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Abstract

There can be no doubt that the efficient managemiewater resources is a topic that is
highly relevant today. A decline in traditional & of seasonal rain is impacting on rural
and urban areas alike as public attention is ddéckdbwards recycling programs and
public campaigns of efficient use of water. In agliure, crop yields are directly related
to soil moisture, levels that are most importarthatroot zone area of the plant.

There have been many technical approaches to th@toring and control of soll
moisture levels. One of the most convenient andurate in-situ methods that has
established itself as a recognised standard ardbhedworld uses Time Domain

Reflectometry (TDR) to determine volumetric watentent of the soil.

TDR is most popularly used with soil probes (tyfic80 - 60 cm in length) that are
inserted directly into the soil and produce a swilisture measurement that is averaged
over the length of the probes. More specific infation such as the soil moisture in the

root zone is not easily determined with such probes

This project investigates an alternative TDR prdbsign that provides more information
about the root zone area of interest. The launchef DR incident wave is from a point
along the length of the probe, rather than fromgtaet of the probe. Transmission line
theory is used to determine the expected behawduithe incident and subsequent
reflection waves. 3D electro-magnetic design antukition software is used as an aid to
the design process. A prototype probe has beegrigsiand constructed, and laboratory

tested for performance.
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Chapter 1: Introduction

1.1 Introduction and Background

There have been several approaches to the momwgtand control of soil moisture in
recent years. Industries that cover aspects ofadhygy, agriculture, engineering and
forestry have looked for fast, economical, and esteumethods that promote economical

and good management practice of water as a limgsolrce.

Traditionally, soil water content was obtained tigh gravimetric testing procedures that
required soil samples from the field to be weiglaed then oven-dried. The change in
mass is then used to accurately calculate the \athicrwater content of the soil. This of
course is a time-consuming and expensive procethatenot only has environmental
implications associated with the removal of soibnfr the environment, but also
represents significant tendency for error. Err@s be experienced due to poor sampling
procedures including deficient selection of soihpées that may not be representative of

the area of interest. In-situ testing has becoradathored approach.

Early in-situ testing was accomplished throughubke of the neutron probe and the dual
gamma ray techniques (Greacen 1981). Both of thethods overcame the destructive
nature of previous laboratory sampling and provideglick and accurate method of soil
moisture measurements. Disadvantages however er@atigerous radioactive nature of
the technology. Also the neutron probe respondiedgdiydrogen content of the soil itself
and not just that of the water present in the sbilis means that calibration of the
instrument is difficult as it must first account fthe type of soil present. Use of these
technologies is also restricted by government |aMesovercome these limitations, work
in the nineteen-eighties by researchers focusati@dielectric properties of the soil as a

means of calculating water content.

The premise of this approach relied on the fact #tafrequencies below 1GHz, the
dielectric permittivity of water is much higher th#hat of the dry soil. This meant that
the dielectric permittivity is more closely relatéal the water present in the soil rather

than the soil itself. Hence permittivity readingsce measured could be directly equated
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Chapter 1: Introduction

to soil moisture content. One early technique depesdi relied on the capacitive effect of
the water present in the soil (Dean, Bell & Batt987).

Testing bulk soil dielectric permittivity with capigance probes inserted into the soil is a
quick and convenient method. The equipment necgssanexpensive and has none of
the dangerous radioactive components of the eatkehnologies. Results from
capacitance techniques (Selig & Mansukhani, 1978Kikh. et al., 1980) however are
greatly dependant on specific electrode configaratiand detailed calibration in the
field. Limitations arise with the variation in peittivity readings due to the presence of
any air gaps between the probe and the soil. THbeadef installing the probes requires
that a suitable tunnel be formed in the ground whach the probes can be inserted. This
procedure inherently introduces air gaps. It was &und that the soil type significantly
influenced the consistency of results, in particakee conductive properties of the soil.
These limitations were largely overcome with reskamto TDR as an alternative
method.

TDR was found to possess all of the advantageseotapacitance probes, but produced
more consistent and reliable results (Topp, Davisnfaan, 1980). The technology works
by applying an electric pulse to probes inserted ithe earth. The probes act as a
‘waveguide’ for this electromagnetic wave as ivéala through the soil. The soil is the
dielectric material contained by the waveguidesil 8wisture is determined by first
measuring the propagation velocity of this electagnetic wave as it travels along the

probes and is reflected off the open end and latket start of the probes.

The speed of the reflected pulse depends on sodumtivity, which in turn is highly
correlated with the soil's moisture content (Robm®t al. 2003). This is due to the fact
that the propagation velocity of an electromagnetiwe is inversely proportional to the
square root of the apparent dielectric permitti\ii§a) of the material surrounding the
transmission line. It is also known that the petinity of the dielectric is most strongly
affected by the water content, rather than the raineral and organic particles that
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Chapter 1: Introduction

constitute the soil. This can be seen with compar the typical dielectric constants of

these materials:

Table 1.1Dielectric constants of soil constituents and magxtures of soils

Material Dielectric Constant
Air 1

Water 81 @ 20°C

Ice 3@I5°C

Basalt 12

Granite 7-9

Sandstone 9-11

Dry Loam 3.5

Dry Sand 2.5

(Source: Noborio2001, p. 217)

Therefore, TDR makes use of the propagation velotit calculate the apparent
permittivity of the soil. Extensive empirical stedi (Topp, Davis & Annan, 1980)
enabled a direct correlation of the apparent distepermittivity to the soil moisture

content @,). A universal curve that describes this relatiogpdbr a particular soil type

has been dubbed the Topp Curve. The accuracy of m&#Rgained recognition as a

world-wide standard to which all other methods@mpared.

