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CHAPTER |

INTRODUCTION

The available moisture held within soil is of interest to a wide varietyoafj,
and many methods have been employed in attempts to analyze it faster andheith hig
degrees of accuracy. While knowledge of this parameter is highly useful tolagaic

and hydrological applications, there are also military and meteorol@giphcations.

Currently, a wide variety of methods are employed to measure soil moisture.
Unfortunately, most of these methods are intrusive, time-consuming, andllimtteeir
accuracy. They can also suffer from such issues as requiring the user todaagyeieous
materials or only providing data on the very topmost layer of the soil. Many of these
problems are further compounded by the fact that soil is not homogeneous, and the
moisture content can (and usually will) vary strongly with depth, as welbag allateral
distance from a test point. As such, data collected at a point may be very poorly

correlated with other test points that are very close by.

In light of these facts, the need for a fast, portable, non-destructive nmaastire
method of measuring soil moisture is apparent. Such a system could potentially be

mounted on a vehicle and used to take data at a great number of sample points which



would be insurmountably time-consuming if attempted with existing destructiveson sit
measurement methods. Such a set of measurements would provide a much better view of
the soil moisture content of a field of interest.

Dielectric spectroscopy may provide a platform for a fast, portable,nvasive
measurement method. Before dielectric spectroscopy measurementscahdmsl
performed on a test field, this method must be successfully applied to a much more
controlled environment. In the case of this thesis, a single port coaxial salised for
its well-known electromagnetic behavior, ability to support a waveguide moaole at |
frequencies, and because the behavior of the cell will be measured vikedsaef
characteristics, which is how a non-contact measurement system of siinaan a
field would be required to operate.

The goals of this thesis are listed as such:

1. Identify the strengths and weaknesses in the previous transmission line mode
of the coaxial cell.

2. Select and mathematically describe an alternative model to address known
weaknesses in the previous model.

3. Produce a simulation tool for the model.

4. Discuss the strengths and weaknesses of the new model.

The rest of the thesis is organized as is described in the following. Chapter 2 is the
literature review and contains information on soil moisture, previous measurement
methods, and the methods that this study is based on. Chapter 3 describes the

methodology which was used to prepare samples, measure samples, and araalyze dat



Chapter 4 details the findings of the study and discusses the accuracy ofsheemeat
system. Chapter 4 also discusses the limits of the operating parameersystem.
Chapter 5 is a summary of conclusions that can be drawn from the analysis and

recommendations for future work.



CHAPTER Il

REVIEW OF LITERATURE

2.1 Background on Soil Moisture

In agriculture, accurate knowledge of the moisture content of a soil samaple is
crucial and essential aspect used in making decisions that will, in the end, have a
significant impact on crop survival and crop yield. While many factors such as
temperature, disease, pests, available nutrients and minerals, and asaiégld play a
strong part in whether or not a crop will thrive, available soil moisture is petiaps
most significant factor that can be controlled. For a plant to survive, adequiatare
must be available in the soil in the plant’s root zone. The root zone being the range of
depth in the soil in which the plant’s roots extend. (Donahue, 1977)

Moisture stored in soil is trapped within the pore space of the soil. The amount of
suction force holding the water in the pore space determines availabilitfolldveng

table shows the commonly used ranges for pressure.



Table 1 Soil Moisture Pressure Ranges (Donahue, 1977)

Pressure (Bars) Comment

<0 Ground is flooded

0to1/3 Gravitational water. Will drain off from the force of gravity alone.
1/3to 15 Water available to plants.

>15 Unavailable water. Generally the permanent wilting point.

It is essential to consider that not all soil moisture is moisture thatilaldeao
crops. Moisture stored in soil is characterized by the suction force holding ihenpore
space. Moisture held with 0 to 1/3 bars of suction is considered to be gravitatiomal wate
as the suction force of the pore space is not strong enough to hold onto the moisture
stored and gravity will cause it to drain away. The amount of moisture thesdibtd
before the suction force falls to 1/3 bars is called the field capacity. didecéipacity
includes available water and unavailable water but does not include the drainable

gravitational water and any standing flood water. (Donahue, 1977)

Available water is moisture that is considered to be available to plants in such a
manner that it can be readily absorbed by plant roots to sustain the plant sdiflelole
water is defined to be moisture that is stored between 1/3 and 15 bars of suctioim force
general 15 bars is considered to be the highest suction force for availadasvits the
point at which most crops are no longer able to absorb moisture quickly enough from the

soil to keep up with the moisture lost from the plant via transpiration. (Donahue, 1977)



Soil moisture stored in the pore space at suction forces greater than 15 bars is
considered to be unavailable water. Unavailable water includes all ma@gited below
the permanent wilting point of 15 bars. It is also important to note that wilting & not
good indicator of when plants need water because they will have needed water long
before wilting occurs. (Donahue, 1977) Because the volumetric water content that
corresponds to the aforementioned pressure ranges varies from soil typeyieesoil t
knowledge of the volumetric water content is not enough unto itself to determine how

much water is available to crops.

Plant growth will already have been significantly reduced by the timenwilti
occurs. Wilting can be extremely damaging in a seed crop if a lack of ocatars

between the onset of flowering and seed set. (Hanks, 1980)

The suction force described above is not exclusively a function of the volumetric
water content. Other features such as the soil’'s porosity can have a profouhdretfe
amount of moisture that is in the available suction range for the plants. Tindsdest
vary strongly with soil type, which can vary strongly with distance in a gieshdf soil.

As such, it is difficult to make a good estimation of how much water is avaitaplarits
without the volumetric water content as well as the soil’s available waiéle.

(Donahue, 1977)

There are four regions used to define how full the pore space is in soil. The first,

least filled region, is the pendular region. In this region, only water vapor enpiaghe



pore space. Next is the funicular stage. In this region the pores are filrhdajwid.
Beyond that is the capillary stage, in which all of the pores are filled with.\vi7ztally,
on the opposite extreme end, is the phrentic stage. The phrentic stage is useib® desc

soil beneath the level of the water table. (Gelalecha, 2000)

Water content in soil can have sharp discontinuities across distance.
Discontinuities occur primarily at a drying front or wetting front, whichussavhenever
there is a sharp boundary between two soil types. In situations such as these, a single
point measurement of soil moisture could prove to be disastrous for plants attempting to

grow on the other side of such a boundary.

2.2 How Sail Moisture Is Quantized
The amount of soil moisture present in a sample can be quantized in three ways.
These are: a volumetric basis which is a ratio of the volume of water pteskat
volume of soil present, a dry mass basis which is a ratio of the mass of watet pyes
the mass of soil solids present, and a wet mass basis which is a ratio of the wades of

present to the sum wet soil. (Hanks, 1980)

Mass Water Content Formula (Wet Mass):

_ MassWater
Y MassWetSoi @)

Mass Water Content Formula (Dry Mass):



_ MassWater
™" MassDrySoil o

Volume Water Content Formula:

_ VolumeWater
Y BulkVolumeSoil ©

2.3 How Sail Moisture ls Changed

Soil moisture levels change easily and often. As a result, it is necéssary
measure moisture frequently to maintain accuracy. The number of differectseffich
cause moisture levels to increase or decrease significantly coraplarat attempt to
estimate change over time without a direct measurement. The time-depntaation
in moisture content calls into question the usefulness of any measurement method whic

requires a long time to process or gather data.

2.3.1 Soil Moisture Reduction

Evapotranspiration is the cycle in which moisture is released from a feeld vi
evaporation and transpiration of water from the soil and crop. Evapotranspiration can be
measured with a lysimeter (discussed in detail and section 2.4), which isadlssenti
large soil tank that measures the weight of the crop and its soil.(Hanks, 1980) (Qonahue
1977) Lysimeters also operate under the premise that any change in the nviigliank

can be attributed to water.



