand using GPR and resonances at the
microwave frequency region. Maio et al. [2009], estimated permittivities from scattering
responses using TEM waveguides. Others [Hasar 2009, Gunasekaran et al. 2008, Chung
2007, Abbas et al. 2001] have also applied waveguide techniques used to estimate the
permittivity of materials.

Time domain techniques, such as Time Domain Reflectometry (TDR), have been
very popular to estimate the dielectric properties of material and soil parameters [lgel et
al. 2011, Nakano et al. 2009, Savi et al. 2007, Robinson 2004]. Igel et al. [2011] used
TDR to measure EM properties and generate soil models for realistic Ground Penetrating
Radar (GPR) data. TDR measurements were performed using transmission lines to

determine the dielectric permittivity of homogeneous materials [Nakano et al. 2009,
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Robinson 2004]. Savi et al. [2007] studied the waveform responses of TDR’s
measurements in order to improve the estimates of the permittivity. Other time domain
techniques besides TDR were used in order to estimate the dielectric properties of a
material [Ratto et al. 2010, Will et al. 2009]. Will et al. [2009] used waveguides and
dielectric obstacles of time delay responses to determine the permittivity of materials and
soil. Ratto et al. [2010] performed GPR modeling to estimate the soil permittivity from

raw time domain data.

2.3 Effect of Underground Composition on Wave Propagation
and Characteristics

CWR has been applied for detection of target objects that exhibit significant
contrast of dielectric properties in soils [Farid et al. 2006, Farid 2004, Serrano 2008,
Serrano et al. 2007].

Serrano [2008] developed and evaluated CWR technology to detect and monitor
DNAPLSs contamination in subsurface environments under transient flow conditions. This
work involved developing and testing CWR and signal processing technologies. A
methodology was applied to detect EM changes caused by the presence of fluids with
different EM properties in a 2D flow and EM soilbed with loop antennas. The method
was validated through multi-fluid experiments in a 2D soilbed. Experiments were

conducted in dry sand, saturated sand, and dry and saturated sand with TCE. Saturation
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was accomplished by pumping distilled water at the bottom of the soilbed. For DNAPL
experiments, TCE was injected at the top center of the soilbed, below the soilbed surface.

Transmitting and receiving antennas imbedded in the soilbed were used to assess
changes on s-parameters measurements as DNAPL and other fluids entered and flow
through the system.

A method was developed to estimate the relative permittivity of bulk soil along
raypath between transmitting and receiving antennas from s-parameters measurements.
This method assumed lossless medium, and perfectly coupled and identical radiation
characteristics of the antennas. The determined estimates from water and DNAPL flow
experiments indicated that variable and temporal distribution of fluids with different EM
properties cause detectable changes in the dielectric properties of the bulk soil. It was
concluded that there was sufficient contrast between the EM properties of
uncontaminated and DNAPL contaminated soil to apply CWR for contaminant detection.
The contrast, however, depends on water content, frequency range of analysis, fluid
movement, distribution, heterogeneities, and the presence of physical and fluid interfacial
areas. The estimated values, however, showed high variability and deviated from
expected values published in the literature [Serrano 2008]. This variability may be
attributed to differences on the antenna’s characteristics and performance, energy
coupling to the receiving port around the soilbed tank, and non-ideal wave propagation
characteristics near EM boundaries. The assumptions related to lossless medium, straight
raypaths, and equal radiation properties of antennas must, therefore, be revised for more

accurate estimates.
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Certuche [2008] developed an electromagnetic model for the 2D soilbed setup
implemented by Serrano [2008] to verify the possibility of detecting DNAPLs using
CWR. Two EM simulators were used to develop the EM soilbed model: Ansoft’s HFSS
and Remcom’s XFDTD. Simulations of the developed model were done for dry sand and
saturated sand, with or without DNAPL. Different shapes were used to represent the
DNAPL pool in the simulated model, and they were placed at different locations inside
the soilbed. Certuche [2008] studied the electric field distribution and the s-parameters
for different transmitter port positions inside the soilbed at three different frequencies of
285 MHz, 515 MHz and 1.5 GHz. The results of the electric field distribution for the EM
model showed different behavior under different soil conditions (degree of saturation,
water table level) of the soilbed. The analysis of the s-parameters were performed by
using the s-parameters simulations of dry sand and saturated sand as reference and
comparing with the s-parameters simulations of dry sand with DNAPL and saturated sand
with DNAPL, respectively. The detection was possible using this comparison for both
dry and saturated sand. Certuche [2008] concluded that the detection of DNAPLSs using
CWR is possible depending on the frequency of operation, the position and amount of
ports used to have a better spatial resolution.

Serrano’s [2008] and Certuche’s [2008] work showed the understanding and the
significance which they provide to develop and accomplish the objectives for this work.
They both demonstrated significant contrasts for the CWR s-parameters response when
DNAPLs are present in sand soilbed as water content varies, the position of the antennas

changes, and the frequency changes. These contrasts in the s-parameters consequently
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contrast the EM properties estimates of the bulk soil. Both works shared that CWR could

be use as a potential technology to detect and monitor DNAPL in homogeneous soils.



3 METHODOLOGY

3.1 Overview

This chapter focuses on: development of a 2D parallel plate waveguide testbed for
soilbed testing; development of suitable helix antennas for the enhancement of the
experimental measurements of the soilbed; development of appropriate methods to
estimates the electromagnetic properties of the soilbed by using different techniques.
Simulations and experimental measurements were performed in frequency and time

domain to get a better understanding of the studied soilbed system.

3.2 Testbed Design

A soilbed was designed to the system environmental conditions for experimental
purposes. A diagram for the considered design of the new tank is shown in Figure 3.1.
This soilbed follows a similar design to the one previously used by Serrano [2008].
Considerations from these previously fabricated tanks are used to preserve similarities in
geometry dimensions, their design physical limitations, and analysis limitations.
Additional considerations were performed to enhance the experimental measurements of

the soilbed.

18
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Figure 3.1 Diagram of the Designed Tank for Soilbed Testing.

3.2.1 Design Considerations

The first consideration from the previous tank was to keep the same internal
geometry dimensions. The internal geometry dimensions represent the area of study
where the experiments were performed (soilbed medium). The selected geometry

dimensions of the tank were 28 cm wide, 60 cm high and 2.5 cm deep (Figure 3.1).
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An important consideration for the design of the new tank was how the
electromagnetic wave propagates through the soilbed. The approach was to use a
transversal electromagnetic (TEM) waveguide for wave propagation through the soilbed
in order to simplify the electromagnetic analysis of the studied soilbed. Parallel plate
waveguides were used to propagate the EM wave through the soilbed because this type of
waveguide configuration permits a TEM propagation mode. A metal mesh was
considered as a representation of the parallel plate. The purpose of using a mesh instead

of a sheet is to allow visibility of fluid flow inside the soilbed.

3.2.2 Design Limitations

The separation between the parallel mesh plates, the diameter of the boreholes
and the aperture size of the mesh plates require to be accounted for in the experimental
measurements. Table 3.1 shows a summary of the selected physical dimensions values
considered for the design of the new soilbed tank. The selected separation between the
parallel mesh plates was 2.54 cm. This separation was selected to preserve the TEM wave
propagation mode, which depends in turn of the highest frequency applied for the
experiments and the relative permittivity of the studied medium. The aperture length for
the mesh plates selected was less than a tenth of wavelength (A/10). For a frequency of
1.5 GHz, which is the largest used for the experiments, and an expected maximum
relative permittivity for saturated sand soilbed of 40 (highest considered), the largest
aperture length of the mesh used is 0.316 cm. The limitation of the separation between

the mesh plates leads to limitation of the diameter of the boreholes. The antennas will be
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introduced through boreholes to take measurements of the studied soilbed. The diameter

of the borehole was restricted to less than 1.12 cm.

Table 3.1 Summary of the Dimensions for the Designed Tank

Geometry Size (cm)
Tank Height 60
Tank Width 28
Separation Between Parallel Plates Less than 2.54
Mesh Aperture Length Less than 0.316
Boreholes Diameter Less than 1.12

3.3 Helix Antenna Modeling

The helix antenna configuration was designed using Ansoft’s High Frequency
Structure Simulator (HFSS) version 13. HFSS analyzes the electromagnetic wave
modeling of a desired 3-D structure. For frequency domain analysis, the electromagnetic
wave simulation is based on Finite Element Method (FEM). FEM is a numerical
technique used to find approximate solutions of a problem using partial differential
equations or integral equations. In a structure, FEM cuts the structure in multiple finite
elements and then reconnects them as nodes to hold the elements together and resulting in
a set of simultaneous equations [de Weck 2004]. Then, the simultaneous equations are
solved for the parameters of choice. For HFSS, the simulations solve the electromagnetic

fields.
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The model was performed in HFSS using different geometries. By creating and
combining different shapes, a desired structure was build. Each built structure was then
assigned a property (e.g., waveport excitation, dielectric material, perfect electrical
conductor boundary, or air radiation boundary) in order to define a physical interpretation
or a particular characteristic of the structure for the simulations. After the model was
implemented, the type of analysis was configured. Simulations then were performed and
the results were obtained. The analysis of these results was performed using tables, plots
or other tools such as Matlab (software used for high level computing to perform

numerous of tasks) using the exported data.

3.3.1 Antenna Design

The helix antenna was implemented using a copper strip, a delrin rod (,=1.7) to
support the copper strip, and a SMA connector. The cylinder length (L) and the diameter
(D) were design limitations established in the simulations, based on the required physical

limitations to be used for the experiments of the constructed testbed (Table 3.2).