1.2 Project Aims and Specific Objectives

Conventional TDR probes measure the average stdrwantent over the length of the
probes. This presents a limitation to their usefatnwhen more accurate information of
water content throughout the soil profile is reqdirFor example a farmer may only be
interested in soil moisture at the root zone arfeth® crop, rather than the condition of
the soil including the immediate surface soil. Tthesis is then concerned with the
design, construction and testing of an alternagik@be design that attempts to capture

more soil profile information.
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Chapter 1: Introduction

Laboratory experimentation with soil samples ane tiiversity's TDR equipment is
first carried out using the conventional probesviged. A thorough literature review of
relevant theory and history of TDR for the use ofl snoisture monitoring is also
undertaken. This is done to gain an understanditigeocurrent theory and application of

TDR in the soil moisture measurement context.

The USQ owns a TDR instrument that is available tfee purpose of this project.
Familiarisation with the TDR equipment and the tiyeof TDR is essential for the
successful completion of this project. Also is arderstanding of the physical properties
of soil, the combination of soil and water, soip#yand mineral content, all in the

presence of a traveling electromagnetic wave.

Specific objectives are then to:

» Design and construct a soil probe that yields mafile information rather than
averaged information.

» Gain familiararity with simulation software; usemldid in the design and testing of
potential probe configurations.

» Assess the new probe for accuracy and functionality

The full project specification can be found in Apgex A

1.3 Conclusions: Chapter 1

This chapter has introduced the TDR approach to itk&itu measurement of solil
moisture content. Some background to alternativéhatls has shown TDR to be a
reliable and accurate method. An investigationusfent practice of TDR has highlighted
the need of more specific measurements such dgimbt zone area. The project aims
and specific objectives have been outlined; nartiedydesign, construction and testing of
an alternative probe that will interrogate seleet profiles. The next chapter will look

at the historical development of TDR for soil maigt applications in more detail.
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Chapter 2: Literature Review

2.1 Introduction

This chapter will review literature related to thistory of soil moisture measurement
methods using TDR. This will establish an undeditagy of the theory of TDR,
applications and limitations of its use for soilistare measurement and developments to

date that assist the design of a probe suitabledibprofile determination.

2.2 Theory of TDR for Soil Moisture Measurement

Some of the early work of the application of TDRittermine the dielectric properties of
soil was done by Hoekstra & Delaney (1974). Theyenable to identify that over a
range of frequencies the relationship between vetiimwater content and the complex
dielectric constant is relatively independent af sge. Leading on from there, much of
the work to realise the practical potential of TR accurate measurement of soil water
content was pioneered by Topp, Davis & Annan, ()J980was their finding that in the
frequency range 1MHz to 1GHz, that the real parthefcomplex dielectric permittivity
of soils (') was sensitive to the volumetric water contenthef soil. They determined
that the relationship was not strong with othergatgl properties such as soil density and
type. In particular, they determined that was not strongly dependant on frequency as

had been the focus of all previous research of T@Roil moisture measurements.

The focus for Topp, Davis and Annan (1980) wasetoee to measure the propagation
velocity of a fast rise time pulse through the ,sode this information to first calculate

the apparent permittivity K,) of the soil, and from there to determine an aateur
transfer of K, to the volumetric water conteng(). Some TDR theory is necessary at

this point to understand the process used by toederive this relationship.
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Chapter 2: Literature Review

In any given dielectric material, the propagaticgloeity of an electromagnetic wave

(V,) is less than that of its propagation in free sp@ac= 3x10° m/s) according to:

Vo= e, (2.1)

* Jeu,

where 4, is the dielectric permeability of the soil, and

&, Is the complex permittivity of the soil given by:

£ =€ - j{g" +&} ......................................................... (2.2)
C(EO
and o,is the DC conductivity of the dielectric
&, is the permittivity of free spac@854x10™*F /m)

«is the radian frequency

The magnetic property of nearly all soils does venty significantly from that of free

space so it can be assumed that=1

The velocity equation is now reduced to:

V. =

_c
DT
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Substituting fore, we get:

c

V, = OO TO TS UE SRR T UTRPTRRPROY (2.4)
. %
é;(1+ (1+ tan’ J)ZJZ
A
where tand = fcaso ......................................................... (2.5)

Since the propagation velocity is not entirely ipeledent ofs the measured dielectric
permittivity is generally termed the apparent dirie permittivity and is given the

symbolK,. Hence the propagation velocity is related to tmegparent dielectric

permittivity by the simplified equation:

\Y

-_C
DTG

For the soil probes of lengthand transit time 4t ) for the pulse to travel the length of
the probes from the start to the end and backestrt:

v, =2

At

By substitution and rearrangement of (2.6) and)(@& apparent dielectric permittivity is

related to the propagation velocity by:

_(Atxc ?
S 29)
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2.3 Application of TDR for Soil Moisture Measuremen  t

Having been able to calculate the apparent diétepermittivity from the transit time,
Topp, Davis and Annan (1980) then embarked on esthaulaboratory testing of soil
samples in a coaxial cell. They were able to us#gaadard TDR instrument whose

primary use was to find faults in cables. The pment they used is represented in

Figure 2.1.

Time Domain Reflectometer

Timing — Display

Coaxial Sample Holder
Step . Sampling : P
Generator ' Receiver | |
A B ; C D
. TDR and Line L Soil Sample |
) " |
Excitation
o A B c D Voltage
= Waveform
£
H
Time

Figure 2.1 Topp System for TDR Measurement of Coaxial Soip&am

The TDR source generates a fast rise time stegifum@s shown at position A. The step
propagates down a standard coaxial transmissienttirough the sampling receiver at B
to the transmission line under test at C. At thagmpthe step encounters an impedance

mismatch and some of the incident pulse is reftebck up the transmission line whilst
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the remainder is transmitted through the soil sermpkhe end point D. An open circuit at

the end causes the entire signal to be reflectekl thaough the soil sample.