In addition to evapotranspiration, soil moisture is also reduced by drainage of
gravitational water. Gravitational water includes any amount of waaérg stored in the
pore space at under 0.5 bars of suction pressure, previously referred to asagravita
water in section 2.2, which will eventually drain away from gravitational orce

(Donahue, 1977)

2.3.2 Soil Moisture Increase

Soil moisture levels are generally increased by two phenomena: preammpéat
irrigation. Often precipitation is not a sufficient source of water to sustaiopa The
insufficiency is due primarily to the significant amount of water lost throwgtspiration
through the crops themselves. Gravitational run off is also a contributing factor, but
studies have shown that transpiration and evaporation are the most significastifgctor

a very wide margin. (Hanks, 1980)

2.4 Common M easurement M ethods

In the past, many methods of measuring soil moisture have been emplogéd, all
which require a significant time and/or monetary investment. Perhaps the most bas
method of calculating soil moisture is to sample the soil in question and measure the
mass of the soil when wet and once it has dried. This method is advantageous as it
requires very little equipment and no significant training. This method is, however,
extremely time consuming as the soil sample must be collected, removedgting te
area, measured, and then very thoroughly dried before the dry mass is measured. This

method is also disadvantageous in that the sample only represents the soil nmoistare



very small region and the results often do not reflect the present condition of the soil b
the time they can be calculated. The process is also significantlyaiesttoecause the

soil must be removed from the ground in order to be measured.

An alternate method to the basic practice described above includes the use of
blocks of gypsum or other porous materials. These porous blocks are measured by
digging holes at the desired measurement site and burying them at variousrdéphs
root zone. The blocks are then read by measuring the electrical resistdmteewi
knowledge that as the moisture level decreases the electrical resistane block will
decrease. (Donahue, 1977) Before burial each of the blocks must be thoroughly soaked,
dried, and soaked again in order to free any trapped air. The blocks must then be carefully
buried such that all of the solil in the hole is tightly packed. Ideally the pore ciidee
soil replaced into the hole should be identical to that of the surrounding soil. Most
essential, however, is ensuring that there is not a loose soil path connecting the soil
surface to the sensor blocks. If this occurs the moisture reading will be inddigurate
due to the loose soil connection’s ability to hold significantly more moisture than khe soi

surrounding it. This method is favorable in that it is inexpensive.

One can easily see that the method only provides a very localized measurement.
One can also see that, due to the care needed in the installation processionsilla
multiple probes can quickly become very time consuming as well as very esgensi
Additionally, there is inherent inaccuracy in the system due to the pore space in the

installation hole being unequal to the pore space of the surrounding soil. The blocks are
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also known to deteriorate significantly when installed in soil and thus produce less
accurate results the longer they are exposed to the soil and water. One cae atso s
an installation error could go undetected and without additional sensors to check agains
inaccurate data could prove disastrous for moisture maintenance leading topgoyetd
or crop failure.
Lysimeters are also employed to measure soil moisture. A lysirsegesentially
a soil tank that contains soil and any crop growing in it. The tank is connected to, a scale
and available moisture is calculated by monitoring fluctuation in weight. Tké&sta
measurements are of limited accuracy because it can only be placed inabioa |dm
important weakness to consider in a lysimeter is its inability to accoumater stored
in the pore space at under 0.5 bars, which would normally run off due to gravitational
forces, but in this case would remain trapped within the tank. Lysimeters swbieal
very carefully placed, as the terrain can play an important impact how Veateracross
the field during periods of precipitation or irrigation. Positions at high points indlae fi
will generally suffer from lower water received and lower points witlegally have
higher amounts. Either of these conditions can make the lysimeter produce a
measurement that is not characteristic of the rest of the field. (Donahue, 1977)
Tensiometers have also been employed to measure soil moisture. These device
measure the attractive forces between water and soil particlesivefiemeasuring the
difficulty plants will have in drawing water from the soil. The disadvantageing @as
tensiometer is only one location is measured and the accuracy of the devicesnticay
time as air leaks into its system. The devices also suffer from a stepegdence on

temperature and air pressure which can easily exacerbate the previonisbnetkissue

11



of air leaking into the system.(Arnold, 1992) Tensiometers also suffer in their
effectiveness as they are only effective from 0 to 0.85 bars of pressure.ng@ssa
mostly in the gravitational run off range. It does not come remotely closadhing the
15 bars pressure of wilting point or even extend significantly deep into thebdwaila
water range. However, tensiometers may be applied more readily in sasdwbkere

the available water is stored at a lower pressure range. (Donahue, 1977)

2.5 Dielectric Spectroscopy
2.5.1 Didlectric Spectroscopy in Agricultural Applications

Of the methods currently employed to measure soil moisture levels, Belect
Spectroscopy offers the most expedient form of measurement and provides a
measurement platform which has the potential for a highly mobile measureyatar
for quick, accurate in situ measurements. In agriculture, proper managgmasisture
available to crops is essential in guaranteeing the survival and health of Bietegtric
spectroscopy is a safe, non-destructive method for measuring soil mdidtorerent
methods, dielectric spectroscopy and other non-destructive microwave analysis
techniques are noteworthy in that they do not rely on contact with the soil to méssure i

moisture content.

Other methods of soil moisture assessment rely heavily on contact with the soil
sample and can require excavation or other complicated installation processes. The
methods also often involve lengthy testing periods: requiring porous blocks to gain

equilibrium with the soil surrounding them, requiring soil to be given time to dry, or

12



requiring a device to equalize its pressure with the tension forces in thenspiié seself.
All of the downsides of these common methods are well-documented and widely known,

yet they are still employed because of a lack of an affordable, viabteative.

Many papers have been written detailing the benefits and disadvantagés to
moisture measurement with Time Domain Reflectometry (TDR) or &réde
Spectroscopy. (Gelalecha, 2000) (Topp et. al., 1980) (Rial, 2001) (Nelson, 2005)
(Nelson, 1991) (Jorgensen 1970) (Trabelsi 2010) The results of these experiments have
been largely successful. An experiment was conducted using a probe to metéeni
volumetric water content of soil using the apparent dielectric constant. asraent
operated under the ideal condition of a completely homogenous soil consisting of 85%
sand and 15% pulverized peat moss. The high sand content encouraged rapid draining to
expedite experimental procedures. This experiment yielded positive neghlts strong
correlation between the volumetric water content calculated by the prohieeaactual
measured water content (W.S. Rial, 2000). Another experiment was conducted using a
frequency response sensor over a range of frequencies from 200 Hz to 100 MHz. The
experiment investigated soils of various textures, densities, saliniicsyater content
levels. This study found that soil moisture and soil salinity could be measured by the
magnitude ratio and the phase shift of their frequency response (Lee, et. al, 2007). A
study was conducted to measure the scattering parameters of sel®ddldifferent
mineralogies as a function of frequency and soil moisture. Samples wertkitea
truncated coaxial cell with a Vector Network Analyzer. This experiraeatved that in

highly saline soils, relaxation frequencies can complicate the dataddmg®005). Other

13



experiments have also been conducted using dielectric spectroscopy in a number of
agricultural applications. These include soil moisture, insect presence, quahaires,

densities of products, quality of oilseed crops, and quality of peanuts.

2.5.2 Didlectric Spectroscopy and Soil Moisture

Another method of measurement that is being investigated employs timendomai
reflectometry to measure the apparent dielectric constant (the comgliectalc
constant) of the soil medium. It has been found that the apparent dielectric constant of
soil varies strongly with the volumetric water level and very weakly with tit's soi
density, texture, salt content, and is insensitive to temperature.(Ge|&80i0a (Rial,
2001) This overcomes several of the most common obstacles to measuring soiemoistur
obstacles such as sensitivity to air pressure, temperature, and salt cotttersioih,
amongst other things. Using time domain reflectometry to measure theatpgiatectric
constant of a soil medium confers an additional benefit to the procedure. The
measurement device does not have to be in contact with the soil. This allows for a highly
mobile sensor apparatus which can take and process measurements very quibkiy whic
well in line with the goal of creating an expedient measurement systes.2007)
2.5.3 Coaxial Cell
2.5.3.1 Previous Use

The coaxial cell (seen in figure 2.1) was previously constructed in a study by
Arnold. Arnold’s study used a transmission line model to characterize the betiaiier

cell. This model is shown below in figure 2.2.