Table 3.2 Helix Antenna Design Physical Limitations

Antenna Geometry Dimension (cm)

Diameter Less than 1.12

Length Less than 4
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3.3.2 Soilbed Model

The soilbed model used to design the helix antenna consists of a two parallel-
plates waveguides with properties set as a perfect electrical conductor (PEC). Inside the
waveguide, a box was placed representing the soil medium. The soil medium properties
assigned in the model were the relative permittivity, the relative permeability, and the
electrical conductivity. The values of the assigned properties were obtained from
previous experimental properties [Serrano 2008]. Table 3.3 shows the assigned values of
different soil properties used for the simulations. A box at the top and bottom of the
soilbed was placed to represent air radiation boundaries. Air radiation boundaries cause
energy flux of the electromagnetic wave through the soilbed and outside of the testbed.

An illustration of the soilbed model used is shown in Figure 3.2.

Table 3.3 Assigned EM Properties used to Model the Helix Antenna

Type of Material Relative Permittivity Electrical Conductivity
Dry Sand 4 10™
Saturated Sand 40 107

Distilled Water 81 10*
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Figure 3.2 Diagram of the Simulated Soilbed Model in HFSS.

The excitation port used as the input for the helix antennas is of type waveport.
The waveport consists of a 2D object where it arranges the orientation of the electric field
of the applied signal. The shape of the 2D object used to represent the waveport was a
circle with a small hole in the center of it and the direction of the applied electric field
was represented as a small red vector (Figure 3.3). To fulfilled the appropriate applied
excitation, input parameters such as the deembed distance, the number of propagation
modes and renormalize of the simulated results were provided (Figure 3.4). The deembed
distance is the distance between the point where the excitation was placed physically and
the point where actually the simulation was performed and the simulated results were
obtained. The number of propagation modes represents the number of EM wave modes to
be applied to the system. TEM wave propagation was the only applied mode used for the
simulations. Renormalize is an option to decide if the simulated results will be provided

with the full-impedance of the system or normalized results will be provided after the
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simulation was performed. The simulated results were renormalized to 50 Ohm

impedance because it represents the impedance of the simulated model.
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Figure 3.3 Waveport Used to Feed the Soilbed Model in HFSS.
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Figure 3.4 Input Parameters of the Assigned Excitation Used to
Feed the Soilbed Model in HFSS.

3.3.3 S-parameters Preliminary Results of the Simulated Model for
Different Assigned EM Properties

The s-parameters for the helix antenna were simulated inside the soilbed model to
take into account the effects of the waveguide in the antenna impedance and the
generated fields. The simulated results of the helix antenna response were obtained for
the soilbed model under different assigned EM properties for a desired frequency range.
The return loss (S11) and the insertion loss (S,1) represent the s-parameters results of the
simulated model. The return loss represents the helix antenna response for the assigned
medium (Figure 3.5). This response shows the performance of the antenna at the assigned
medium over the desired frequency range. In order to achieve a good performance in the
antenna, the return loss for a desired frequency range must be less than -6 dB. This

represents at least 67% percent of the input power distributed from the antenna to radiate
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enough EM energy through the soilbed. The insertion loss represents the soilbed response

for the assigned EM property over the desired frequency range (Figure 3.6).
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Figure 3.5 Simulated Return Loss for the Helix Antenna in
Dry Sand Soilbed.
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Figure 3.6 Simulated Insertion Loss for the Helix Antenna in
Dry Sand Soilbed.

3.4 Helix Antenna Fabrication and Soilbed Setup

The helix antennas were fabricated and tested in a soilbed built with the same
specifications as the designed tank (Figure 3.1). The corresponding dimensions of the
fabricated helix antennas were selected from the s-parameters results of dry sand soilbed
model, which provided the best performance. The tank was built to allow measurements
of s-parameters in air and dry sand, with the antennas placed at different heights
throughout the setup. Air medium experiments, were conducted by making measurements
in an empty (air-filled) tank. For dry sand experiments, the tank was filled and packed

with dry sand soil from Isabela, P.R.
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3.4.1 Antenna Fabrication

The helix antennas shown in Figure 3.7 were fabricated using delrin rods, copper
strip, and SMA connectors. The delrin rods (4 cm long, 0.64 cm of diameter and a
relative permittivity (e,=1.7)) were used to support the helix antenna structure. The helix
form was made using a copper strip and a 50 ohm SMA connector (Mouser Electronics)
was placed at one end of the antennas to establish a connection with the equipment to

take the s-parameters measurements.

Figure 3.7 Fabricated Helix Antennas Made With Delrin Rod,
Copper Strip, and SMA Connectors.
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3.4.2 Tank Construction

The constructed tank for soilbed testing is shown in Figure 3.8. The dimensions of
the constructed tank were identical to the designed tank (30 cm wide, 60 cm high, and
2.54 cm deep). The tank was constructed with plexiglass sheets. A stainless steel mesh
was placed on each face inside the tank to create a parallel plate waveguide with TEM
wave mode behavior as the wave travels through the soilbed. The aperture length of the
mesh plates is 0.24 cm, which is less than the largest permitted. Also a protective well-
casing was placed at each borehole where the antennas are inserted to take the
measurements of the studied soilbed. This protective well-casing protects the antennas
from physical contact with the soil, and avoids soil disturbances. Boreholes were placed
along each panel tank at 11.25 cm, 20 cm, 28.75 cm, 37.5 cm, and 46.25 cm from the
bottom of the tank (Figure 3.8). The mesh plates were glued at the faces of the plexiglass.
This ensures the plates stay flat when the soil is packed in the tank. The constructed tank
was used air-filled (empty) for air experiments, and packed with dry sand at a density of

1.6 g/cm>for the soil experiments.



31

Figure 3.8 Constructed Tank for Soilbed Testing Packed
With Dry Sand Soil.

3.5 Experimental Measurements

Experimental measurements were performed using the designed helix antenna
configuration and the constructed tank for soilbed testing. The measurements were taken
using a vector network analyzer model ENA 5071C from Agilent Technologies (Figure
3.9). This network analyzer provides the option to take measurements in frequency and
time domain. Measurements using this instrument can be taken from 100 kHz to 4.5 GHz,
the system dynamic range is better than 100 dB, and the maximum applied input power is
10 dBm. The input power applied to take the measurements was 1 mW (0 dBm) which is

enough to radiate energy from the transmitting antenna, spread through the soilbed, and



32

detect enough energy at the receiving antenna. Calibration measurements were performed
before the experiments to eliminate undesired effects caused by addition of external
coaxial lines, and by the network analyzer. The calibration was performed using different
types of loads (short circuit, open circuit, and broadband 50 Ohms load) from Agilent’s
calibration kit set 50033. The selected frequency range for calibration was between 500
MHz to 1.5 GHz with a total of 801 frequency points. By calibrating the network

analyzer, appropriate measurements of the soilbed using the helix antennas are obtained.

Figure 3.9 Agilent’s Vector Network Analyzer Model ENA 5071C.

The antennas were placed inside a protective well casing pipe (Figure 3.10)
pointing directly one to the other with a separation of 19.8 cm. S-parameters
measurements were taken with antennas located at different height locations (11.25 cm,
20 cm, 28.75 cm, 37.5 cm, and 46.25 cm from the bottom of the tank), but keeping the

same separation between them.
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Figure 3.10 Protective Well-Casing Pipe.

3.5.1 Frequency Domain Measurements

S-parameters measurements were taken at the same frequency range selected for
calibration of the network analyzer (500 MHz- 1.5 GHz). Both return loss (Si;) and
insertion loss (Sz1) measurements in frequency domain were taken for air medium and
dry sand soilbeds at middle borehole location of the testbed. An illustration of S1; and Sy,

measurements are shown in Figures 3.11and 3.12, respectively.



AR
o
]

KR
[6)]
|

N}
o
I

w
o]
I

&
a1
T

A
o
T

A
a
T

-50

Insertion Loss (dB)

Return Loss (dB)
N
(€]
I

r

r

r r r

r

r

0.5

0.6

0.7

0.8

0.9 1 1.1
Frequency (Hz)

1.2

13

1.4

15
9

x 10

Figure 3.11 Return Loss Measurements of Dry Sand Soilbed
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3.5.2 Time Domain Measurements

Time domain measurements represent a transformation of the s-parameters
measurements using Fourier transforms. By using time domain measurements, a detail of
the EM wave propagated through the medium is obtained. The advantage of using time
domain measurements is the ability to create time windows where undesirable effects
present in the reflection and transmission measurements of the soilbed can be eliminated.
This option is called gating. Time domain measurements were taken considering the
same calibration method used as for frequency domain. Reflection and transmission
measurements of the EM wave propagated through the soilbed were performed for a time
of 10 ns. Time domain measurements were performed for air medium. Preliminary
reflection and transmission measurements are illustrated in Figures 3.13 and 3.14,

respectively.
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Figure 3.13 Measured Reflection Response of Air Medium Testbed
Using Helix Antennas.
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3.6 Boundary Conditions Experiments Using Metal Plates

To assess the potential effects of boundary conditions, metal plates (Figure 3.15)
were placed over the top of the testbed (Figure 3.16), and beyond the horizontal (Figure
3.17) and vertical (Figure 3.18) extent of the tank. Time domain measurements were
taken in an air medium for a period of 10 ns. The constructed testbed (30 cm wide, 60 cm
high, and 2.54 cm deep) was used for these experiments. The helix antennas were placed
at different borehole locations (Figure 3.19) and pointing directly one to the other. The
reflected response and transmitted response were analyzed to assess these potential

effects.

Figure 3.15 Metal Plates Placed on the Testbed for
Boundary Conditions Experiments.
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Figure 3.16 lllustration of the Constructed Testbed With a Metal Plate Placed at
Top of the Testbed Used for the S-parameters Measurements.

- .
N

Figure 3.17 lllustration of the Constructed 7Testbed With Horizontal Metal Plates
Placed at the Faces of the Mesh Plates of the Testbed Used for the S-parameters
Measurements.