Using the coaxial transmission line cell systemp@,oDavis and Annan (1980a) were
able to test different soil types with varying wat®ntents for their transit time and
subsequently calculate apparent dielectric penttitti Through this empirical analysis
they were able to derive d%3rder polynomial that provided accurate represima
across the range of soil water contents of gemaiedest. This relationship has since been
recognised as a global standard by which all satewcontent measurements using TDR
methods are now compared. The polynomial was dubiedlTopp Curve’ is shown in

Figure 2.2, and is mathematically expressed as:

K, = 303+ 930, +14600,7 =76.70,% .......cccvviieeiieiee e, (2.9)

where 6, is the volumetric water content of the soil.

80
70 ——K_=303+936,+146.00,° —76.76, ~
60 /
50 /

40 /

30 /

20 /

10 //

0 I I I I
0% 20% 40% 60% 80% 100%

Apparent Dielectric Constant (Ka)

% Volumeric Water Content of Soil ( 61; )

Figure 2.2Universal Topp Curve
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The Topp Curve when plotted with square rootkafagainst volumetric water content

reveals an almost linear relationship as showmgiife 2.3.

Topp Calibration Curve
10

] 10 20 30 40 50 0 70 a0 a0 100
Volumetric Water Content

Figure 2.3Universal Topp Curve (Linear Relationship betweetuetric Water Content and Apparent

Dielectric Constant)

The apparent linear relationship shown in FiguBei useful for establishing whether the
TDR response does in fact provide an average swgtore reading over the length of the

probe. This will now be investigated.

Let the distance from the start of the probe toethe be a measure of distance z. Making
use of equation (2.3) it can be said that the tielay taken for the TDR signal to travel
the length of the probe (L) is:

2] =2

Using the relationship of equation (2.6), the tideday can also be written as:
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Equating (2.10) and (2.11) gives:
2L 2§
—JK, =—|4/&dz
VK C{JT
1L
K, =—|4&dz
JK, L{JT

Using the linear relationship of Figure 2.3, andtthg the constart for the slope of

the graph, and intercept =2, it can be said that:

JKa =24CO, s (2.13)

Equating (2.12) and (2.13) and allowig = &, :

L
2+CH, = %j[2+ c8,(2)lz
0

L
2+C@, = 2+%jev(z)dz ........................................................ (2.14)
0
_1p
v —E.([HV(Z)dZ

Therefore it can be seen that volumetric watereuiris indeed found as an average over

the length of the probes.

2.4 Development of TDR Practices

The use of TDR was then firmly established andnesfias the preferred method for
measuring average soil water content rapidly, logtiaand routinely. Topp, Davis and
Annan (1982b) carried out further TDR research sui profile testing. They found that
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TDR could be used to accurately identify wettingntis within the soil, but this often
required intuitive and expert interpretation of theasured reflection signals. Also, it did

not necessarily equate to information about a @aer profile of interest.

A number of different designs of probes have ener§gure 2.4 shows some two and
three-wire probes and a coaxial probe.

EYSETEsdcselasiatrtnERars

Figure 2.4Examples of TDR Probes in Use

(Source Laurent 1998, p.3)
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The probes in Figure 2.4 have different charadiesisand will be described separately.
From left to right, they are:

* A twin-wire probe: wires of varying lengths can tennected to the head section,
this is the ‘connector’ probe developed $gil Moisture Equipment Corp™and is
the probe that will be used as a standard duribgr&ory testing for this thesis.

* Twin-wire probe: developed bymko GmbA“. Twin wire probes are most
commonly used in the field because of ease offieseinto the soil.

» Three-wire ‘buriable’ probe: developed I3pil Moisture Equipment Corp™ith
sealed connections such that the probe can bedbumgerground.

» Coaxial probe by LTHE L@boratoire d'étude des Transferts en Hydrologie et

Environnement

Guided by the probes, the TDR signal used to iagg@te the soil will have various field
effect patterns, which implies each probe will @stolume of soil peculiar to the design
of the probe. This becomes an important factohendetermination of accuracy of TDR

measurements. Figure 2.5 shows various soil testihgnes for four probe types.
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O

Figure 2.5The Shape of Interrogated Soil by TDR Probes
(Source Laurent 1998, p.4)

The second probe in Figure 2.5 is that of a pddictype of twin-wire probe that can be
placed at different depths in an access tube, tigceleveloped by Imko Gmbh™

(Laurent 1998). The fourth is that of the coaxiall @y LTHE which are preferred for

experiments in the laboratory of for calibratioraitent 1998). With such probes, the
measured volume is perfectly defined: this is th®l inner space of the wave-guide.
Also compared to the two-wire probes, it can bengbat the three-wire probe provides
better definition of the soil volume under inveatign. This will be seen to be significant

in design considerations that follow.

Twin-wire probes designed for in-situ testing apjimated Topp’s laboratory coaxial
cell. There is however a geometry mismatch betw#en unbalanced coaxial cable
feeding the balanced twin wire probe. The mismatak found to introduce problems of
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undesirable signal and information loss at theriate between the two. This was

originally overcome with the introduction of a batang transformer, or balun.

The balun itself however was found to introduce ant&d noise causing difficulties in
the signal analysis (Zegelin, White & Jenkins, 198% overcome the need for a balun,
they undertook to re-design the existing two-wirebes with 3 and 4 wire models for
field use. Figure 2.6 shows the 3-wire probe oflieyVhite and Jenkins (1989). Their
analysis of the electric field distribution aroutige probes closely emulated the results
achieved by Topp’s laboratory testing of a coawi@hsmission line cell. The new design

also minimised the impedance mismatch which ocduwi¢éh the two-wire probes.

Insertion Rods Coaxdal Cahble

Metal Shield

Plastic Dielectric

Figure 2.6 Three-Wire Probe of Zegelin, White & Jenkins (1989)

Further work by Heimovaara (1993) investigated tre@teships between lengths of the
coaxial lead connecting the test equipment to ttode with various probe lengths. He
found accuracy suffered when the probe length gsstaort in relation to the length of
coax. In particular, longer lengths of cable catlserise-time of the TDR voltage pulse
to increase, spreading each reflection across gerldime interval, i.e. the measured

transit time becomes skewed.
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One modern TDR probe in use makes use of a twia t@nsmission line with shorting
diodes placed between the wires at different iratisralong the probe length (Figure 2.7).
With electronic control, different combinationsaibdes are switched such that the probe
is interrogated over the different segments (Hobkle 1992). Although this provides
profiling information, it is considered that spatrasolution of this system is relatively
weak (Laurent, 1998).