14
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Figure 2.2. Arnold’s Transmission Line Model
In Arnold’s model, the cell is presented as two transmission line segments. The
first represents the top half of the cell, the second represents the bottom of, @nedcell

the base of the cell is represented with a capacitor due to the capaoisutng from a
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3.2 mm gap between the bottom of the cell and the center conductor. Arnold’s method
involved calculating the electrical length of the cell from a measurediamge, then
numerically solving for the complex propagation constant. The complex propagation
constant was then used to calculate the relative permittivity of the esalfnpé space
permeability was assumed. His study found that accuracy of the relatnaetjvésy
calculation improved at higher test frequencies. (Arnold 1990)
2.5.3.2 Weaknesses in Previous Model

Comparison of the physical structure of the coaxial cell (figure 2.1) to the
transmission line model (figure 2.2) reveals that several attributes ajdkmlcell’s
structure are not being accounted for in the transmission line model. The work done in
Arnold’s study shows a very broad range of permittivity estimationsafopkes of
similar volumetric water content. These ranges are large enough kinata
frequencies, some samples are estimated as having half the relatti\ogr of
samples with lower volumetric water content. (Arnold, 1990) Since the issue is ftgquen
dependent, lessening in severity at higher frequencies, it seems reasoaabkkrt that
some frequency dependent feature of the coaxial cell is not being properlgdjode
causing the measured impedance values to produce a wide range of relatitte/pgrmi
estimations. Figure 2.3 and 2.4 show Arnold’s data for a 1MHz test and a 100 MHz test
respectively. Measurements were taken from an assortment of sampées figure 2.3
how widely spread the points are for similar volumetric moisture contéos.r&rrors
are very significant and apparent in the data. Particularly in the 0.30 to 0.35 range one
can observe that samples of similar volumetric moisture content were pttashiave

relative permittivity values ranging from around 25 to as high as almost 7@atdalso

16



reflects such features as volumetric water content ratios of around 0.30ieglabdgwer
relative permittivity than samples at around 0.20 and similar relative peryitd

samples around 0.10. The wide range of estimations is an undesirable behavior which
clearly demonstrates a poor ability to estimate the relative perityittf the tested

samples at this frequency. (Arnold, 1990)
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Figure 2.3. Arnold’s 1 MHz Test Data (Arnold, 1990)
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Figure 2.4. Arnold’s 100 MHz Test Data (Arnold, 1990)

Figure 2.4 shows Arnold’s 100 MHz test data. The spreading issue is less
significant here but is still present. The issue is most clearly evidwt comparing data
gathered at approximately 0.28 volumetric water content to data gatheedubr0.24
volumetric water content. Here, one can see that a sample with 0.28 volumettizenois
content was estimated to have a relative permittivity of less than 15. Howeadower
volumetric moisture content of approximately 0.24, a higher relative pertyitivi8 is

measured.
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CHAPTER IlI

METHODOLOGY

3.1 Coaxial Cdl

The coaxial cell is a measurement tool capable of measuring the dielectri
properties of an inserted material when used in conjunction with a Vector Metwor
Analyzer (VNA). A schematic showing the coaxial cell’'s dimensionshosv in figure
3.1 below. Note that unlike figure 2.1, this schematic shows the center conductor shorted
to the bottom plate of the cell. The cell is made of brass and has been silvergplated t
improve surface conductivity. The center ring is a thin Teflon disk used to eghdat
size of the sample. The cell was constructed based on a design used in an earlier
experiment in which a coaxial cell was used with dielectric spectrosoaatuate the
dielectric properties of grains and seeds. (Jorgensen 1970). That experiment used ai
samples and benzene samples to evaluate the accuracy of measurements taken with t
cell. The difference between the modern cell and the cell used in Jorgengamimert
is the modern cell has no capacitive material added in the connection betweemthe SM
connector and the center conductor. The modern cell’'s center conductor is shorted to the
bottom of the cell, where a small air gap was left in the previous design. Figisea3.2

digital photograph of the coaxial cell fully assembled.
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Figure 3.1: Dimensions of the Coaxial Cell
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Figure 3.2: Coial Cell

3.1.1How It Works

The coaxial cell has a single compartment for samples. In this tiesis, t
compartment will be referred to as the sample compartment, and is the bottontimlf of
cell. For completely solid samples, such as the Teflon insert, the bottom cap may be
removed and the insert pressed inside. For liquid samples, only the base of the sample
compartment is water tight. As a result, to test a liquid sample, the top half efltarc
the center insert should be removed. Liquid test material could then be poured into the
bottom section of the cell. Once a sample is in place, a properly calibratedarN#ec

connected to the SMA connector on top of the cell.
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3.1.2 Strengths

The coaxial cell is a well-defined structure that has been used in a number of
experimental procedures, several of which were discussed in chapter 2 sal,atre
mathematically well-defined. The nature of such a transmission strietgd® itself
toward measurements of dielectric properties. Additionally, by usingtbellgottom of
the cell to contain the sample under test, the sample compartment is reducedto a ver
simple geometry. This reduces the mathematical complexity of the desigohainee

that a sample will be improperly loaded into the cell is greatly reducedllas we

3.1.3 Weaknesses

The coaxial cell suffers from several weaknesses. First, the conduetitex rod
does not connect directly to the bottom lid of the sample compartment. As a result, there
is a gap between the center conductor’s bottom face, and the interior face dintheh
acts as a parallel plate capacitor. The presence of the gap is undegicabiselthe
impedance of the capacitance will vary with operating frequency and canrasilye e
calibrated out as a result. Additionally, for granular samples, such as sodifficult to
keep the sample from leaking into the gap, altering the permittivity betiheelates
which is tied directly to the capacitance. Solid samples are easier to kedphmigap,
but the inserted material will still occupy the fringe field of the capaand affect its
performance. Since the objective is to measure the permittivity andféus @kates a
second change in the measurement based on permittivity, it is highly undesirable.

An additional weakness that the cell suffered from was the abrupt chahge in t

diameter of the inner conductor in the top section of the cell. An abrupt change such as
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this excites an infinite number of waveguide modes across the discontinuitg.alhes

died out quickly, but produced a capacitance that had to be accounted for in the
transmission line model. This capacitance will be discussed in greatéirdséztion

3.2. Often, a gradual, cone-shaped top is used for the center conductor in simildr coaxia

cells to greatly attenuate this effect.

3.1.4 Treatment of Samples

Samples consisted of liquid solutions and solid inserts. Soil/water mixturies c
also be supported but were not tested. Solid samples were cut to fit snugly into the
sample compartment. Liquid samples were poured into the sample compartment through
the top under a fume hood. Soil samples should be weighed before being placed into the
cell. After measurements, samples must be thoroughly dried and weighed agasnil Th
sample’s particle density should then be measured. This calculatws &tir the
volume water content to be calculated directly for validation against the coalka

measurement.

Actual samples tested included distilled water, air (empty samp)eared
Teflon. To show that varying water levels in soil produced a varying relativatpeityy
several soil samples were also prepared and evaluated. A discussion of thesesresul

presented in chapter 4.
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3.1.5 Taking Data

Data was collected by using an Agilent Vector Network Analyzer #ftere
referred to as VNA). The VNA was calibrated for a single port, S11ume@&nt from
50 MHz to 400 MHz. Short, Open, and Broadband Load calibration standards were used
in a kit designated for SMA connectors. 201 data points were taken for each plot. The
real and imaginary reflection coefficients as well as the phase andtuthgpiots were

then recorded for analysis in MatLAB. Data was taken at room temperature.