Figure 3.18 lllustration of the Constructed Testbed With Vertical Metal Plates
Placed at the Faces of the Mesh Plates of the Testbed Used for the S-parameters
Measurements.
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Figure 3.19 Borehole Locations of the Testbed Where the Helix Antennas Were
Placed for the Time Domain Experiments.

3.7 Estimation of the Electromagnetic Properties using
Frequency Domain Measurements

Previous estimates of the EM properties from frequency domain s-parameters
measurements [Serrano 2008] of sandy soilbed have shown uncertain results [Toro et al.
2011]. In order to achieve good estimates of the EM properties from frequency domain
measurements, three different techniques were performed. Two of the three techniques

use the raw s-parameters measurements taken directly to perform the estimates of the EM
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properties. The other method incorporates the antenna effect for the raw s-parameters

measurements in order to obtain the s-parameters which correspond to the soil medium.

3.7.1 Transmission and Reflection Equations for Lossy Media

Previous estimates of the EM properties for sandy soilbed system under different
conditions were performed using the equations of the transmission coefficient and
reflection coefficient for a lossless media [Serrano 2008]. This means that there was no
energy loss from the transmitter antenna to the receiver antenna. Since the s-parameters
measurements were performed for the soilbed under different conditions (dry and wet),
losses on the media are likely to be present. The equations considered for the estimates of
the EM properties were developed by Nicolson [1970]. The reflection coefficient (I') and

transmission coefficient (T) equations used for lossy media are;

I'= (no/ EC)UZ' (po/ 50)1/2)/ ((uef Sc)m"‘ (pof 30)1/2) 3.1

where ¢ is the complex permeability, & iS the complex permittivity, p, is the
permeability at free space (4nx10” H/m) and &, is the permittivity at free space (8.85x10

2 F/m).

T=g P 3.2

where a is the attenuation constant, B is the phase constant, and d is the separation

between the transmitter antenna and the receiver antenna. o and P are defined as;
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a=2nf(pie)" (0.5%(1+(o/2nfe)?)" -1) 23

where f is the operating frequency, ¢ is the medium electrical conductivity, p, is the

relative permeability and & is the relative permittivity.

p=2af(n, sr)mlc 3.4

where c is the speed at free space (3x10'° cm/s).

For these experiments, the media used were air and sandy soil. Both mediums are
non-magnetic and can be concluded that the p, is equal to unity. The s-parameters (Si1,
and S;) measurements taken correspond to the reflection and transmission coefficients

respectively. This means;
811= T 3.5
Su=T 3.6

Equations 3.2 and 3.6 were used to determine the EM properties (g, and o).

Equations 3.2 and 3.6 were combined and then solved for &, and c. This lead to;

&=(phase(Sz1)*c/ 2nfd)? 3.7

o=(2nfe,,/d)*((2(-In(magnitude(S,1))*c/2afd(e,) ) >+1)%-1)"2 3.8

3.7.2 EM Properties Estimates using Two Frequency Points
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Estimates of the EM properties of the soilbed were considered by using equation
3.7 with two different frequency points. To estimate the relative permittivity using two
frequency points, two phase values of the transmission response were selected at two
different frequencies. To avoid overestimation of the relative permittivity, it is
recommended to select the two close frequencies, since the phase is expected to change

slowly for small changes in frequency. A modification of equation 3.7 leads to;

e=((phase(Sar.)- phase(Sar))*e/ 2m(fo-f1)*d)? 3.9

where f; is the first frequency selected, f, is the nearest frequency value of f;, Syi¢; is the

insertion loss at f; and S,y is the insertion loss at f5.

3.7.3 Channel Transfer Function Method

The Channel Transfer Function (CTF) method is a technique used to eliminate the
antenna effects present of the s-parameters measurements [Farid 2004]. By removing the
antenna effects from the s-parameters measurements, the newly computed s-parameters
are expected to only represent the soil medium parameters. This newly s-parameters are
applied to estimates the EM properties of the soilbed. In order to determine the CTF
matrix, the s-parameters matrix in a single two-port network (equation 3.10) is rearranged

to yield a system of cascade matrices (equation 3.11):

Vv
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where [S]totl, [S]T . [Clsoi, [S]r represents the equivalent s-parameters matrices of the
measurements, the transmitting antenna characteristics, the soilbed, and the receiving
antenna characteristics, respectively on the cascade matrices. [Clsoi. represent the
corrected s-parameters for antenna’s effects, and are subsequently applied for the

estimation of the EM properties using equations 3.7 and 3.8.

3.8 Time Domain Modeling

A simulated soilbed model was developed to study the behavior of the
electromagnetic wave propagation through an assigned medium using HFSS’s transient
network analysis option. The transient network analysis is based on Discontinuous
Galerkin Time Domain (DGTD). DGTD analysis gives a full understanding of the EM
characteristics of the simulated model over a time period. The soilbed model used for the
transient analysis is the same used for the design of the helix antenna and for the soilbed
studied in frequency domain (Figure 3.20). The input signal is a broadband waveform
between 500 MHz to 1.5 GHz (Figure 3.21).

The simulated results of the soilbed model were used to estimate the EM
properties of the studied medium. The resulted reflected and transmitted response of the

transient EM wave is obtained, and the EM properties for the model are estimated. The
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simulations performed were for different assigned EM properties (Table 3.4). For time

domain simulations, the relative permittivity was the only EM property of interest.

Figure 3.20 Simulated Testbed Model Used for Transient Network Analysis.
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Figure 3.21 Input Signal Used for Transient Network Analysis of the
Simulated Testbed Model.

Table 3.4 Assigned Relative Permittivity of the Simulated

Testbed Model Using Transient Network Analysis

Type of material

Assigned Relative Permittivity

Air Medium
Dry Sand
Test Property #1
Test Property #2

1

4
10
20
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3.9 Estimation of Electromagnetic Properties in Time Domain

Estimates of the relative permittivity were performed from the reflected and
transmitted response of the transient analysis for the simulated soilbed model. To
determine the relative permittivity from time domain measurements a relationship
between the relative permittivity with the reflected and transmitted signal response must
be established. The following equations (equations 3.12 and 3.13) were used to relate the

reflected and transmission response with the relative permittivity.

Tr:(2dr\/8r1)/c 312

where T, is the time of return or the reflected response time, d, is the distance from the
excitation point to the end of the antenna, € is the relative permittivity of the material

which the signal travels through (i.e., coaxial line dielectric, antenna dielectric) and c is

the speed of light

T=(der)/c; 3.13

where Tt is the time of arrival from the transmitter antenna to the receiving antenna or the
transmission response time, d; is the separation between antennas, and &, is the relative
permittivity of the studied medium.

The reflected signal includes multiple reflections caused by different elements on the
testbed. Such elements are the antenna, the transmission line, boundaries, and also the

studied medium. For this analysis, the antenna reflected response is the primary element
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and the coaxial transmission lines are secondary (if present). The time of return for the
simulated model accounts for the input signal which requires subtracting it to obtain the
reflected response of the testbed. The result is a shift in time of the simulated reflection

response.

The time of arrival or the transmitted signal is used to estimate the relative
permittivity. The transmitted signal includes the input signal and the reflected signal. The
reflection response must be, therefore, substracted from the transmission response to
obtain the travel time in the studied medium. The separation between antennas is fixed
(di=19.4 cm) for the simulated model using different EM properties. Using equations 3.12

and 3.13 to solve for the relative permittivity of the medium gives;

&= [(TeT)*c/dy)? 3.14

Since both T, and T; require the subtraction of the input signal time, it is not
necessary to perform the input signal time subtraction because they will cancel out
automatically in equation 3.14.

The selection of T; and T, take place from the transmitted and reflected response of
the simulated model, respectively. The first peak of the transmission response is selected
as T (Figure 3.22). In Figure 3.22 the value of T; selected is marked as ml. For the
analyzed simulated models, the first peak is usually very small since the intensity of the
direct path is small compared to the entire energy inside the testbed. The selection of the
appropriate value of T, for the analysis come in reference from the input signal waveform

(Figure 3.21). Using the simulated reflected response, a waveform with a delay time
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similar to the input signal is obtained. The first peak of that delayed time waveform is
considered as T, and marked as m4 (Figure 3.23). The expected reflected and
transmission response results using transient analysis for the soilbed model are illustrated

in Figures 3.24 and 3.25, respectively.
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Figure 3.22 Transmission Response and Variable Selection for the Simulated
Model Using Transient Network Analysis.
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Figure 3.23 Reflection Response and Variable Selection for the Simulated Model
Using Transient Network Analysis.
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Figure 3.24 Reflection Response for the Simulated Model of
Air Medium Testbed.
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4 ANALYSIS AND RESULTS

4.1 Overview

This chapter discusses the results for the estimates of the relative permittivity using
different frequency and time domain methods from s-parameters measurements. Relative
permittivities were estimated using: transmission and reflection equations for lossy
media; two frequency points; the channel transfer function method; the phase component
of the transmission response; a modified phase-shift; and time domain methods.
Experimental measurements and simulated results for the designed helix antennas for
different EM properties and boundary conditions are presented and discussed. Analysis of

the results leads to a new design of the soilbed for CWR measurements.

4.2 Estimation of the EM Properties

Estimates of EM properties of sand soilbed under different environmental
conditions were performed using previous s- parameters measurements taken by Serrano
[Serrano 2008]. Measurements of dry sand, dry sand with trichloroethylene (TCE, a
DNAPL), wet sand, and wet sand with TCE were used to estimate the EM properties. The
estimates were performed for a frequency range from 1 GHz to 2 GHz. The numerical
analysis for the three techniques used to estimate the EM properties was performed with a

MATLAB code.