Figure 2.6 Diode Shorting Probes of Various Lengths
(Source:Moisture Point 2007, p.2)

Laurent’'s (1998) comments regarding weak spatisbltgion of the previous type of
probes is supported by the findings of Zegelin, @/hand Russell (1992). They

TDR Probes for the Measurement of Root Zone Soishoe Page 18



Chapter 2: Literature Review

investigated the accuracy of TDR in different 9gpes and found that the response of
TDR probes is especially sensitive to the regiomediately surrounding the probe
wires. Since the area between the probes is filligal the switching diodes and a poured
epoxy resin, then the dielectric properties of slod itself is not the region of greatest

interrogation by the TDR induced fields.

Recent studies by Laurent (1998) have sought t@aexivater-content profile information
from the TDR measured waveform, in addition tottiaglitional overall propagation time
and corresponding average water content. A TDR asignversion method called
“TDR_SSI” considers the waveform as a set of elaamgrreflected signals, not only at
the beginning and end of the probe, but also etierg an impedance discontinuity is
encountered in the soil medium. Any variations etev content throughout the sampled
soil will lead to fluctuations of the electrical rpattivity, and thus of the impedance.
These create reflections that combine as an imégheoimpedance along the probe.
Laurent did however identify several limitationstb@ method. Practical limitations exist
with the insertion of the long plastic tubes or sadto heterogeneous type soils. This
long length also introduces unwanted signal atteoman highly conductive soil types
causing inaccuracy in calculations. Also identif\wds some scattering or variation of

K, with the frequency due to a distribution of relagatproperties throughout the soil.

TDR probe design is still an area of interest todays important to note that although
Zegelin, White and Jenkins (1989) confirmed the 8 & wire probes as good

approximations to the laboratory coaxial cell sgst¢éhat significant difference between
the characteristic impedances of probes couldn’igbered. Ball (2002) has recently
investigated numerical analysis for the calculatmnprobe air-spaced characteristic
impedance, necessary for soil conductivity inteigdrens. His work has provided a good
first approximation of characteristic impedanceha form of a mathematical expression
obtained by conformal transformation. Figure 2.&tthHollows shows the probe

dimensions of interest for which the mathematicplagion is related.
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g%

conductor conductor s

separation of conductors

Figure 2.8 TDR probe cross section, showing inner and outedactor dimensions

_ 1 |4 s| 1 S
Z =— [Z2|In| — |+=In| —
Oprobe 277\/:){ n(ai ] * n I’l( aonjzl ...................................... (2.15)

wheren = numberof outerconductors 2

Transmission line end effects are of importancéht design and calibration of TDR
probes. Pentinellia et al. (2002) comment on TDgdhal behaviour at the open-circuited
end of the waveguides that is not totally consistgth simple reflections. Rather, there
is a combination of radiative and reactive effettthe termination such that some of the
electromagnetic strength of the incident wave idigléy lost to radiation to the open
space and the reflected wave is not necessarijghase with the incident wave. The
radiative effects are considered negligible for md3R soil measurement applications;
however Pentinellia et al. (2002) assert that thactive end effects are significant.
Reactive end effects present as a stored eleceiwgy relating to the fringing of the
electric field at the open-circuit end of the tnamssion line. The equivalent distributed
circuit would be seen as end shunt capacitancatecelto frequency. The time-domain
effect of the distributed capacitance is to creatielay, the net effect being equivalent to
a ‘lengthening’ of the line. For a two-wire transsion line, Pentinellia et al. (2002)
assert as a first approximation, that it is the ngewy of the probe (diameter of
conductors and separation) and not the filling mediwet soil) that determines the

amount of ‘lengthening’.
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2.5 Conclusions: Chapter 2

This chapter has conducted a review of literaturanivestigate TDR principles and
applications of TDR to soil moisture measuremeistly the theory of TDR in general

was established and mathematical equations detovedpport that theory. Secondly the
application of TDR was examined; facilitated byiawvestigation of various methods that

have been used and the assortment of probes tmbkan designed.

It is clear that TDR for soil moisture measuremiené mature science, as evidenced by
the extent of empirical work done in this areahds been accepted as an accurate and
practical means by which in-situ testing of so#sdarried out by those wishing to
determine soil properties. Probe design is stilaeza of interest today as the demand for
accurate and precise measurement of soil moistureeéded. The practical aspects of
TDR application will be the focus of the next chaptA TDR instrument will be

examined in conjunction with some standard probesse.
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3.1 Introduction

This chapter will provided an introduction to thBR test equipment and its use in the
laboratory. Details of the TRASE TDR system will investigated to gain familiarity

with its functions and its ability to determinersit time of the signal energy through a
soil sample such that apparent dielectric constantbe calculated. It will be shown how
the transit time is used to determine volumetrit smwisture content. Soil preparation
and laboratory testing procedures will be establistiollowed by familiarisation testing

of soil samples using the TRASE system. Evaluadibthe laboratory results provides a
benchmark for the rigorous testing that will beuieed once the prototype probes are

designed and constructed.