3.2 Transmission Line M odel

In order to simulate the electrical properties of the coaxial cell, a new
transmission line model was developed. The model allows for each length of tioe cell
be broken down into a finite electrical component, assuming that the cell is opasatin
transmission line. The final model is pictured below in figure 3.3. Comparing to figure
2.2, one can see that significant changes have been made. The load capacitance has bee
replaced with a short. This was achieved by compressing a copper meshrtitiel gap
between the center conductor and the bottom plate. Additionally, two admittances in the
form of two shunt susceptances are added at the top of the cell to account for ¢jge chan
in the radius of first the outer, then the inner conductor. Between the two adnsiti@nce
short transmission line segment has also been added to account for the previowesdly ignor

top segment.
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Figure 3.3. Transmission Line M odel of the Coaxial Cell

A MatLab program was constructed using the concept of a cascaded tsamsmis
line model to simulate the behavior of the cell. Lengths of the cell wetedraa
transmission line segments with the characteristic impedanceatattibly the physical
dimensions of the cell, assuming the behavior of a coaxial transmission line.prhe ga
between the internal surface of the sample compartment’s bottom lid andtiée ce
conductor was modeled as a capacitance load before it was removed via shorting the
center conductor to the bottom lid. This capacitance was calculated to be 1.89 pF for the
case that air was present between the two panels and neglecting offaffgets. The
two step discontinuities in first the outer conductor and then the inner conductotacreate
structure that must be modeled as a capacitance in parallel with the suseepthe
sum total of the elements in the transmission line model that occur beyond the
discontinuities. Using the characteristic impedances of each section @rtheigsion

line model, input impedances were calculated. The equation below shows the impedance
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formula for the sample chamber. It should be noted that because the load for this secti
is a short circuit, the equation reduces in this segment to the simpler equation seen
directly beneath it.

Z, +Z, tanij2)
4 =2 @
Z, +Z, tanh(y\)

Z, = Z, tan{3) (s)

y=(ioulo+ jws,s,)) o)

The input impedance for this section is then used as the load impedance for the
transmission line segment at the top of the cell. The input impedance equation is the
used again with these values to calculate the input impedance at that point in the
transmission line model. This input impedance is then placed in parallel with the
admittance from the shunt capacitance due to the change in the inner conduct@rdiamet
This is then used in turn as the load impedance to calculate the input impedance to the
small transmission line segment at the very top of the cell. This, fimaijaced in
parallel with the admittance from the capacitance formed by the stemtincty in the
outer conductor’s diameter at the top of the cell. The result of this calculatieseafs
the frequency dependent input impedance for the entire cell. The reflectiantehnatics
are simple to calculate at this point using the equation below.

Z. -50

= m (Lonngren 2007) @)

The calculations for the capacitances due to the conductor diameter

discontinuities are not simple. Fortunately these discontinuities aredanates section
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of the cell which is not intended to contain a sample, so while they are frequency
dependent impedances, there is no concern of dramatic change in capacitancewue to ne
dielectric media being introduced into the system. The susceptance of the shunt
capacitors can be calculated via the system of equations shown in appendix A.
(Marcuvitz 1986) However, an experiment was conducted in which the cell was fitted
with a matched load termination During this experiment it was observed that the

discontinuities produced very little reflection on their own.

3.3 Permittivity Calculation Algorithm

To estimate the permittivity of a measured sample, a numerical anafsis
performed on the data. This was accomplished by calculating the Square Ejror (S
between points in the measured data and points generated by the MatLab simulation. This
calculation was performed on both the real and imaginary reflection ¢eefsi¢or 201
frequencies evenly distributed from 50 to 400 MHz. The mean was taken of the 201
different SE calculations to provide the Mean Square Error (MSE). This proasss w
repeated for 900 possible relative permittivity values ranging from 0.1 to 90.0. A
minimization was then performed to estimate the relative permittivityeofample. The
procedure and the results it produced are discussed in greater detail in the Findings
chapter which follows. Figure 3.4 below shows a flowchart detailing the algorithm’s

behavior.
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Figure 3.4. Algorithm Flowchart

3.4 Load Adjustments

Early simulations in the study showed a low degree of accuracy. While atigrtgti
pinpoint the source of these inaccuracies it was found that the simulation was very
sensitive to small changes in the termination load. In an effort to improve the
simulation’s performance, the termination load at the base of the sample chamber
adjusted for each sample material until the closest approximation could be found. This

will be discussed in greater detail in chapter 4.
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CHAPTER IV

FINDINGS

4.0 Load | ssues

The simulation proved to be very sensitive to changes in the load at the end of the

transmission line. Figure 4.1 below shows the changes in the simulation for Tefhen as t

load is varied.
1 T
30j Load
0.8 F 27 Load
24) Load
B 21j Load
08 18] Load
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= 04F
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=
= 02t
(]
[}
s Or
o
= 12 Load
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i 9j Load
= 04 5} Load i
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.08 g 4
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Figure 4.1. Teflon Simulation As Load Is Varied.
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As seen in Figure 4.1, the reflection characteristics of the simulatiednsyary
strongly as the load changes in small ways. This behavior indicates thaidbkisn
highly susceptible to error from inaccuracies in the load. Because themsgstal, it is
impossible to assume a perfect short circuit at the bottom of the cell. As suclpadme
will always be present. Figure 4.2 below shows the transmission line moldel lead

added at the end.

Change in Relative
Inner Radinsz Permittivity
Admittance WVaries
Sdmittance

\ 50.4 Ohms
T [ | T I |—|
_|_ _|_ Load

] | H

L
/ \ Top of Cell Bottom of Cell

Change in
Cuter Radius Characteristic Sample
Impedance of topmost Chamber

portion of cell

Figure 4.2. Transmission Line Model with Load
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Figure 4.3. Load Comparison for Distilled Water

Figure 4.3 above shows the RMSE plots of distilled water for two different.|[®ads

first of which is the adjusted load for distilled water, and the second is for thefcas
short circuit termination. Note that for the idealized case of the short ¢eomination
the lowest error occurs much closer to 90 than 80. Table 2 below shows the load

impedances used for each simulation.

Table 2. Load Impedances

Sample Assumed Relative Permittivity  Load Impedance
Teflon 2.1 0.2+9j
Water 80.1 0.0+]j
Air 1.0 0.2+9j

Note that in the frequency range of operation, the load impedances in table 2 could be

produced by an inductance as small as 6 nH. With this in mind it seems likely that this
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experiment could be improved by altering the cell to have a specific known load in the
bottom of the cell such that there is no longer a short, but is also not matched to the rest
of the transmission line. A non-zero load would reduce the effect of noise in the load on
the transmission line model significantly. However, it is important that no gégftb

between the bottom plate of the cell and the center conductor. Leaving such a gap will
cause a frequency dependence load in the form of a capacitance. The &ifeptgwill
interact with the sample under test, complicating the system furthetiorge4.1, 4.2,

and 4.3 investigate the algorithm’s behavior when the adjusted loads shown in table 2 are
used for the termination load in the transmission line equations. The algorithmsappear
figure 3.4.

4.1 Teflon Analysiswith Load Correction

A Teflon sample was cut to fit snugly within the sample chamber for this tksg fi
completely. Figure 4.4 below shows a plot comparing the simulated data and heasure
data for the Teflon sample. The simulation operated under the premise that Teflon had a
permittivity of approximately 2.1 at room temperature and a conductivity of 10EA24S

(Matweb 2010)
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Figure 4.4. Comparison of Real Reflection Coefficient Data and Simulatior eflon
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Figure 4.5. Magnitude of Error between Real Reflection Coefficient Dataiandafion

In order to arrive at an estimate of the relative permittivity, a mirtioa of a root mean
square error (RMSE) calculation was implemented. This was done using therequat
shown below. In this equation S is the array of simulation points, and D is the array of
measured data points from the VNA. 201 points of data were collected and siimulate

The points are represented by k.