52
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4.2.1 Estimates Using Transmission and Reflection Equations for Lossy

Media

Estimates of the relative permittivity were performed using equation 3.7. Three
different frequencies were selected for analysis. Table 4.1 shows the estimates of the
relative permittivity at three different frequencies and for different dry sand soilbed
measurements. The results using the three analyzed frequencies show that all the
estimated values of the relative permittivity are below unity. Incorrect estimates for
relative permittivities (which should never be less than one) can result from inaccurate s-

parameters measurements, antenna effects, and/or boundary effects of the tank.

4.2.2 Estimates of the EM Properties Using Two Frequency Points

Estimates of the relative permittivity for the measurements made by Serrano
[2008] were also performed by using equation 3.7 at three different frequencies. Since
this method requires two frequency points per estimate, the second frequency point
corresponds to the value right after the first selected frequency point. The summary for
the resulting estimates of the relative permittivity is shown on table 4.2. These results of
the relative permittivity show a lot of discrepancies compared to the results in table 4.1.
Most of the values obtained were over unity but there were overestimated due to a large
phase difference between the two selected frequency points. On the other hand, there are
some estimated values that are below unity leading to inaccurate results. This error was

initially attributed to a very small phase difference.



Table 4.1 Relative Permittivity Estimates Using the Equations on Lossy Media

54

S-parameter

Raypath 1GHz 1.5 GHz 2 GHz
Ss1 0.092 0.036 0.0045
Se1 0.081 0.034 0.0014
Sn 0.054 0.016 0.0029
Se1 0.071 0.014 0.00062
Ss2 0.015 0.0037 0.0015
Se2 0.058 0.0012 0.012
S7» 0.00052 0.045 0.0013
Se2 0.034 0.016 0.0071
Ss3 0.00061 0.00012 0.00018
Se3 0.014 0.049 0.0086
S73 0.028 0.00093 0.011
Se3 0.035 0.039 0.012
Ss4 0.00012 0.0061 0.0023
Sea 0.0097 0.011 0.021
S 0.0019 0.046 0.0025
Sea 0.00072 0.012 0.0016



Table 4.2 Estimates of the Relative Permittivity using Two Frequencies Points

S-parameter

1 GHz 1.5GHz 2 GHz
Raypath

Ss1 4.87 86.24 71.52
Se1 0.24 113.76 166.37
Sn 63.41 150.84 4.79
Ss1 91.91 223.98 2.27
Ss2 13.01 18.25 59.46
Se2 53.59 16.43 114.69
S7» 21.37 133.87 3.84
Ss2 45.27 277.30 126.07
Ss3 3.31 72.84 17.54
Se3 57.46 106.63 59.24
Sz 130.61 0.29 12.37
Ss3 84.49 0.45 61.61
Ss4 17.93 82.99 125.76
Se4 25.57 163.14 159.53
S 44.92 75.03 0.15

Sas 85.43 70.04 121.59
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4.2.3 Estimates of the EM Properties Using Channel Transfer Function

Method

The previous applied methods yielded inaccurate results in the estimates of the
EM properties. These inaccurate could be caused, among other things, by antenna’s effect.
The channel transfer function (CTF) was applied to the s-parameters measurements taken
by Serrano [2008] to eliminate this effect. In this method, the CTF is applied to s-
parameters measurements to obtain corrected measurements which represent the studied
soilbed. After the corrections were made, estimates of the EM properties were performed
using equation 3.7. The resulting estimates of the relative permittivity (Table 4.3)
continue to yield relative permittivity values below unity in most cases even thought this
analysis was supposed to improve the estimates due to the removal of the antenna effects
of the raw s-parameters measurements. This suggests that other effects are causing the

discrepancies in the estimates.
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Table 4.3 Estimates of the Relative Permittivity Using Channel Transfer Function

S-

parameter 1 GHz 1.5 GHz 2 GHz
Raypath

Ss1 0.061 0.030 0.51
Se1 0.16 0.041 0.31
Sn 0.17 0.26 0.13
Ss1 0.18 0.24 0.11
Ss2 0.64 0.36 0.23
Se2 0.86 0.24 0.31
Sz 0.63 0.022 0.37
Ss2 0.43 0.43 0.32
Ss3 1.11 0.22 0.32
Se3 2.42 0.23 0.37
S 1.71 0.88 0.60
Se3 1.86 0.45 0.44
Ss4 0.010 0.098 0.027
Se4 0.39 0.55 0.041
S 0.37 0.60 0.17
Sa4 0.46 0.75 0.066

4.2.4 Analysis in the Phase Component of the Transmission Response

A theoretical analysis of the transmission coefficient equation (3.2) was
performed to understand the behavior of its response. A transmission coefficient value
was determined by considering a specific distance and an assigned EM property in the L-

band frequency range (1 GHz- 2 GHz). The distance used was 26 cm, which corresponds
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to the distance from the transmitter antenna to the receiver antenna in straight path used
to take the measurements of the s-parameters. The obtained result of the calculated
transmission coefficient was very different compared to s-parameters measurements
already taken. This difference could be due to antenna effects and/or the boundary effect
present in the testbed. Although the antennas were constructed very similar, the response
was not identical. This leads to obtain different s-parameters measurements over the
entire frequency range. An estimate of the EM properties was performed using the
calculated transmission coefficient and equation 3.7. This analysis was performed to
make sure that equation 3.7 was solved correctly and also to that the first analysis were
asserted. The estimated values of the EM properties were still below the unity, which
required a much more careful analysis on the transmission coefficient equation.

The transmission coefficient equation (3.2) used to estimates the EM properties
from the s-parameters measurements represents a complex exponential equation which is
composed of the trigonometric functions sine and cosine demonstrated by Euler Rule

(Equation 4.1).

T=e @IB= g (cos(Bd)-j sin(pd)) 4.1

Because the derived values for sine and cosine functions exists between 0 and 360
degrees in the unitary circle, the values obtained for angles greater than 360 must be the
same as the ones that correspond to the values between 0 and 360 degrees with the only
difference that they count the times a phase shift over 360 degrees occurs. For example;

a) co0s(45 degrees)=0.707
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b) cos(405 degrees)= cos(360 degrees + 45 degrees)= 0.707 (one 360 degree

phase shift)

The 360 degrees phase shift is integrated on the trigonometric function which leads to
deduce that for a given value obtained from a trigonometric function the times a 360
degrees phase shift occurs will be unknown. The relative permittivity is determined from
the electrical length (Bd). The electrical length is the argument of the trigonometric
function and also is the factor that causes the erroneous permittivity values. The issue is
part by the sine and cosine functions because the maximum phase value obtained by
determining the inverse of these functions is 2z leading to a 360 degrees phase shift lost
in the argument. As an example Bd is determined, the cosine function is applied to fd and
then the cosine inverse function is determined. For example,
Given the Values
f=1 GHz, &= 3, =1, and d= 26 cm.
Electrical Length Calculation
Bd = 2af(we)2dlc = (2n(1x10°%)(26x1072)(3)*2)/(3x10°%)
= 9.4318 radians = 540.40 degrees (original value)
Applying the Cosine Function
cos(540.40degrees)=-0.9999
Applying Cosine Inverse Function
cos*(-0.9999)= 179.19 degrees (Value obtained after applying cosine

inverse)
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Analyzing the original value with the value obtained after applying cosine

inverse;

540.40-179.19= 361.21 degrees

After comparing the original value with the value obtained using the cosine
inverse there’s no doubt that a 360 degrees phase shift was not integrated in the
calculation. This result produces incorrect estimates of the EM. By calculating the
relative permittivity using the phase value obtained after applying inverse cosine;

Given the Values

Bd=179.19 degrees, d=26 cm, f=1 GHz, u=1

Estimation of the relative permittivity

&= (((Bd)*c)/(2nf*d*))™*(1/ur)

= ((179.19*n*3x10%)/(180*21*1x10°*26x107%))%= 0.33

The result demonstrates a value for the relative permittivity less than unity caused
by a single 360 degrees phase shift lost. To determine the actual relative permittivity
value, the times 360 degree phase shifts occur must be known. A modified phase shift

from equation 3.7 was developed in order to determine the EM properties.

4.2.5 Estimates of the Relative Permittivity using a Modified Phase Shift
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The phase component of the transmission coefficient is proportional to the EM
properties. A plot of the phase of the transmission coefficient, or the insertion loss (Sz1),
is produced to analyze the phase behavior. A plot of the phase component of the
transmission coefficient for a wave that traveled 26 cm through dry sand is illustrated in
Figure 4.1. From the response, note that the phase shows multiple 360 degrees phase

shifts over the desired frequency range (1 GHz- 2 GHz).
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Figure 4.1 Phase Component of the Measured Transmission
Response for Dry Sand Soilbed.
From equation 3.7 and using Figure 4.1, the relative permittivity could be determined.
Since the phase component value corresponds to a specific frequency, it is possible to go

through 360 degrees phase shift on a particular frequency range. This means that
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&=(A0*c/ 2nAf d)?, 4.2

where A0 is the phase difference and Af is the frequency range where the phase
difference occurs. From Figure 4.1, a 360 degrees (2m) phase shift occurs for a frequency

range of 150 MHz and

e=(2n*c/ 2m(150x10%)d)?.