3.2 TDR Equipment - TRASE

The University of Southern Queensland has a spediDR measuring instrument
developed bySoilmoisture Equipment Carmf California for use in this thesis. It is
called a TRASE, an acronym for Time Reflectometnalysis of Signal Energy. Figure
3.1 shows the TRASE unit with a standard ‘connéctgpe twin-wire soil probe
connected.
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Figure 3.1 TRASE Equipment

The Model 6050X1 TRASE system is designed for ugk ©5-60cm depth waveguides
that can be either portable or permanently instdlbe periodic moisture measuring in the
same locationSoilmoisture 198P The volumetric moisture content is displayed #mnel
graph of the TDR pulse can be also be displayed.mbisture reading and the graph of
the TDR pulse can be tagged and stored within tmgsuinternal memory for later
analysis. In addition, all stored data and gragmshe transferred to an external computer
or printer via an RS-232 serial port. Another featof the TRASE system is the ability to
program auto-logging of readings for continuous iwimg. Probe coaxial cables are
attached to the unit via a BNC port. Unit settinggasurements and graphs are displayed
on the LCD graphical display on the front of thatuAll parameters and controls are
easily entered via the 28-key alpha/numeric keypdsh on the front of the unit. More
details of the theory of operation will be covenedhe next section.
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3.3 TDR Equipment — Theory of Operation

General principles of operation of TDR measurenmeiipment was presented in the
literature review chapter (refer to section 2.3:pAgation of TDR for Soil Moisture
Measurement). Figure 3.2 shows how the TRASE TDdResy works.

Effective [+ : . et - ; S O
Voltage . dm il ] bl P j 1 i m.

Start of Pk R [
Tirig 0 A B B NI s st o

Startof — |  Transit |«§—Endof \

Waveguides Time —j= Waveguides

Incide V < Zero Set Time > Capture Window
Pulse }————Time to Point of Reflection

- 4

Figure 3.2 TRASE Measurement System showing Capture Window

The TDR processor generates a series of fastinge microwave pulses (rise time <
200ps) which propagate down the transmission hia¢ ¢onsists of the coaxial cable and
the waveguides that are inserted into the soil. Sihet of each pulse is referred to as the
incident pulse and is the point from which subsetjuane measurements are made
during the automatic determination of moisture eantlt is through a series of pulses
and time-shifted measurements that the TRASE sybtglds up an accurate picture of

the TDR response. The iterative process will nowdéscribed.

After a single pulse is launched down the transiosdine, the effective voltage is
measured by the internal sampling receiver unig point in time controlled by a timing
unit. With a sampling resolution of 10ps, this ffimeasurement is made 10ps after the

launch of the first pulse. Some time later (40, a second pulse is launched and the

effective voltage measured 20ps later. On the palde, the measurement will be made

30ps later. The process is repeated 1000 timese@ith reading being incremented by
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10ps. Each measurement point is stored such thatdimplete time range of interest is
covered. In addition, after the complete time sigarovered, the same process is repeated
a number of times to provide an ‘average’ valuesfach of the 1000 points. Not all of the
1000 points are used for graphical display. How stmred data is processed by the

TRASE system software for graphical display willdiscussed next.

The TRASE system software detects the point athvtiie TDR pulse reaches the start of
the probe. The time from the start of the pulsesueag process to the time of the start
of the probes is called the ‘zero-set’ time. Theetiof the first reflection off the end of
the probes is also detected. It can be seen frgurdi3.2 that the difference between
these two times is determined as the transit tirhe. TRASE system software will then
allocate a portion of the collected waveform thahtains these two points to be
displayed as the ‘capture window’. Figure 3.3 shadedail of a typical waveform

displayed in the instrument’s capture window aft@nducting a test in moist soil.

[

T T [ T [T T [ T T T [ T 1 T 1T 1T [ T T 1
Reference level |
p—]
W
E Soif
] - -
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2] \ = [nflecfion poinf |
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= - ] sfep
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Time

Figure 3.3Details of the TRASE Capture Window — Typical Wawefor Uniform Wet Soil

The capture window starts just before the zerotiset. A choice of capture window
length can be pre-selected by the user, namely2@(nd 40ns. The most significant

information the TRASE looks for is the transit timiesignal propagation through the soil
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(At=t,-t,) so that the apparent dielectric permittivitik,can be calculated.

Determination of the point of first reflection i€haeved through a process of tangent
fitting. In Figure 3.3 it can be seen that thetfiemgent is fitted to the section of graph as
the wave travels along the probe; the second tangefitted to the section of graph

immediately following the reflection. It is the ersection of these two tangents that is

determined as the reflection point.

Having determined apparent dielectric permittity, the TRASE then converts this to a

measure of volumetric water content via an inblaitik-up table. The user can define
certain look-up table parameters or select to bsestandard tables calibrated using the
universal Topp equation. The Topp equation is eald for up a range of about 0-40%
volumetric water content. The TRASE lookup tableveeer has been extended to cover
0-100% range, based on testing carried out by theufactureiSoilMoisture Corp.For
the purpose of this thesis it is still only the garD-40% that is useful since at about 30%
most soils become saturated. The TRASE inbuilt ipotable is displayed in graphical
form in Figure 3.4 below. It can be observed frdre graph that there is a relatively
linear relationship between apparent dielectricstamt and volumetric water content

over the full range of 0-100%. Taking an exampiey reading ofK_ =56 is measured,
the corresponding volumetric water conteff)(would be read as 78%. For a reading of
K,=18 is measured, the correspondihgould be read as 30%. The variation Kf is

therefore approximately 0.8 for every percent cleapigvater content.
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3.4 Soil Preparation

To gain familiarity with the TRASE equipment it wdscided to test various soil samples
in the laboratory. In alignment with the coaxiall desting done by Topp, Davis and

Annan (1980) and Habash (1994), a sandy loam tgpesample was selected and tested
under various water content conditions. Distilledtev, rather than town supply or rain
water was chosen to also be consistent with estaddi laboratory testing procedures.

The process used will now be described.

First the soil sample was sieved to 10mm to remasge stones. The soil was then oven

dried for 24 hours 405°C to remove all water content and weighed. The dsi@twas
placed in a plastic tube of sufficient size to allat least 5 cm of soil to be present around
the outermost dimensions of the probes and berkatprobes. This requirement would
ensure adequate containment of the electromagnete through the soil under test,
without any of it being exposed to the air outside bucket or floor underneath. This
requirement is also in keeping with proven labamatprocedures used in previous

experimentation (Habash, 1994).