2 05

201
-D
RMSE = Z% (Stark, 2002) (8)
k=1
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Figure 4.5 shows the magnitude of the error of each frequency point plotted ia Figur
These points can be used to calculate a Root Mean Square Error (RMSE) for the

measurements. For a relative permittivity of 2.1, an RMSE of 0.1036 was aadiculat

Figure 4.6 shows the plot of the simulated imaginary reflection coeffianehthe plot of

the measured imaginary reflection coefficient. Again, Teflon was asstoeve a

relative permittivity of approximately 2.1 and a conductivity of 10E-24 S/m\(ikéat

2010). The magnitude of error of the simulated versus measured data is showmnen Figu

4.7. The RMSE for this data set was calculated to be 0.1098.
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Figure 4.6. Comparison of Imaginary Reflection Coefficient Data and &iionlfor
Teflon
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Figure 4.7. Magnitude of Imaginary Error
The plots in Figure 4.8 and Figure 4.9 show the RMSE calculated from equation 8 as the
set of simulated points in S is recalculated for 900 possible relative patynitiatches
ranging from 0.1 to 90.0. The top value of 90.0 was chosen to incorporate the full range
of expected relative permittivity values while still allowing for errothe measurement
of pure water samples. The simulation generates a real and imaginartyaefteirve
based on the relative permittivity value to be tested, and then determines the RMSE
between each simulated curve and the respective curve generated biAtifer Yhe
sample under test. Figure 4.8 and Figure 4.9 shows the RMSE calculation for each
potential relative permittivity calculated by the simulation compared to thegdshered
with the VNA using a Teflon core as the sample under test. The objective is a
minimization, so the estimated relative permittivity is said to be theewahich causes

the lowest RMSE to be produced. However, observation of Figure 4.8 and Figure 4.9
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both show a span of low RMSE around the estimated relative permittivity. Table 8 show
real reflection coefficient data on the RMSE at the known value of the pertyittithe
Teflon core, as well as the data gathered at the calculated relativitipigynaalue

arrived at by the previously described algorithm. Table 4 is the same dptassstted

for the imaginary component of the data.

Table 3. Real Reflection Coefficient Analysis of Teflon

Permittivity Root Mean Square Note
Error
2.1 0.1036 Assumed Relative Permittivity of Teflon
Sample
2.8 0.0834 Lowest RMS Error

Table 4. Imaginary Reflection Coefficient Analysis of Teflon

Permittivity Root Mean Square Note
Error
2.1 0.1098 Assumed Relative Permittivity of Teflon
Sample
2.9 0.0884 Lowest RMS Error

While there is a degree of error in the calculated permittivity in casgrato the known
permittivity, the RMSE value for the known permittivity is close to that of dkebt
calculated error. Inspection of Figure 4.8 and Figure 4.9 also show that the known
relative permittivity does fall within the low error region in both data plots.xpe&ed,
relative permittivity values that are far from the known relative péikity have a
significantly higher error than the either the estimated or known relativ@tpeity.
Additionally, disagreement in the permittivity is expected due to noise in stensy
possible impurities in the sample, limitations in the accuracy of the mezesnire
equipment, and most significantly the limitations of the mathematical modekasbed

in the Load Issues section, section 4.1.
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4.2 Distilled Water Analysiswith Load Correction
The experiment was repeated with distilled water. Below, in figure 4.10, is af e
simulated data and measured data for distilled water. For the simulated d#dive

permittivity of 80.1 was used, and the conductivity was 0.5 S/m.
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Figure 4.10. Distilled Water Real Reflection Coefficient Comparison
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Figure 4.11. Distilled Water Imaginary Reflection Coefficient Consoar

Figure 4.11 above if the simulated and measured data for the imaginariyaeflec
coefficient. Both Figure 4.11 and Figure 4.10 show a rough match between the simulate
and measured data. An RMSE minimization was performed on the real and imaginary
reflection coefficients for distilled water to determine which relatmemttivity value

was the closest match. The result from these evaluations is plotted belgune 4i12

and Figure 4.13.
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Table 5. Distilled Water Real Reflection Coefficient Analysis

Permittivity Root Mean Square Note
Error
80.1 0.2568 Assumed Relative Permittivity of Distilled
Water
80.0 0.2568 Lowest RMS Error

Table 6. Distilled Water Imaginary Reflection Coefficient Analysis

Permittivity Root Mean Square Note
Error
80.1 0.1858 Assumed Relative Permittivity of Distilled
Water
80.6 0.1849 Lowest RMS Error

Table 5 and 6 show the results of the RMSE minimization. The relative permittivit
estimation for distilled water produced an estimated permittivity cltosdre assumed
permittivity value than the estimation for Teflon. However, the best egtsi@ar both
distilled water tests did produce a larger calculated Root Mean Squareharnrdhé tests
for Teflon. Higher accuracy in the relative permittivity estimat®most likely due to
the increased electrical length in the cell when the sample chambexdsafth distilled
water.

4.3 Air Analysiswith Load Correction

The experiment was repeated again with no sample in the sample chamber. dasethis
the simulation assumed that the sample chamber was filled with air, and had an
approximate conductivity of .55*10"-14 S/m. Figure 4.14 and Figure 4.15 show the
comparison of the simulated data and the measured data for the real and imaginary
reflection coefficient respectively. The simulation was run under the conditioaithat

had a relative permittivity of 1.0.
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Figure 4.14. Real Reflection Coefficients of Air
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Imaginary Reflection Coefficient
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Figure4.15. Imaginary Reflection Coefficients of Air

While neither the real or imaginary reflection coefficient simulati@tcimes very closely

to the measured data, both exhibit a similar structure over the frequegey Fegure

4.16 and Figure 4.17 follow. They show the RMSE plots for the reflection coefficients of
the air samples versus simulation data in the same manner as in the previauseexper

on Teflon and distilled water samples.
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It is interesting to note the similar appearance in the RMSE plots for ttiataiwhen
compared to the Teflon data. Since both of these samples exhibit a very low conductivity
and a low relative permittivity it is reasonable to expect these samples toeraatyc

similar results. Below in table 7 and 8, the RMSE of the real and imaginay aea

shown for the assumed relative permittivity of 1, as well as the point where the
simulation indicates a minimum error has occurred. While the lowest RMS ersnadbe
occur at the assumed relative permittivity, it is important to note that in botéathend
imaginary comparison, the assumed relative permittivity lies withinianmeg low Root

Mean Square Error.

Table 7. Air Sample Real Reflection Coefficient Analysis

Permittivity Root Mean Square Note

Error
1.0 0.1949 Assumed Relative Permittivity of Air
3.2 0.0853 Lowest RMS Error

Table 8. Air Sample Imaginary Reflection Coefficient Analysis

Permittivity Root Mean Square Note

Error
1.0 0.1955 Assumed Relative Permittivity of Air
3.3 0.1026 Lowest RMS Error

4.4 Comparison of Non-Adjusted to Adjusted Termination L oads

Repeating the same treatment of data described in section 4.1, 4.2, and 4.3 it quickly
becomes clear that a short circuit load is undesirable. Table 9 contains §te \RiMie

found for the shorted load and adjusted load case when measured data is compared to
simulated data at the assumed relative permittivity value for each thirdestested

samples. Air samples were assumed to have a relative permittivity of lIdnh $amples
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were assumed to have a relative permittivity of 2.1. Distilled water sam@re

assumed to have a relative permittivity of 80.1.

Table 9. Comparison of RMSE Measurements for Shorted and Adjusted Loads

Sample Shorted Load RMSE Adjusted Load RMSE  Ratio

Air (Real) 0.3886 0.1949 50.15%
Air (Imaginary) 0.2333 0.1955 83.80%
Teflon (Real) 0.3271 0.1036 31.67%
Teflon (Imaginary) 0.1796 0.1098 61.14%
Distilled Water (Real) 0.3390 0.2568 75.75%
Distilled Water (Imaginary) 0.2800 0.1858 66.36%

Note that in all six cases the adjusted load produced a lower RMSE value at thedassum
relative permittivity. In most cases this was significantly lowehwieflon’s real

reflection coefficient showing the most improvement.