With a distance of 26 cm from the transmitter to the receiver antenna, the resulting
relative permittivity (g;) for this plot is 59.17, which overestimates the relative
permittivity. From the phase component response it is appreciated that the distance
traveled by the EM wave is integrated n times over a 360 degrees phase shift in the 1
GHz analyzed range. The phase response gives a specific phase value for a corresponding
frequency value. However, there is a relationship between the phase and the frequency
which includes the distance implicitly. Considering a phase shift (Ad) over a frequency

range (Af) in equation 4.2, it becomes

Ad=2mAf(e) /e 4.3
For this case, the d is incorporated into Ad. From Figure 4.1, a certain number of times a
360 degrees phase shift occurs over the 1 GHz frequency range. With this idea, we can

deduce that n times a 360 degrees phase shift occurs over a desired frequency range;

2nn=2nAf(e,)"%/c 4.4
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Then by solving equation 4.4 for g, we can determine the relative permittivity of the

studied medium as;

e=((n*c)/ Af)? 45

Equation 4.5 gives the relationship between the relative permittivity for a given number
of 360 degrees phase shift over a corresponding frequency range.

Estimates of the relative permittivity were performed using equation 4.5 from s-
parameters measurements (taken by Serrano [2008]) of sandy soilbed under different
environmental conditions. Two identical tanks were constructed and used for sandy
soilbed testing. In one of the soilbeds, dry sand conditions measurements were performed
while the other tank was used to perform saturated sand conditions measurements. Plots
of the phase component of the transmission coefficient measurements are illustrated in

Figures 4.2-4.9. By using the plot of the phase component, n and Af were determined.
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Estimates of the relative permittivity for dry sand from s-parameters
measurements of the dry sand soilbed are shown in tables 4.4 and 4.5. The estimates
show pretty good numbers close to the theoretical values (between 2 and 4). The total
average over the 16 ray paths for the relative permittivity is 4.38 and the straight path
average is 3.95 for the forward transmission while 3.77 for the reverse transmission. The
ray paths with the longest distance between the transmitter and the receiver provide the
highest numbers on the relative permittivity, causing a large number in the total average
compared to the straight path average. For dry conditions after 50 minutes of TCE
injected in sandy soilbed, the relative permittivity average increases from 4.38 to 6.12
(Table 4.6). The straight path average for this condition increases from 3.9 to 4.81, which

are a little bit higher under this condition compared to dry sand without TCE.
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Table 4.4 Estimates of the Relative Permittivity for Dry Sand Soilbed Measurements

Forward
Transmission # of 360 degrees Af Er
Response Raypath phase shifts
Ss1 6 960 MHz 3.52
Se1 4 520 MHz 5.32
Si 3 350 MHz 6.61
Ss1 2 320 MHz 3.52
Se) 6 980 MHz 3.37
Se2 5 740 MHz 411
S7 4 630 MHz 3.63
Ss» 5 700 MHz 4.59
Ss3 5 700 MHz 4.59
Se3 3 490 MHz 3.37
S73 6 950 MHz 3.59
Sa3 7 1 GHz 411
Ss4 7 800 MHz 6.89
Sea 5 720 MHz 4.34
S 5 780 MHz 3.70
Seas 6 940 MHz 4.59



Table 4.5 Estimates of the Relative Permittivity for Dry Sand Soilbed
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Measurements
Reverse
o # of 360 degrees
Transmission ] Af &r
phase shift
Response Raypath

Sis 6 960 MHz 3.52
Sas 6 970 MHz 3.44
S35 5 700 MHz 4.59
845 8 920 MHz 6.81
Si6 3 420 MHz 4.59
S 5 720 MHz 4.34
836 4 610 MHz 3.87
Su6 5 710 MHz 4.46
S17 3 350 MHz 6.61
S27 3 450 MHz 4
Sa7 6 970 MHz 3.44
Sa7 5 800 MHz 3.52
Sis 2 300 MHz 4
S2s 5 710 MHz 4.46
S3s 6 840 MHz 4.59
Sus 5 770 MHz 3.79



Table 4.6 Estimates of the Relative Permittivity of Dry Sand Soilbed

Measurements with TCE Injected for 50 Minutes
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Forward
o # of 360
Transmission
degrees phase Af &r
Response )
shifts

Raypath
Ss1 4 600 MHz 4
Sso 5 700 MHz 4.59
Ss3 6 680 MHz 7.01
Ss4 3 320 MHz 7.91
Se1 2 250 MHz 5.76
Se2 5 530 MHz 8.01
Se3 10 900 MHz 11.11
Se4 4 420 MHz 8.16
St 5 660 MHz 5.17
S 4 510 MHz 5.54
S73 4 660 MHz 3.31
874 5 660 MHz 5.17
Ss1 7 800 MHz 6.89
832 5 600 MHz 6.25
Ss3 5 660 MHz 5.17
Sss 5 760 MHz 3.89

Estimates for the saturated sand soilbed were performed and their results showed

an interesting perspective. Dry sand measurements were used as reference (Table 4.7).
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The results were very similar to the previous analyzed estimates of dry sand in the other
tank. The total average in this condition is 4.41 and the straight ray path average is 3.74.
After completely saturating wetting the sand by pumping distilled water at the bottom of
the soilbed, the relative permittivity increases from 4.41 obtained on dry sand to 8.16.
The straight path average increased from 3.74 to 7.32 (Table 4.8). TCE then was applied
to the wet sand (Table 4.9), the relative permittivity increase just a little bit from 8.16 to
8.60, while the straight path average decrease very slow from 7.32 to 7.14.

The small difference in the obtained value for the estimates of the relative
permittivity under dry sand with TCE, saturated sand only, and saturated sand with TCE
could be due to the limitation of the selected frequency range to determine a 360 degrees
phase shift. Compared to dry sand condition, the selected frequency range values were
much less. The disadvantage of selecting different frequency range values leads to great
uncertainty when considering the estimates of the relative permittivity values. The
limitation in the selection of the frequency range values is illustrated in the phase

component of the transmission response from Figures 4.4 to 4.9.



Table 4.7 Estimates of the Relative Permittivity for Dry Sand Soilbed

Measurements (Saturated Sand Background)

73

Forward
Transmission # of 360 degrees
] ASf &r

Response phase shifts

Raypapth
Ss1 6 960 MHz 3.52
Sso 6 960 MHz 3.52
Ss3 6 800 MHz 5.06
Ssy 7 820 MHz 6.56
Se1 6 860 MHz 4.38
Se2 5 740 MHz 410
863 4 660 MHz 3.31
Se4 5 740 MHz 410
S 4 470 MHz 6.52
S 4 630 MHz 3.63
S3 6 950 MHz 3.59
874 5 780 MHz 3.70
Ss1 5 600 MHz 6.25
Ss» 5 730 MHz 4.22
Saa 7 1 GHz 4.41
Sss 6 930 MHz 3.75



Table 4.8 Estimates of the Relative Permittivity for Saturated Sand Soilbed

Measurements
Forward # of 360
Transmission degrees
Af &r

Response phase

Raypath shifts
Ss1 5 610 MHz 6.05
Ss2 3 300 MHz 9
Ss3 3 320 MHz 7.91
854 4 400 MHz 9
Se1 4 460 MHz 6.81
Se2 6 710 MHz 6.43
863 4 400 MHz 9
Se4 5 520 MHz 8.32
Sn 2 180 MHz 11.11
Sz 3 300 MHz 9
Sz 6 630 MHz 8.16
874 5 560 MHz 7.17
Sa1 4 350 MHz 11.76
832 3 380 MHz 5.61
Se3 5 590 MHz 6.46
Sg4 5 510 MHz 8.65
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Table 4.9 Estimates of the Relative Permittivity for Saturated Sand Soilbed

Measurements with TCE Injected for 45 Minutes

Forward # of 360
Transmission degrees Af &r
Response Raypath  phase shifts

Ss1 6 780 MHz 5.33
Se1 3 280 MHz 10.33
Sn 4 360 MHz 11.11
Sg1 1 100 MHz 9
Ss2 1 100 MHz 9
Se2 4 410 MHz 8.57
S 6 640 MHz 7.91
Ss2 5 600 MHz 6.25
Ss3 5 560 MHz 7.17
Se3 6 560 MHz 10.33
S73 4 480 MHz 6.25
Ss3 7 660 MHz 10.12
Ss4 5 440 MHz 11.62
Se4 3 300 MHz 9
S 5 560 MHz 7.17
Sa4 6 620 MHz 8.42
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4.2.6 Applying the Channel Transfer Function Method to Estimate the
Relative Permittivity using the Modified Phase Shift

The CTF was applied to the s-parameters measurements taken by Serrano [2008]
in order to improve the previous estimated EM properties obtained from the modified
phase shift method. The phase component of the transmission response was obtained
after applying the channel transfer function (Figures 4.10 and 4.11). The resulted plot
showed a much more complicated shape and was unable to perform the estimate of the

relative permittivity.
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Figure 4.10 Phase Component of the Measured Transmission Response (Ss;) for Dry
Sand Soilbed After Applying Channel Transfer Function Method.
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Figure 4.11 Phase Component of the Measured Transmission Response (Sg2) for Dry
Sand Soilbed After Applying Channel Transfer Function Method.