3.5 Laboratory Test Procedures

Standard ‘connector’ type probes of 30cm lengthewarbitrarily chosen to use in the
initial soil testing procedures. The TDR probeseavglace in the soil up to the full depth

of the probes for each test. Five concurrent measents were made in each of three

probe positions in the bucket for every test. Appardielectric content and volumetric

water content were recorded with an average fotastebeing calculated.

Next a percentage of distilled water was addethécsbil and thoroughly mixed to ensure
even distribution throughout the sample. The measant procedure used above was
repeated. This process continued as the water momte the soil was increased,

eventually to saturation. Before water was addeth éane, a small sample container was
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filled so that gravimetric testing could be carrieuat to test against the volumetric data

being collected. The test procedure could be sumethin six distinct steps:

1.

o > 0D

6.

Oven dry soil sample &05’C for 24 hours.

Determine the amount of water required to prodypeeific water content level.
Add and mix measured quantity of water with soil.

Leave soil sample to cure for 24 hours

Use the TRASE instrument to gather measurementthree different probe
positions

Take an oven dried soil sample to verify the watertent.

Please note that for these initial familiarisatitests, Step 4 was omitted for expediency

purposes. This step will however be a part of @angnél laboratory testing procedures to

verify the operation of the new prototype probetgdie made.

Figure 3.5 below shows a photo of the TRASE fraamed and a typical TDR waveform

measured during laboratory experimentation. Thst fuertical line on the left is the

determined zero-set point, and the other two \@rtines are adjustable by the user such

that transit time calculations can be made on scree

Figure 3.5TRASE Capture Window during Laboratory Experimeotat
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3.6 Laboratory Familiarisation Test Results

Results of the familiarisation testing showed gatignment with the measurements of
others (Habash 1994, Topp, Davis & Annan, 1980)aedshown in Figure 3.6.

Comparison of Measured Dielectric Characteristics W ith
Topp's Universal Curve

0% 5% 10% 15%

25
¢  Measured Curve
Q
5w 20 — — Poly. (Topp Curve) /
X

(O] -
@ ? 15 Poly. (Measured Curve)
o .2 /
5E
c O
2a 5 =
<

O I I I I I I

20% 25% 30%

Volumetric Water Content

35%

Figure 3.6 Results of Laboratory Familiarisation Testing WitRASE Instrument

It can be seen from the chart that the measuredtsesr the sandy loam soil under test

were almost identical to the Universal Topp cur/Bis suggests that the methodology

used for this familiarisation was appropriate anoulet serve as useful experience for

later laboratory testing of prototype probes. Tlramifiarisation experiment also

unearthed some short-comings in procedure. A lddkigure 3.7 shows a comparison

between the actual water content and that measyréte TRASE instrument. It reveals

some discrepancies.
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Comparison Between Actual and Measured Water Conten  t
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Figure 3.7 Graph Showing the Difference Between the ActuaEWW@bntent and that Measured by the
TRASE Instrument for the Sandy Loam Soill

There is quite a bit of scattering of the data malong a linear line of best fit. There is
also some disagreement between measured and aesuidts. For example, a TRASE
measured 25% water content corresponds to a graigmesult of approximately 22%.
This is in some part due to the fact that small @ansizes were used to calculate the
actual water content. More care will need to bestialn future experimentation to take
accurate volumetric measurements. However, theofiSEDR is also recognised as
inherently accurate to a limit, the manufacturefshe TRASE system quote 2%
measuring accuracyséilmoisture 198p This accuracy is typical of other equipment
manufacturers. Certain characteristics of the @od in particular interaction of the soil
and water present lead to variations in accuracyscudsion of soil moisture
characteristics including the properties of ‘frem\d ‘bound’ water effects will be

discussed later in Chapter 7.
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3.7 Conclusions: Chapter 3

This chapter has provided an introduction to theRTi®st equipment and its use in the
laboratory. Details of the TRASE TDR system weneestigated to gain familiarity with

its functions and its ability to determine trartgme of the signal energy through a soil
sample such that apparent dielectric constant eanalculated. It was shown how the
transit time could then be used to determine vottimeoil moisture content. Laboratory
testing of soil samples using ‘standard’ waveguias conducted with results that were
matched to expectations of TDR soil moisture messent accuracy. Design of a
prototype probe capable of extraction of soil geoinformation is based on knowledge

of transmission line theory. This is the subjecthaf next chapter.
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Chapter 4: Transmission Line Considerations for TDR

4.1 Introduction

The design of soil probes for use with TDR necagsitan understanding of transmission
line characteristics to enable interpretation @f $ignal produced. This chapter will first
develop a transmission line model for a lossles® Hystem. Next, an investigation of
the waveform as it passes through the system wilfatilitated by the use of lattice
diagrams. Practical examples of standard probes iand in water will reveal the effect
of probe design and material permittivity on TDRwetorms. In particular it is the effect
of the impedance mismatch that the signal encosirdérthe junction of the coaxial
transmission line and the start of the probe thltb& investigated. Relative timing and

reflection characteristics are examined.

4.2 Transmission Line Modeling

One of the simplest modeling tools available toersthnd the time domain response of a
short transmission line is the lattice diagram. Tdtece diagram keeps track of multiple
reflections and is usually based on the assummfdossless line characteristics. On a
lossy transmission line it is the high frequencynponents of a pulse spectrum that
define the leading and trailing edges, so that &sepwn a lossy line becomes
progressively more rounded as it travels. On adsssine however, the amplitude and

waveshape of the pulse is maintained, so thairieebkehaves purely as a time delay.

The assumption therefore is that the dielectrienpiivity of the soil is constant over all

frequencies and any losses due to the dielectddt@system are negligible. Under these
conditions, to the TDR pulse the line appears assstance equal to the characteristic
impedance of the line. This implies that the chi@mgtic impedance of the probe is an
important design consideration. The characteristigedance of the coaxial part of the

transmission line can be simply determined from uf@cturer’s specifications.
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Chapter 4: Transmission Line Considerations for TDR

The TDR system can now be represented by consioieraft the various components and
how they relate to transmission line propertiese Ebmponents of interest are the step

generator, the coaxial transmission line of impeddy, and the probe section that

represents an open circuit transmission line withadanc& The impedanc&

pSoil * pSoil
will vary according to the dielectric propertiesththe soil and moisture present. Figure

4.1 shows the TDR transmission line circuit withrgtard 3-wire probe.