Table 10. Comparison of Permittivity Estimates for Shorted and Adjusted Loads

Sample Shorted Load Error Adjusted Load Error
Estimated Estimated
Permittivity Permittivity
Air (Real) 8.7 770% 3.2 220%
Air (Imaginary) 7.1 610% 3.3 230%
Teflon (Real) 8.6 310% 2.8 33.3%
Teflon (Imaginary) 6.6 214% 2.9 38.1%
Distilled Water (Real) 88.4 10.36% 80.0 0.12%
Distilled Water (Imaginary) 88.9 10.99% 80.6 0.62%

Table 10 shows the algorithm’s permittivity estimates for each sampstimsted from

the real and imaginary reflection characteristics. Estimates fehthnted load case and

the adjusted load case are provided. Inspection of table 10 reveals that the adjdsted loa
consistently produce a smaller error in the permittivity estimate. lie sases the error

is reduced by several orders of magnitude.
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4.5 Usefulness of RM SE Analysis

RMSE is beneficial for this analysis as the mathematical simulationamhtission line
model of the cell are limited in their accuracy, and as such it is unlikelg {hextfect

match between simulated and measured data would ever be found. RMSE analysis finds
the closest overall match. This is desirable because no one frequency point is more
significant in the measurement than any other. RMSE diminishes errors due to random
variables such as noise as it allows for analysis of a large number of dasatqimd

the best overall fit for the entire data set as opposed to attempting to simgiythea
simulated and measured coefficient for a specific frequency or maiclsaipns of

peaks.
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CHAPTER V

CONCLUSION

The goals of this thesis were as follows:

1. Identify the strengths and weaknesses in the previous transmission lineofrtbdel
coaxial cell.

2. Select and mathematically describe an alternative model to address krakmesses
in the previous model.

3. Produce a simulation tool for the model.

4. Discuss strengths and weaknesses of the new model.

5.1 Accomplishments

The original transmission line model was shown to be lacking elements to accobet for t
abrupt changes in the radius of both the inner, and outer conductor of the coaxial cell.
The model was also found to not account for the topmost portion of the coaxial cell. The
model was improved upon via incorporating two susceptances into the model to account
for the two discontinuities. A transmission line segment was also added betwssen the
two susceptances to account for the short segment of the cell which was previously
ignored. Due to the problems associated with a short circuit termination, fiaaltitb

assess the magnitude of the benefit of incorporating these missing fedaweser, it is

more technically correct to include them.
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The thesis also suggested significant weaknesses in the previous design ofitie coa

cell. A flaw was found in that the gap between the bottom plate of the cell and the center
conductor causes a capacitance that varies its traits with frequency @edntingivity of

the sample under test. An attempt was made to address this undesirableyaspect b
shorting the center conductor to the bottom plate. A series of Matlab scripts wer
produced to simulate the behavior of the modified cell. The scripts are capable of
comparing simulated data to measured data and calculating the discrepamegn the

two, as well as estimate the permittivity of the sample under test.

Shorting the center conductor to the bottom plate removed the capacitance from the
model, study showed that attempting a near 0 ohm termination load caused behaviors in
the simulation that were unpredictable due to the small size of the teonited and

the significance of its impact on the simulated reflection charaatsriginalysis showed

that better knowledge of the true termination load could cause dramaiticpiiyved

estimations of the relative permittivity.
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5.2 Future Work

To better expand the research, a new coaxial cell should be built. The new cell should
have two major adjustments. First, the center conductor in the top section of the shell
should be altered such that the radius of the inner conductor gradually increadessin ra
rather than changing abruptly. This tapered top section has been used in other designs
(Huang 2000). Second, a load should be added to the bottom of the inner conductor
between the conductor and the bottom lid. This load should be a disk of the same radius
as the center conductor and should fit snugly between the center conductor and the

bottom lid. This load should not match the characteristic impedance of the cell.

Currently it is essential to know the conductivity of the sample under test. A lack of
knowledge of the conductivity of the sample prevents measurement. However, the
objective is to assess the volumetric soil moisture which limits the ofait® possible
sample under test to soil and water. It seems reasonable to assume tatitiee r
permittivity estimation could be improved by incorporating an analysis cfahmple’s

conductivity.

Finally, the work can be expanded by developing an equation to convert the relative
permittivity measurements to an estimation of the volumetric water caatentThis
equation would then need to be tested against real soil samples using the methods
described in this document. Additionally, a repeat of the original experimentdbeul
performed using the new model. This would require gathering a number of soil samples

estimating the relative permittivity, and comparing it to measured sasitaneivalues. It
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may also be prudent to investigate alternative simulation methods to modehxin c

cell.
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Appendix A Shunt Capacitance Calculation

Equations 9 through 20 below can be used to calculate the susceytaviieh

occurs in the transmission line model when the radius of the inner conductor undergoes

an abrupt, discontinuous change. The susceptance for the change in the radius of the outer
conductor can be calculated similarly. This method is outlined more thoroughly in
Marcuvitz, 1986.

Nomenclature List

a = inner conductor radius before discontinuity

b = inner conductor radius after discontinuity
C = outer conductor radius

Y7,=complex propagation constant

1
1—a?V1ra VA A+ A 42C
2In +4

_20,A 4o \1-a AA -C? 9)

B

Yo A1 q(p, 2(1—05)““ 5a2-1 4a°C) A,
+=[ =2 +— +—=
| 2\ 2 1+ a 1-a?> 3 A 2_

a=1-5=""— (10)
cC—a

b,=c-a (11)

b,=c-b (12)
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X o1 Is the first non-vanishing root of:

LGN 22 )= (210 22] <o -

a a

This system of equations is constrained in thiatainly valid provided that the
applied field is rotationally symmetrical. Additialty, the wavelength of the field and the

dimensions of the cell must meet the following liegment:

2(c—a
A> —( ) (20)
V1

These restrictions hold valid for both discontiies. According to the dimensions
of the cell, this equation system holds valid fibfraquencies less than 5.5 GHz which

contains the entire operating range of interesar@Jvitz, 1986)

58



Appendix B Matlab Programs

%Cel | Anal ysis Program

%Simulation modified to allow for a relative permit
placed in

%the system.

%December 7, 2009.

%To use this program, frequency and reflection coef
be

%available in the workspace.

%VFregData is a variable which is a 1 by 201 double
the

%frequencies in hertz.

%VRealData is a 1 by 201 double containing real ref
coefficients.

%VImagData is a 1 by 201 double containing imaginar
%coefficients

freq=50000000:1741294:400000000;

Z ¢c=50;
c=3*10"8;

lambda=c./freq;
Beta=2*pi./lambda;
mu=4*pi*10"-7,;
omega=2*pi.*freq;

%diameters in mm. Used as a ratio only.

b=54.0;

a=23.647,

nail=3.15;

%properties of inserted dielectric media
0_air=.55*10"-14; %conductivity for air
0_hexane=100*10"-12; %conductivity for hexane
o_teflon=10"-24; %conductivity for teflon
o_water=.05;

0_bottom=0_water;
epsilon=8.854*10"-12;

Eps_Teflon=2.1,
Eps_water=80.1; %taken from wikipedia for 20* Celci
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Eps_r=0;
for i=1:900

Eps_r=i/10;

Eps_test(i)=i/10;
cmedia=c/1.4;
lambdamedia=cmedia./freq;

%units in meters.
|_cellshortsection=.0083058;
|_celltop=.0568452;
|_cellbottom=.0637032;

Cap=4.9736*10"-10; %approximation trying to get dat
at 160 MHz

gamma_bottom=(1i*mu*o_bottom.*omega-mu*Eps_r*epsilo

gamma_bottom=sqgrt(gamma_bottom);

gamma_top=(li*rmu*o_air.*omega-mu*1*epsilon.*omega.*
gamma_top=sqrt(gamma_top);

%sample impedance value for capacitance from discon
%calculated for 75 MHz.
ZCap=(-1i*.002653)"-1;

%Calculate complex propogation constant within coax
Zo_CellTinyTop=(li.*omega*mu)./(2*pi.*gamma_top)*lo
%Characteristic Impedence of Cell VERY Top section
Zo_CellBottom=(1li.*omega*mu)./(2*pi.*gamma_bottom)*
%Characteristic Impedence of Cell Bottom section
Zo_CellTop=(li.*omega*mu)./(2*pi.*gamma_top)*log(b/
%Characteristic Impedence of Cell Top section
%Z_Cap=1./(omega*li*Cap); %l
capacitance.