4.3 Design of Helix Antenna for Soilbed Testing

A design of the helix antenna was performed to improve the performance of the s-
parameters measurements over the 500 MHz to 1.5 GHz frequency range. Geometry
parameters such as the helix diameter, the number of turns of the helix and the width of
the strip were used to provide a good impedance matching. The effect of each geometry
parameters was performed on dry sand soilbed. For this study, one parameter at a time
was changed in the model while the others parameters remained unchanged. The physical
limitations of the testbed lead to limit the geometry dimensions for the design of the helix

antenna.
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4.3.1 Effect of Helix Diameter in the S-parameters Results

The effect of the helix diameter size was significant for s-parameters response
over the desired frequency range. By decreasing the helix diameter, the return loss
improves significantly and a better performance was achieving over the desired
frequency range. An illustration of the return loss response for a diameter of 1.27 cm and
a diameter 0.64 cm are shown in Figure 4.12. The final selected value for the helix

diameter was 0.64 cm.
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Diameter Size = 1.27cm

Figure 4.12 Simulated Return Loss Response for the Helix Antenna in
Dry Sand Soilbed With a Helix Diameter of 0.64 cm.
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4.3.2 Effect on the Helix’s Number of Turns

The effect in the number of turns of the helix antenna response was limited by the
physical limitations imposed by the testbed. The number of turns affects the return loss
matching response as well as the helix diameter affect it. Figure 4.13 shows a decrease
for the return loss operation bandwidth as the number of turns increase. Also the center
operating frequency shifts to a higher value when the number of turns increases. The
selected number of turns for the designed helix antenna was limited to 1 due to helix’s

length limitations established by the constructed testbed.
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Figure 4.13 Simulated Return Loss Response for the Helix Antenna in
Dry Sand Soilbed With a 1 Turn (Blue Trace) and 3 Turns (Green Trace).
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4.3.3 Effect of Width Strip in the S-parameters Response

The size of the width strip and the separation between the strips are very
significant for the helix antenna to obtain a good performance. For a thin strip and a
separation larger than the width of the strip, a poor matching is obtained. However, if the
width is wide enough compared to the separation between strips, then a good matching
could be achieved. Simulated results for a width size of 0.8 cm and 1.4cm with a width
separation of 1.2 cm are shown in Figure 4.14. The results show that as the width
increases, the center operating frequency shifts to a lower value. The appropriate selected
values of the width size and for the width separation for the designed antenna based on

these results were 1.4 cm and 1.2 cm respectively.
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Figure 4.14 Simulated Return Loss Response for the Helix Antenna in
Dry Sand Soilbed With a Width Strip of 0.8 cm (Blue Trace) and 1.4 cm (Green
Trace).

4.3.4 S-parameters Response under Different Assigned EM Properties

Simulations for the designed helix antennas using the considered geometry
parameters were performed under different assigned EM properties of the soilbed. The
illustrated s-parameters results for dry sand soilbed, for saturated sand soilbed, and for
distilled water showed significant differences (Figure 4.15). Since the helix antennas
were surrounded by different mediums, the return loss response lacked a good matching

this affect the performance of the antenna for s-parameters soilbed testing.
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Figure 4.15 Simulated Return Loss Response for the Helix Antenna in Dry Sand
Soilbed (Blue Trace), Saturated Sand Soilbed (Green Trace), and Distilled
Waterbed (Red Trace).

4.3.5 Final Design of the Helix Antenna

The final geometry of the designed helix antenna is shown in table 4.10. Our
objective was to achieve a good performance in the antenna for soilbed testing. The
return loss response is affected on different assigned EM properties, and by the imposed
physical limitations on the design, over the desired frequency range (500 MHz-1.5 GHz)
the selected return loss on dry sand must be less than -6 dB. The simulated results for the

selected dimensions on dry sand soilbed model showed at most -5.9 dB for 500 MHz and
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1.5 GHz frequencies (Figure 4.16), and show a good performance of the antenna for dry

sand conditions.

Table 4.10 Final Geometry Dimensions of the Designed

Helix Antennas

Geometry Size

Length 4cm
Diameter 0.64 cm
Width Strip 1.4cm
Separation between Strips 1.2cm

Number of Turns 1
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Figure 4.16 Simulated Return Loss for the Designed Helix Antenna in
Dry Sand Soilbed.

4.4 Preliminary S-parameters Measurements of Dry Sand
Soilbed Using Helix Antennas

4.4.1 Helix Antenna Measurements

Preliminary s-parameters measurements on dry sand soilbed were performed
using the designed helix antennas. Comparison of s-parameters measurements with the
simulated response (Figures 4.17 and 4.18) show too much discrepancy. The return loss
(S11) of the measurements show a poor impedance matching compare to the simulation
result which has good matching over the entire frequency range (500 MHz- 1.5 GHz). On
the other hand, the insertion loss (Sz1) shows better response for experimental
measurements. Simulation results were very low energy arriving at the receiving antenna.
For both, measurements and simulation the values were not compatible. One factor that

could affect the response is the presence of a protective well casing pipe (Figure 4.19) in
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the boreholes of the testbed where the antenna is placed. In the simulation, this small pipe

is not present and it could cause some effect on the antenna response.
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Figure 4.17 Simulated and Measured Return Loss Response of

Dry Sand Soilbed.



Insertion Loss

0.5 0.6 0.7 0.8 0.9 1 11 1.2 1.3 1.4 15

Frequency X 109

Simulation
Measurements

Figure 4.18 Simulated and Measured Insertion Loss Response of
Dry Sand Soilbed.

Figure 4.19 Protective Well-Casing Pipe With the Constructed Helix Antenna Used
in the S-parameters Measurements.
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Simulations of dry sand soilbed including the protective well-casing pipe (Figure
4.20) were performed and it demonstrates that the protective casing affects the return loss
of the s-parameters measurements. A similarity is appreciated in a compared plot
between the simulated results and the measured response of dry sandy soilbed (Figure
4.21). The similarity of these results is because the helix antenna is surrounded in an air
medium (protective well casing pipe), which leads to conclude that the antenna could be
designed considering an air medium soilbed model because it is independent on the
assigned EM properties of the soilbed. Figure 4.21 shows a discrepancy between
frequencies 1.2 GHz and 1.5 GHz. This discrepancy is caused between the helix antenna
build in the simulated model and the fabricated helix antenna. The designed antenna was
build perfectly uniform in the simulated model, which had no imperfections. On the other
hand, the fabricated antenna has imperfections even though it was constructed as most
identical as possible to the designed antenna. These imperfections might cause the
difference of both responses. The comparison between simulated with the measured
insertion loss showed in figure 4.22 remains unchanged by including the well-casing
pipe. This result means that the insertion loss is unaffected by including the well-casing

pipe and the disagreement is due to boundary effects present in the soilbed.
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Figure 4.20 Simulated Model Diagram of the Helix Antennas Placed
Inside the Protective Well-Casing Pipe.
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Figure 4.21 Simulated and Measured Return Loss Response of Dry Sand Soilbed
Including a Protective Well-Casing Pipe.
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Figure 4.22 Simulated and Measured Insertion Loss Response of Dry Sand Soilbed
Including a Protective Well-Casing Pipe.

4.4.2 Estimates of the Relative Permittivity of Helix Antenna

Measurements

Estimates of the relative permittivity for the s-parameters measurements using the
fabricated helix antennas were performed. The estimates were performed using the
expanded phase option provided by the network analyzer and equation 3.7. The expanded
phase is the unwrapped phase angle of the transmission response which accounts the
phase ambiguity when a 360 degrees phase shift occurs.

Estimates of the relative permittivity were performed also using the gating option.

Gating is a time domain option provided by the network analyzer that eliminates
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undesired reflections resulting from different sources, such as boundary effect from the
tanks, and any multi-reflection paths affecting the s-parameters measurements. These
reflections are eliminated by selecting a time window, and taking the s-parameters
measurements over the selected window to represent only the desired portion of time for

the analysis.

4.4.2.1 Estimates Using the Expanded Phase Component

Estimates of the relative permittivity from the s-parameters measurements of dry
sand soilbed using the helix antennas were performed. Figure 4.23 illustrates the plots for
the insertion loss, the expanded phase component of the transmission response, and the
estimated values of the relative permittivity over the measured frequency range (500
MHz- 1.5 GHz). The resulted estimates demonstrate reasonable values (between 2 and 4)
from 500 MHz to almost 800 MHz. However, approximately from the 800 MHz mark up
to 1.5 GHz the estimated values of the relative permittivity were increasing significantly
resulting in overestimates (greater than 4). This overestimation is due to the increase
expanded phase value at approximately the 800 MHz frequency mark. It can be observed
in the expanded phase plot a bump at almost 800 MHz mark and suddenly declines
afterwards. The expanded phase trace looks after approximately the 800 MHz mark lower
compared to the 500 MHz to almost 800 MHz range. Unwanted reflections or boundary
effects may affect the transmission response leading to this overestimation. These
unwanted effects in the measurements may be removed using the gating option from the

network analyzer and then perform new estimates of the relative permittivity.
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Figure 4.23 Insertion Loss Response (Top), Expanded Phase Component (Middle)
and Estimate of the Relative Permittivity (Bottom) for Dry Sand Soilbd with the

Helix Antennas Placed at Middle Borehole Location.

4.4.2.2 Estimates Using the Expanded Phase Component with Gating Option

S-parameters measurements of an air medium testbed were taken using the helix

antennas and applying the gating option. By applying the gating option, undesired effects

that affect the entire response of the system can be eliminated by selecting a time window

to avoid inaccuracies in the estimates of the relative permittivity. A time window of 2.5

ns was selected to cover at least twice the time it takes the EM wave to travel at the speed

of light through a 19 cm of air medium soilbed. Since the EM properties for the air
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medium are well-known, this measurements work as background to see differences in the
response as the EM wave propagates through the air medium soilbed. The expanded
phase component responses are illustrated in Figures 4.24 to 4.28 with the helix antennas
located at different borehole height. Both the transmitter and receiver antennas were
placed at the same height, they were straight pointing one directly to the other.

The estimated relative permittivity values for an air medium testbed at each
borehole location were greater than unity, however they were overestimated (greater than
2) in much cases. Although the estimated values are greater than unity, reasonable
estimates were for the antennas located at middle borehole location (Figure 4.24) and
below middle borehole location (Figure 4.25). The highest estimated values remain with
the antennas place at top, above middle and bottom borehole locations (Figures 4.26-
4.28). The top and bottom locations have a very close to the end of the parallel plate
waveguide. This boundary proximity may affect the s-parameters measurements leading

to inaccuracies of the relative permittivity.
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Figure 4.24 Expanded Phase Component (Top) and Estimate of the Relative
Permittivity (Bottom) for an Air Medium Testbed Using Gating Option and
Antennas Placed at Middle Borehole Location.
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Figure 4.25 Expanded Phase Component (Top) and Estimate of the Relative
Permittivity (Bottom) for an Air Medium Testbed Using Gating Option and
Antennas Placed Below Middle Borehole Location.
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Figure 4.26 Expanded Phase Component (Top) and Estimate of the Relative
Permittivity (Bottom) for an Air Medium Testbed Using Gating Option and
Antennas Placed at Top Borehole Location.