CENE

L bl | Lﬂ’obs |

500

e =

Z,=50Q |

£ P2 WS

Jol

Figure 4.1 TDR System TX-line Circuit Diagram — 3-Wire Stamt&robe

The step generator will produce a step pulse thaiassed into the transmission line
system. There will be no affect on the shape ofphise as it travels along the coaxial
line since it is perfectly matched to the interimapedance of the step generator unit,
typically50Q . When the pulse arrives at the head of the prabeijll encounter an
impedance mismatch. As a result, some of the sigmailgy of the pulse will be reflected
back up the coaxial line to the step generatorwitidoe absorbed, since it is perfectly
matched. The rest of the signal energy howeveraaititinue to propagate down through
the soil, guided by the probe acting as a waveguMiehe end of the probe, the signal
energy will be reflected back of the open circeitntination. The returning energy will
encounter an impedance mismatch when it arrivésedtead of the probe again. Some of

the energy will continue to travel up the coaxiable to the generator and be absorbed,;
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Chapter 4: Transmission Line Considerations for TDR

however some will be reflected and travel back dolmenprobe again. This process will

continue until the energy in the reflected pulseagys to zero.

The extent to which the incident energy is refldadé the mismatch will depend on the

reflection coefficient of the mismatch and is gitbe symbolp, where:

Z . .—Z

_ pSoil 0
T e 4.1
P=7 7, (4.1)

pSoil

If the step value that first appears is considéoeoe normalized with a value 1, then the
amount that propagates through the mismatch isrrdeted as the transmission
coefficient €), such that:

t=(1+p)

_2Z0600 e (4.2)

Z ot Zo

pSoil

With this information, it is now possible to createsimple lattice diagram as shown if

Figure 4.2 below:
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length (L)

TIME

(1-p)o’t

Figure 4.2Simple Lattice Diagram for Standard 3-Wire Probe
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The time taken for the pulse to travel from thetstéthe probe to the end, and reflected
back to the start of the probe again is the timaydérl). Making use of equation (2.8)

from earlier, we can say:

Using the lattice diagram of Figure 4.2 and follogithe path of the pulse for the first
three reflections, it is possible to derive a Lapldransform that expresses the resultant

waveform.

VvV . =2 (1+ (p+t(1— p)e " —t(l- p)e ™" +t(1- p)p%e > + ...)e'S”) e (4.4)

Y/
meas 2
Equation (4.4) needs some clarification:
* The exponential terms are used to describe eaehdelay
* T1 is introduced to account for the measuremerihefvoltage as it occurs at the
output of the step generator and is time displdoat the probes by the distance
required to travel along the length of the coakiahsmission line. An equation to
express this relationship for T1.:
2L /&
T, = o ettt e et e s (4.5)
o

where &

coax 1S the dielectric permittivity of the coaxial cabl
» The initial voltage that appears on the transmissigstem will only be half of the
generated voltage due to the fact that the outppedance of the step generator is

matched to the characteristic impedance of theiab&ansmission Iine(ZO = Zg),

namely:

V,
Vg TV 228 e (4.6)
9Z,+2Z, 2

TDR Probes for the Measurement of Root Zone Soiskoe Page 39



Chapter 4: Transmission Line Considerations for TDR

Combining the mathematical relationships with tladtide diagram methodology, a

graphical representation can be derived, showngar€ 4.3.

TDR
Signal
Voltage
Vg
2 ] T
T1
Vg ¢
> {1+ p)
0 Time

Figure 4.3Concept TDR Waveform

In the next section, the time domain response stamdard 3-wire probe of length
10cm(L =0.]m) and connected to the TRASE TDR equipment via am2.2

probe

coax(L,,., = 22m) will be modeled using lattice diagrams. The cosedwill be RG58U

for which the manufacture specifies a dielectrimstants, = 216 and characteristic
impedanc&, =50Q. Two cases will be considered, first with the moin air and

secondly with the probe immersed in water. These tases will assist with the

calibration process of the new probe once it isgihesl and constructed.
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4.3 Standard Probe in Air

At this stage it will be beneficial also to calagldhe impedance of the probe itself and
equation (2.15) derived by Ball (2002) and presgeglier in chapter 2 will be used:

Zypone = \/E{In(ij+lln(iﬂ ..................................... 4.7)
2\ &, a) n (an

wheren = numbetrof outerconductor
S = separation
a, = radiusof outerconductor
a = radiusof innerconductor

. o Uy =126x10°H /m
For permeability and permittivity constants
£, = 885x10"*F/m

The equation is reduced to:

Zoape = G{In(ali] + % |n(iﬂ ........................................ (4.8)

For the 3-wire probe, there are two outer condsctfm=2), equal wire size

(a, =a =3mm) and with equal separatiors € 25mm). Substituting these values into

equation (4.8), the impedance of the probe will be:

S 1 S
ZOPI’Obe = G{In(EJ + E |n(£]i|

=6({In(£5j+lln( 025 H ............................................... 4.9
003) 2 (2x003

=17003Q

Inair K, =¢&, =1, therefore:

_ Z0 probe

P K, s (4.10)

=17C.03Q

z
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The difference between the impedances of the pasigethe coaxial line will

create a mismatch at the interface of the two shahthe reflection coefficient

will be:
,0 — ZpSoiI - ZO
ZosoitZo e (4.11)
=0.54¢

Also, the transmission coefficient at the mismascbalculated as:
t=1+p

........................................................... 4.12
=1546 ( )
Time delays along the length of the coaxial cable) @nd along the probe are:
o= 2x 22+ 216
1 IXLEP  eeeeerereeeeeeeeee e (4.13)
=21ns
2% 041
TBXLG e (4.14)
=0.7ns
If generator step voltage is assumed to be 2V then:
V
\Y L (4.15)

=V =
initial g ZO + Zg 2 2
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With the values now calculated, the lattice diagreen be constructed and waveform
produced, shown in Figures 4.4 and Figure 4.5 ctady.