%Z_Cap=0-1.8j;

%Z_Cap=0.2+9j; %for teflon

%Z_Cap=0+1j; %for water

%Z_Cap=0.2+9j; %for air.

Z_Cap=0+1j;

ZCellBottom=Zo_CellBottom.*(Z_Cap+Zo_CellBottom.*ta
|_cellbottom))./(Zo_CellBottom+tanh(gamma_bottom.*|
ap); %lInput impedence looking into bottom of cell.
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ZCellTop=Zo_CellTop.*(ZCellBottom+Zo_CellTop.*tanh( gamma_top.*l_cell
top))./(Zo_CellTop+tanh(gamma_top.*l_celltop).*ZCel IBottom); %lInput
impedence looking into top of cell.

ZAdjunct=(ZCellTop.*-1+ZCap.*-1).M-1; %impedance of discontinuity
capacitance in parallel with the rest of the system .
ZCellTinyTop=Zo_CellTinyTop.*(ZAdjunct+Zo_CellTinyT op.*tanh(gamma_to
p.*I_cellshortsection))./(Zo_CellTinyTop+tanh(gamma _top.*l_cellshort
section).*ZAdjunct); %lnput impedence looking into VERY top of cell.
%ZAdjunct=(ZCellTop.»-1+ZCap."-1).M-1;
%Zin=Z_c*(ZAdjunct+Z_c.*tanh(gamma.*|_cable))./(Z ¢ +tanh(gamma.*l_ca
ble).*ZAdjunct); %Input impedence looking into system.
%Now, account for capacitance from discontinuity in inner conductor
radius.

%ZAdjusted=ZAdjunct;
ZAdjusted=ZCellTinyTop;

GCoeff=(ZAdjusted-50)./(ZAdjusted+50);

%Calculate the RMSE from the reflection coefficienc es.
RealError=((real(GCoeff)-VRealData)."2);
ImagError=((imag(GCoeff)-VImagData)."2);

TotalRealError(i)=(sum(RealError)/201)".5;
TotallmagError(i)=(sum(lImagError)/201)*.5;
end

%print the real figure

figure;

plot(Eps_test, TotalRealError);
xlabel('Relative Permittivity");
ylabel('Root Mean Square Error');

%print the imaginary figure
figure;

plot(Eps_test, TotallmagError);
xlabel('Relative Permittivity");
ylabel('Root Mean Square Error');
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%Cel |l Error Plotter Program
%Simulation modified to allow for a relative permit
placed in

%the system.

%December 7, 2009.

%To use this program, frequency and reflection coef
be

%available in the workspace.

%VFregData is a variable which is a 1 by 201 double
the

%frequencies in hertz.

%VRealData is a 1 by 201 double containing real ref
coefficients.

%VImagData is a 1 by 201 double containing imaginar
%coefficients

freq=50000000:1741294:400000000;

Z ¢c=50;
c=3*10"8;

lambda=c./freq;
Beta=2*pi./lambda;
mu=4*pi*10"-7;
omega=2*pi.*freq;

%I|_cell=.1273./lambda;

%diameters in mm. Used as a ratio only.

b=54.0;

a=23.647,;

nail=3.15;

%properties of inserted dielectric media
0_air=.55*10"-14; %conductivity for air
0_hexane=100*10"-12; %conductivity for hexane
o_teflon=10"-24;%conductivity for teflon
o_water=.05;

0_bottom=0_water; %Set conductivity here.

epsilon=8.854*10"-12;

Eps_Teflon=2.1;
Eps_water=80.1; %taken from wikipedia for 20* Celci

Eps_r=80.1; %set relative permittivity to test here
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Eps_test=Eps r;
cmedia=c/1.4;
lambdamedia=cmedia./freq;

%units in meters.
|_cellshortsection=.0083058;
|_celltop=.0568452;
|_cellbottom=.0637032;

gamma_bottom=(1li*mu*o_bottom.*omega-mu*Eps_r*epsilo

gamma_bottom=sqrt(gamma_bottom);

gamma_top=(li*rmu*o_air.*omega-mu*1*epsilon.*omega.*
gamma_top=sqgrt(gamma_top);

%sample impedance value for capacitance from discon
%calculated for 75 MHz.
ZCap=(-1i*.002653)"-1;

%Calculate complex propogation constant within coax
Zo_CellTinyTop=(li.*omega*mu)./(2*pi.*gamma_top)*lo
%Characteristic Impedence of Cell VERY Top section
Zo_CellBottom=(1li.*omega*mu)./(2*pi.*gamma_bottom)*
%Characteristic Impedence of Cell Bottom section
Zo_CellTop=(li.*omega*mu)./(2*pi.*gamma_top)*log(b/
%Characteristic Impedence of Cell Top section
%Z_Cap=1./(omega*li*Cap); %l
capacitance.

%This was removed.

%Z_Cap=0.2+9j; %for teflon
%Z_Cap=0+1j; %for water
%Z_Cap=0.2+9j; %for air
Z_Cap=0+1j;

ZCellBottom=Zo_CellBottom.*(Z_Cap+Zo_CellBottom.*ta
|_cellbottom))./(Zo_CellBottom+tanh(gamma_bottom.*|
ap); %lInput impedence looking into bottom of cell.
ZCellTop=Zo_CellTop.*(ZCellBottom+Zo_CellTop.*tanh(
top))./(Zo_CellTop+tanh(gamma_top.*|_celltop).*ZCel
impedence looking into top of cell.

ZAdjunct=(ZCellTop.*-1+ZCap.*-1).M-1; %impedance of
capacitance in parallel with the rest of the system
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ZCellTinyTop=Zo_CellTinyTop.*(ZAdjunct+Zo_CellTinyT op.*tanh(gamma_to
p.*I_cellshortsection))./(Zo_CellTinyTop+tanh(gamma _top.*l_cellshort
section).*ZAdjunct); %lnput impedence looking into VERY top of cell.

%ZAdjusted=ZAdjunct;
ZAdjusted=ZCellTinyTop;

GCoeff=(ZAdjusted-50)./(ZAdjusted+50);

%Calculates absolute value of error between simulat ion and gathered
data.

RealError=(abs(real(GCoeff)-VRealData));
ImagError=(abs(imag(GCoeff)-VimagData));

%plot figures

figure;
plot(freq,RealError);
xlabel('Frequency (Hz)");
ylabel('Error");

figure;
plot(freq,ImagError);
xlabel('Frequency (Hz)");
ylabel('Error");

figure;

plot(freq, real(GCoeff), VFregData, VRealData);
xlabel('Frequency (Hz)");

ylabel('Real Reflection Coefficient");

figure;

plot(freq, imag(GCoeff), VFreqData, ViImagData);
xlabel('Frequency (Hz)");

ylabel('Imaginary Reflection Coefficient’);

64



%Root Fi nder Program

%use to see where Xi crosses a zero point.
a=.122;

c=2.127;

Xi=0:.002:2;

Value=BESSELJ(0,Xi).*BESSELY(0,Xi*c/a)-
BESSELY(0,Xi).*BESSELJ(0,Xi*c/a);
plot(Xi,Value);

%Di scontinuity Program

%This program calculates the B over Y value describ ed on page 310 of
The

%Waveguide Handbook.

a=.00155; %1.55mm
b=.012306; %12.306mm
¢c=.027013; %27.013mm
x=0:.025:1;

lambda = 4; %m

%x=0:.05:1;

%a=.10;

%b=[5.0,4.9,4.8,4.7,4.6,4.5,4.4,4.3,4.2,4.1,4.0,3.9 ,3.8,3.7,3.6,3.5,
3.4,3.3,3.2,3.1,3.0,2.9,2.8,2.7,2.6,2.5,2.4,2.3,2.2 ,2.1,2.0,1.9,1.8,

1.7,1.6,1.51.4,1.3,1.2,1.1,1.0];

%b=[5,4,3,2,1];

%b=[.12, .119, .118, .117, .116, .115, .114, .113, 112, .111, .110,
.109,

%.108, .107, .106, .105, .104, .103, .102, .101, .1 Ik

%c=.12;

%a=1,

%cC=5;

%a=.0016;
%c=.0270;
%b=.0016:.000635:.0270;

%lambda=.5;
alpha=(c-b)/(c-a);
gamma=1-alpha;

b _o=c-a;
b_oPrime=c-b;

d=c-b;
dPrime=b-a;

e=2.718;

gamma_one=.931161,
Xi=(pi*gamma_one)/(c/a-1);
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%lambda=20; %as per p233 of Waveguide Handbook

%Section needs to be checked for dot product. Done.
product

%rules.