-200

-400

-600

-800*
0.5

S21 Expanded Phase (Deg)

0.6 0.7 0.8 0.9 1 1.1
Frequency (Hz)

(e¢]

Relative Permittivity

T L T L T T

r r r r r r

r

r

r

0.5

0.6 0.7 0.8 0.9 1 1.1
Frequency (Hz)

1.2

13

1.4

1.5
X 109

Figure 4.27 Expanded Phase Component (Top) and Estimate of the Relative
Permittivity (Bottom) for an Air Medium Testbed Using Gating Option and

Antennas Placed Above Middle Borehole Location.
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Figure 4.28 Expanded Phase Component (Top) and Estimate of the Relative
Permittivity (Bottom) for an Air Medium Testbed Using Gating Option and
Antennas Placed at Bottom Borehole Location.

4.5 Time Domain Experiments

Time domain measurement provides a suitable analysis of the EM wave
propagation over a time period. Time domain measurements were taken in an air medium
for a period of 10 ns with the helix antennas placed at top, middle, and bottom positions.
Time domain measurements indicate significant differences between the times of arrival
of the propagating wave at different borehole locations of the testbed. The first peak of
the reflected response represents the antenna’s response. The first peak of the
transmission response represents the straight path of the EM wave. For an air medium,
the time of arrival is assumed to be the same for all paths at equal distance. Accurate time
for the first peak of the reflected response of the EM wave of air medium were obtained

(Figure 4.29) at different borehole locations. Accurate times of arrival were obtained for
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the antennas located in the middle borehole of the testbed, but inaccurate time was found
for the antennas located at the top and bottom boreholes (Figure 4.30). These results
suggest that there are boundary effects that affect the measured response. To assess the
potential effects of boundary conditions, metal plates were placed over the top of the

testbed, and horizontally beyond the extent of the tank.
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Figure 4.29 Measured Reflected Response of an Air Medium Testbed. Helix
Antennas Located at Top (Blue Trace), Middle (Green Trace), and Bottom (Red
Trace) Borehole Location.
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Figure 4.30 Measured Transmitted Response of an Air Medium Testbed. Helix
Antennas Located at Top (Blue Trace), Middle (Green Trace), and Bottom (Red
Trace) Borehole Location.

Placing a metal plate on top (Figure 3.16) of the testbed suggest that energy is
leaving at the top of the testbed when open to the atmosphere. As a consequence, when a
plate is place on top and energy cannot leave, and it is concentrated, yielding a higher
transmission response (Figures 4.31 and 4.32).

Extended vertical plates placed at both faces of the extent of the tank (Figure

3.17) showed very similar response to the original measured transmission response (with

no vertical plate) with slightly difference for a delay time in the first peak (Figure 4.33).
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Figure 4.31 Measured Transmission Response of Air Medium Testbed. Helix
Antennas Located at Top (Blue Trace) and at Top With Metal Plate Placed on Top
(Green Trace) Borehole Locations of the Testbed.

The horizontally extended metal plates placed at the extent of the tank (Figure
3.18) demonstrate excess of energy inside the soilbed tank since the transmission
response (Figure 4.34) is much higher in the presence of the horizontal extended plates.
This suggests that energy is escaping the tank horizontally when no horizontal plates are
placed. These results suggest that a simulation of the soilbed model with and without the

horizontal extended metal plates is necessary and a comparison of the simulated results to

assess changes of the transmission response. This simulation will lead to possible
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potential effects affecting the measurements and consequently the estimates of the

relative permittivity of the bulk soil.

0. 018 F U L U L U U L U L

0.016

0.014

0.012

0.01

0.008

0.006

Transmission Response (Magnitude)

0.004

0.002

0 r r r r r r r r r r L
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Time (s) X 10-8

— Without Top Metal Plate
— With Top Metal Plate

Figure 4.32 Measured Transmission Response of Air Medium Testbed. Helix
Antennas Located at Bottom (Blue Trace) and at Bottom With Metal Plate Placed
on Top (Green Trace) Borehole Location of the Testbed.
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Figure 4.33 Measured Transmission Response of Air Medium Testbed.

Helix Antennas Located at Middle (Blue Trace) and at Middle With
Extended Vertical Metal Plates (Green Trace).
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Figure 4.34 Measured Transmission Response of Air Medium Testbed. Helix
Antennas Located at Middle (Blue Trace) and at Middle With Extended Horizontal
Metal Plates (Green Trace) Borehole Location.

4.6 Frequency Modeling of the Extended Testbed

Simulations were performed for the air medium testbed model including the
horizontal metal plates at the faces of the extent of the tank (Figure 4.35). The results
show a good agreement in the transmission response compared with the measured
response (Figure 4.36). The result suggests that energy was escaping from the tank near

the plate discontinuities, causing the wave to propagate through the air along paths
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outside the waveguide system. As a result, receiving antennas responded to wave
propagation along the waveguide system paths in the tank and to waves propagating
outside the waveguide system and re-entering across the top, bottom, and edges of the
tank. This was confirmed by removing the horizontal plates and placing air radiation
boundaries at the faces of the metal mesh plates (Figure 4.37). The energy entering the
soilbed model was comparable with the previous experimental measurements of the sand
soilbed (Figure 4.38). It was concluded that an alternative to decrease the excess of

energy entering the testbed is by extending the metal mesh plates.
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Figure 4.35 Simulated Model Diagram of Air Medium Testbed With the
Horizontal Metal Plates Placed at the Faces of the Mesh Plates.
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Figure 4.38 Measured (Green Trace) and Simulated (Blue Trace) Insertion
Loss Response of an Air Medium.

The simulations were performed for an air medium testbed model to determine
the transmission response as the mesh plates are extended horizontally. The testbed
model (Figure 4.37) used for these simulations was the same model used for the
performed simulations applying the horizontal metal plates to the testbed. For this case,
the applied metal plates were removed and the mesh plates were extended horizontally.
The height of the mesh plates was unchanged for these simulations. Simulations were
performed for mesh plates with a length of 28 cm, 56 cm, 92 cm, 120 cm, and 148 cm.

These selected lengths are multiples of the original size of the mesh plates (28 cm). The
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simulated results demonstrate a decrease of the transmission response when the mesh
plates were extended. As a result, less energy enters the testbed through the edge
boundaries and less energy is present at the antennas when the mesh plates length
increases, leading to accurate s-parameters response of the soilbed model (Figure 4.39).
The reflection response was also affected as result of extending the mesh plates
horizontally; causing multiple resonance frequencies in according to the dimensions of
the mesh plates (Figure 4.40).

A comparison was performed between the mesh plates length of 120 cm and 148
cm results with a simulated model result of an ideal testbed model (Figure 4.41). This
ideal testbed model (Figure 4.42) has the same dimensions of the constructed tank but has
a different interpretation in the simulator which affects s-parameters results. In the
simulator, this ideal testbed is without air radiation boundaries (no box) at the faces of the
mesh plates compared to the simulated model used for the 120 cm and 148 cm lengths.
Without these radiation boundaries, there is no energy escaping or entering from the edge
boundaries of the tank and it is considered perfect radiation of EM energy inside the tank
generated only by the helix antennas and the nature of the studied soilbed. It was
determined that extending the testbed to 120 cm, would result in more accurate and

appropriate s-parameters measurements to estimate the EM properties.
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Figure 4.39 Simulated Insertion Loss of Extending the Mesh Plates Length
for an Air Medium Testbed. The Mesh Length’s are; 28 cm (Blue Trace),
56 cm (Green Trace), 92 cm (Red Trace), 120 cm (Cyan Trace),
and 148 cm (Magenta Trace).
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Figure 4.40 Simulated Return Loss of Extending the Mesh Plates Length
for an Air Medium Testbed. The Mesh Length’s are; 28 cm (Blue Trace),
56 cm (Green Trace), 92 cm (Red Trace), 120 cm (Cyan Trace),
and 148 cm (Magenta Trace).
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Figure 4.41 Simulated Insertion Loss of an Air Medium Testbed. Ideal Testbed
(Blue Trace), 112 cm Long Extended Testbed (Green Trace),
and 140 cm Long Extended Testbed (Red Trace).

From previous experimental time domain measurements (Figure 4.30), the first
peak of the transmission response with the antennas located at top and bottom boreholes
showed a significant delay compared with the antennas located at middle boreholes. For
the experiments without vertical extensions, the antennas located at the top and bottom
boreholes of the testbed were close to the discontinuity of the waveguide, causing

additional undesired wave propagation modes. This results in inaccurate s-parameters

measurements and consequently inaccurate EM properties estimates. In order to avoid
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undesired wave propagation modes, simulations extending the testbed vertically were

suggested.

/

Figure 4.42 Simulated-Model Diagram of an Air Medium Testbed
Without Air Radiation Boundaries at the Extent of the Tank.

Simulations of the transmission response extending the testbed vertically were
performed on an air medium testbed model. The model used for the simulations was the
same model used to perform the simulations to extend the mesh plates horizontally. For
these simulations, the length of the testbed remains unchanged (28 cm) while the heights
used were 58 cm, 87 cm, 116 cm, and 145 cm. From the simulated results of Figure 4.43,
a height of 116cm fulfilled our purpose because there is small difference in the

transmission response between 116 cm and 145 cm.
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Figure 4.43 Simulated Insertion Loss Response of Air Medium Testbed. Testbed
Heights are; 58cm High (Blue Trace), 87cm High (Green Trace), 116cm High (Red
Trace), and 145cm High (Cyan Trace).