A=((1+alpha)./(1-alpha)).”(2*alpha)*((1+(1-
(b_o./(lambda*.5))"2)".5)/(1-(1-(b_o./(lambda*.5))*
((1+3*alpha.”2)./(1-alpha."2));
APrime=((1+alpha)./(1-alpha)).”~(2./alpha).*((1+(1-
(b_o./(lambda*.5)).”2).”.5)./(1-(1-
(b_oPrime./(lambda*.5)).72)./.5))+((3+alpha.”2)./(1
C=((4*alpha)./(1-alpha."2))."2;

%yvariables calculated with dot product removed.
%A=((1+alpha)/(1-alpha))*(2*alpha)*((1+(1-
(b_o/(lambda*.5))"2)".5)/(1-(1-(b_o/(lambda*.5))"2)
((1+3*alphan2)/(1-alpha™2));
%APrime=((1+alpha)/(1-alpha))*(2/alpha)*((1+(1-
(b_o/(lambda*.5))*2)*.5)/(1-(1-
(b_oPrime/(lambda*.5))*2)".5))+((3+alpha”2)/(1-alph
%C=((4*alpha)/(1-alpha”2))"2;

A_one=(b./a).*(log(c/a)./((c/a)-1)).*(((c./b)-1)./

%A_two=(pi*2.*(a./b))./(gamma_one*(1-
((2*b_o)/(gamma_one*lambda))*2)".5).*(((c/a)-
1)./((BESSELJ(0,Xi)"2)./((BESSELJ(0,Xi*(c/a))*2)-
1))).*((BESSELJ(0,Xi).*BESSELY(0,Xi.*b/a)-
BESSELY/(0,Xi)*BESSELJ(0,Xi.*b/a))./((c./b)-1))"2-(1
(2*b_ollambda)"2)"-.5.*(2*b_o/(pi.*d)*sin(pi.*d/b_o
A_twoa=(pi"2.*(a./b))/(gamma_one*(1-
((2*b_o)/(gamma_one*lambda))*2)".5);
A_twob=(((c/a)-1)/((BESSELJ(0,Xi)*2)/((BESSELJ(0,Xi
A_twoc=((BESSELJ(0,Xi)*BESSELY (0,(Xi/a).*b)-
BESSELY/(0,Xi)*BESSELJ(0,(Xi/a).*b))./((c./b)-1)).~2
A_twod=(1-(2.*b_o./lambda)."2)."-
5.%(2.*b_o./(pi.*d).*sin(pi.*d./b_0))."2;

%0Id

%A_twoa=(pi"2*(a/b))/(gamma_one*(1-
((2*b_o)/(gamma_one*lambda))*2)".5);
%A_twob=(((c/a)-1)/(((BESSELJ(0,Xi))"2)/(((BESSELJ(
1));

%A_twoc=((BESSELJ(0,Xi)*BESSELY (0,(Xi/a)*b)-
BESSELY/(0,Xi)*BESSELJ(0,(Xi/a)*b))/((c/b)-1))"2;

%A _twod=(1-(2*b_o/lambda)*2)"-.5*(2*b_o/(pi*d)*sin(

%A _two=A_twoa*A_twob*A_twoc-A_twod,;

A _two=A twoa.*A_twob.*A twoc-A_twod;
%plot(x,A_one);
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%AXis([0 1 1 2.3])

%plot(x,A_two);
%AXxis([0.01 1 0 .6])

%page 310, equation 2a

%BOverYol=(2*b_o*A_one)/lambda*(2*log((1-
alpha™2)/(4*alpha))*((1+alpha)/(1-
alpha))*(.5*(alpha+1/alpha))+4*((A+APrime+2*C)/(A*A Prime-
C"2))+.5*(b_o/lambda)™2*((1-
alpha)/(1+alpha))*(4*alpha)*(((5*alpha”2-1)/(1-
alphan2))+4/3*(alpha”2*C/A))"2+A_two/2)

%with dot products
BOverYol=(2*b_o.*A_one)./lambda.*(2*log((1-
alpha.”2)./(4*alpha)).*((1+alpha)./(1-

alpha)).~(.5*(alphat1./alpha))+4*((A+APrime+2*C)./( A.*APrime-
C.72))+.5%(b_o/lambda)*2*((1-
alpha)./(1+alpha)).”(4.*alpha).*(((5*alpha.”"2-1)./( 1-

alpha.”2))+4/3*(alpha.”2.*C./A))."2+A_two/2);

%page 310, equation 2c

%BOverYo2=(2*b_o*A_one)/lambda*(gamma/2)"2*(4*log(2 /gamma)/(1-
gamma)+2+17/2*(b_o/lambda)*2+A_two/2)

%with dot products

BOverYo2=(2*b_o.*A_one)/lambda.*(gamma/2)."2.*(4.*| og(2./gamma)./(1-
gamma)+2+17/2*(b_o/lambda)"*2+A_two/2);

%figure;

%plot(BOverYo2);

%figure;
%plot(alpha,BOverYo2, alpha, BOverYol);

%A_two=(pi"2*(a./b))/(gamma_one*(1-
((2*b_o)/(gamma_one*lambda))*2)".5)*(((c
%/a)-1)/((BESSELJ(0,Xi)*2)/((BESSELJ(0,Xi*(c/a))"2) -
1)))*((BESSELJ(0,Xi)*BESSELY(0,Xi.*b/a)-
BESSELY/(0,Xi)*BESSELJ(0,Xi.*b/a))/((c./b)-1)) 2-(1-
(2*b_ollambda)"2)"-.5*(2*b_o/(pi.*d)*sin(pi.*d/b_o) "2;

67



68



VITA
James David Duvall
Candidate for the Degree of
Master of Science
Thesis: ISSUES PERTAINING TO DIELECTRIC ASSESSNEOF SOIL
MOISTURE IN A COAXIAL CELL
Major Field: Electrical Engineering
Biographical:
Education:
Completed the requirements for the Master of Seem&lectrical Engineering
at Oklahoma State University, Stillwater, Oklahom&®ecember, 2010.
Experience:

Professional Memberships:



Name: James Duvall Date of Degree: Decemb8f,(®
Institution: Oklahoma State University Location: Stillwater, Oklahoma

Title of Study: ISSUES PERTAINING TO DIELECTRIC AESSMENT OF SOIL
MOISTURE IN A COAXIAL CELL

Pages in Study: 68 CandidatetferDegree of Master of Science
Major Field: Electrical Engineering

Scope and Method of Study: The study considere@-&xisting coaxial cell design and
attempted to improve upon the accuracy of the ebaeill as a measurement
device. The cell was modeled with a revised traasiomn line model. Simulations
were conducted using MatLab and were comparedtsotdken from an Agilent
Vector Network Analyzer using Root Mean Square EfRMSE) analysis to
estimate the relative permittivity of samples cared in the coaxial cell’s sample
chamber.

Findings and Conclusions: It was found that whilke mew transmission line model was
more rigorous in its representation of the coasl, accuracy was still very
limited. As a result, the coaxial cell should bdasigned to eliminate possible
complications resulting from its current structubdransmission line model may
not be complex enough to properly represent tHe cel

ADVISER’S APPROVAL: Dr. Charles Bunting