The suitable dimensions suggested for the testbed to be fabricated is 122 cm wide
by 120 cm high (Figure 4.43). Due to physical limitations, the height was limited to 107
cm. Simulations were performed of the suggested dimensions for the extended testbed by
placing the antennas at different boreholes locations. The resulted transmission response

showed a good agreement (Figure 4.45) for an air medium. These suggested testbed leads

to accurate s-parameters measurements and also to good estimates of the EM properties.
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Figure 4.44 Simulated Extended Testbed Model Diagram.
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Figure 4.45 Simulated Insertion Loss Response for an Air Medium Extended
Testbed (122 cm Wide, 107 cm High, and 2.54 cm Deep). Helix Antennas Located at
Top (Blue Trace), Middle (Green Trace), and Bottom (Red Trace) Borehole
Locations.

4.7 Estimates of the Relative Permittivity for the Simulated
Extended Testbed Model in Time Domain

Estimates of the relative permittivity for the extended testbed simulated model
using equation 3.12 for different assigned relative permittivities are shown in table 4.11.
The results demonstrate similarities with a slight difference in the estimated values.

These differences could be due to the equations used by the Ansoft simulator to analyze
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the transmission and reflection response of the extended testbed and the equations used to
determine the relative permittivity from the simulated transmission and reflection
response of the extended testbed. The simulator uses a combination of Maxwell equations
with the finite element method (FEM) to perform a three dimension (3D) full-wave
analysis. From the 3D analysis, simulated transmission and reflection response are then
extracted. Then, using the simulated transmitted and reflected response, the estimates of
the relative permittivity were performed using equation 3.12, which applies for a 2D
analysis and limits the accuracy of the estimated values. The reason of using equation
3.12 is to apply method to estimate the relative permittivity considering a controlled
testbed system with simplification in the analysis (2D analysis, TEM wave propagation
mode, homogeneous medium), and evaluate the possibility of obtaining the EM
properties of bulk soil. Transmission and reflection responses of the simulated extended
testbed model for different assigned EM properties using transient network analysis are

shown in Figures 4.46-4.55.

Table 4.11 Estimates of the Relative Permittivity of the Simulated Extended Testbed
Model

_ Assigned Relative  Estimated Relative Percentage Error
Type of material

Permittivity Permittivity (%)
Air Medium 1 1.04 4
Dry Sand 4 4.56 14
Test Property #1 10 10.8 8

Test Property #2 20 20.16 0.8
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Figure 4.46 Simulated-Model Result of the Reflected Response for Air Medium of
the Extended Testbed.
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Figure 4.47 Simulated-Model Result of the Transmitted Response for Air Medium
of the Extended Testbed.



115

Dry Sand Reflected Signal Response HFSSDesignl &
400.00 ms
- Name X Y
1 m1 |1.1074 | -6.5658
4 m2 [1.4867| 12.1034
300.00 |/ m3 |1.8659  -7.6507
1 m4 [6.4017)-77.6546
4 _m5 |6.8568387.6189
200.00 —
S
E i
© 100.00 —
c |
k=)
(7]
©
Q
g 0.00—
©
14

-300.00

000

"s00 1000 1500 2000 2500
Time [ns]

Figure 4.48 Simulated-Model Result of the Reflected Response for Dry Sand of the

Extended Testbed.
Dry Sand Transmitted Signal Response HFSSDesignl &

125.00

_ | Name X Y

ml |7.7822| 1.7820

7 m2 |8.1008|-9.6380

n m3  8.4194|22.2613
62.50 —
= 4
=]
= m
[+ n v
c
=l -
@ g
= 0.00
k=]
= i
%]
2 i
o
= i
-62.50 —
-125.00 —— O T I S

0.00 5.00 10.00 15.00 20.00 25.00

Time [ns]

Figure 4.49 Simulated-Model Result of the Transmitted Response for Dry Sand of

the Extended Testbed.
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Figure 4.50 Simulated-Model Result of the Reflected Response for a Relative
Permittivity of 10 of the Extended Testbed.
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Figure 4.51 Simulated-Model Result of the ‘ILransmltted Response for a Relative
Permittivity of 10 of the Extended Testbed.
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Figure 4.52 Simulated-Model Result of the Transmitted Response for a Relative
Permittivity of 10 of the Extended Testbed (Closer Look).
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Figure 4.53 Simulated-Model Result of the Reflected Response for a Relative
Permittivity of 20 of the Extended Testbed.
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Figure 4.54 Simulated-Model Result of the Transmitted Response for a Relative

Permittivity of 20 of the Extended Testbed.
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Figure 4.55 Simulated-Model Result of the Transmitted Response for a Relative

Permittivity of 20 of the Extended Testbed (Closer Look).
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Transient analysis was performed for the previous constructed testbed (30 cm
wide, 60 cm high, and 2.5 cm deep) taking into consideration no air boundaries at the
face (ideal model) in the extent of the tank and with air boundaries (real model) for an air
medium. The simulated results for the reflected and transmitted response for both testbed
models are present in Figures 4.56-4.57 and 4.58-4.59, respectively. Estimates of the
relative permittivity were performed and compared for both testbed models (Table 4.12).
The results of the estimates showed a lesser percentage error when the testbed is without
air boundaries at the extent of the tank. This is due to absence of energy entering the

testbed through the edge boundaries and through the extent of the tank.

Table 4.12 Estimates of the Relative Permittivity for the Simulated Testbed Model
in Air Medium

_ Estimated Relative
Type of Material o Percentage Error (%o)
Permittivity

Air Medium (No Air

Boundaries)

1.09 9

Air Medium (Air

Boundaries)

1.24 24
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Figure 4.56 Simulated-Model Result of the Reflected Response for Air Medium of
the Ideal Testbed.
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Figure 4.57 Simulated-Model Result of the Transmitted Response for Air Medium
of the Ideal Testbed.
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Figure 4.58 Simulated-Model Result of the Reflected Response for Air Medium of
the Real Testbed.
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Figure 4.59 Simulated-Model Result of the Transmitted Response for Air Medium
of the Ideal Testbed.
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Table 4.13 Estimates of the Relative Permittivity for the Simulated Extended
Testbed Model of Air Medium with the Antennas Placed at Different Height

Boreholes
] Estimated Relative
Antenna Height o Percentage Error (%)
Permittivity
35.6cm 1.05 5
53.3cm 1.04 4
89cm 1.06 6

Simulations for the extended testbed in air medium with the antennas located at
different heights were performed and also results of the estimates of the relative
permittivity were determined. Figures 4.60-4.61 and 4.62-4.63 show the simulated
response of the extended testbed in air medium with the antennas located at 35.6 cm high
and 89 cm high respectively. Results demonstrate similarities in the estimates (Table
4.13) and leads to an improvement of the simulated response because very accurate

values were obtain for different heights.

Air Medium Reflected Signal Response with Antennas Located at Top Boreholes HFSSDesignl &
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Name X Y
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Figure 4.60 Simulated-Model Result of the Reflected Response for Air Medium of
the Extended Testbed with Antennas Located at Top Borehole.
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Figure 4.61 Simulated-Model Result of the Transmitted Response for Air Medium
of the Extended Testbed With Antennas Located at Top Borehole.
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Figure 4.62 Simulated-Model Result of the Reflected Response for Air Medium of
the Extended Testbed With Antennas Located at Bottom Borehole.
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Figure 4.63 Simulated-Model Result of the Transmitted Response for Air Medium
of the Extended Testbed With Antennas Located at Bottom Borehole.



5 Conclusion and Recommendations

5.1 Conclusion

CWR transmission and reflection measurements may be applied to detect changes
in soil EM properties caused by the presence of underground target elements, such as
metal and plastic objects, and DNAPL contamination. Soil testbeds can be used to model
CWR systems to interpret EM measurements into meaningful parameters that directly
relate to the object of interest, thus enabling CWR technologies for system-wide
applications. These testbeds must however, be properly developed to provide accurate s-
parameters measurements of the bulk soil and enhance the estimation of soil EM

properties under different environmental conditions.

An electromagnetic soilbed was developed to model CWR measurements in soils,
and estimate EM properties that can be used to characterize the magnitude and location of
DNAPL contamination in underground environments. Experimental and modeling results
show that the soilbed developed is applicable for CWR measurements, provided that EM
design considerations are met. These considerations include soilbed geometry and

boundaries, separation and extension of metal plates, and antennas configuration.

Experimental and modeling efforts to estimate EM properties (i.e., relative
permittivities) in a sandy soilbed under different environmental conditions using
frequency domain methods show that a minimum extension of the tank is required for
proper characterization of the EM properties. At scales smaller than this distance, energy
escapes the soilbed near plate discontinuities, causing the wave to propagate through the

air along paths outside the waveguide. As a result, receiving antennas respond to wave
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propagation along the waveguide paths in the soilbed, and to waves propagating outside
the waveguide and re-entering across the top, bottom and edges of the soilbed. It is
concluded that the metal plates must extend a minimum distance for accurate
measurements. This minimum distance required can be assessed through EM modeling of

the system.

The integration of frequency- and time-domain measurements and simulations
provided essential tools for proper design. Time-domain analysis applied to the
transmission and reflection EM response in the properly developed testbed yielded

accurate estimates of soil EM properties.

5.2 Recommendations

e Increase the separation between parallel plates to provide a larger volume of the

soilbed to avoid boundaries effects.

e Estimate the EM properties for the extended testbed using the previously
frequency domain equations used and compare the results with the estimated

results obtained from time domain measurements.
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