Leoax=22m Lprobe =0.1m
|
Vmeasured
1 PRLITry
1
21 ns %
0.546 1.546
= o s
0.7 ns 0.461
o ek ob
. 0.7 ns <—0;52
1.865 =
0.7ns
2.074 -
Figure 44 Lattice Diagram (Standard Probe in Air)
2.248
2.074
2 )
IDR 1.865
Sl 1546
Voltage '
1
: : : : . Time (ns}
0 21 217 224 231 238

Figure 4.5TDR Waveform (Standard Probe in Air)
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4.4 Standard Probe in Water

All previous calculated attributes will be the saasein the previous scenario, except for
the effect of the water permittivity on probe impade. For water, it will be assumed

relative permittivity &, = K, = 81 therefore effective probe impedance will be:

_ ZO probe

POLT JK, e (4.16)

=189Q

z

The variation of impedances of the probe and ttex @all create a mismatch at
the interface of the two such that the reflectioafticient will be:
ZpSoiI - ZO

ZositZo e (4.17)
- 0.452

p:

Also, the transmission coefficient at the mismascbalculated as:
t=1+p
=0.548

Time delays along the length of the probe will be:

_2x01y81
=6ns

A lattice diagram can now be constructed and TDR/ef@m produced, shown if

Figures 4.6 and 4.7 respectively.
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| Leoax=22m Lprobe =01m
|
Water
Vmeasured
1 i
21ns 0.548
=018
e 0.248
0.548 } i
1.344 i— 0“\2;>
& nis qﬂ
1704 b 0.163
6ns
1867  ——
Figure 4.6 Lattice Diagram (Standard Probe in Water)
9 1.867
TDR
Signal 1.344
Voltage
1
0.548
| t : : t . . t . Time (ns}
0 21 27 33 39 45

Figure 4.7 TDR Waveform (Standard Probe in Water)

It is necessary to note that these TDR wavefornes rapresentations of a lossless

transmission system. Lattice diagram methods ameplgi a tool that lead to an
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understanding of the basic nature of signal respasiace in a real application, the entire
transmission line system is subject to frequen@eddent losses. It is the high frequency
components of the fast rise time pulse that aretnadfected by losses during
transmission. Other losses are caused by the D@uctrity of the soil (due to the
presence of minerals, salts, etc.) and also bydibkectric polarisation losses of the
various soil constituents, especially the water.gkmeral, the effect of losses will
contribute significantly to rounding of square esigeithin the waveform, signal

attenuation and final DC values.

One of the important features to note in the twevimus TDR waveforms is that the
amplitude of each subsequent reflection decreaststhe final voltage approaching that

of the generator output voltag¥ (). This is intuitive of DC considerations for aneop

circuit; that is the transmission line is termirthiea an open-circuit. As expected then,
after only a few reflections the step generatoméyaly sees an open circuit and thus

voltage measured at the sampling receNgr, =V, . Also of importance is the effect

that the relative permittivity characteristics ofiter and air have on the impedance
characteristics of the probe and subsequent wawsfofhe first implication is for the
creation of an impedance mismatch that affects mbigection properties of the
transmission line when the incoming signal encagntbe mismatch. Secondly is the
effect on timing of reflections. The transit timkes reflections are seen to increase with
the relative permittivity of the medium surrounditiig probe. In this case the transit time
increased from 0.7ns for air (Ka=1) to 6ns for we€a=81). The next section will
investigate these properties when the signal ectaf at a point along the length of the

probes rather than at the probe’s head.

4.5 Conclusions: Chapter 4

A signal that passes along a transmission line2rys$ subject to reflections where any

impedance mismatches occur. This chapter has igaéstt TDR waveform behaviour by
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development of a lossless transmission line model ase of lattice diagrams. TDR
signal behaviour was examined under various carditiof air and water dielectric
properties surrounding standard TDR probes. Itfeasd that as the relative permittivity
of the material surrounding the probe increases, tte transit time also increases. The
surrounding material has significant implications the effective impedance of the probe
section of the transmission line and consequemtysfgnal reflection properties. The
greater the impedance mismatch, the greater isefection coefficient. Transmission

line principles will be used in the design of thtemate probes in the next chapter.

TDR Probes for the Measurement of Root Zone Soiskoe Page 47



Chapter 5 prototype Probe Design

TDR Probes for the Measurement of Root Zone Soishoe Page 48



Chapter 5: Prototype Probe Design

5.1 Introduction
Probe design requirements will be investigatedhiis thapter such that an effective

prototype probe can be constructed. Arbitrary nemments determine overall size and
shape while transmission line considerations rewefdrmation about the expected
behaviour of an incident signal that is launchexnfra position two thirds the distance
along the probe’s centre conductor. Lattice diagraare again used to determine this
behaviour. Workshop production of the designedqgiypie probe is then detailed.

5.2 Standard Probe Construction

Conventional 3-wire and 2-wire probes in use apeagented in Figure 5.1

coaxial cable \

impedance-matching
transformer (option)

epoxy resin

acrylic plate

stainless steel or
brass rods
d=2to 10 mm - -

15t0 20 cm
10to 120 cm

stainless steel or
brass rods
d=3t05mm ¥

I [

2s=6to8cm s=25to5cm

L

L

(A) (B)

Figure 5.1 Structural Diagrams of Standard Probes (A) 3-Winal &B) 2-Wire
(Source Noborio 2001, p.225)
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The three-wire probe is a good approximation obaxel cell (Zeglin, White & Jenkins

1989) and does not need an impedance matchingdrares as does the two-wire. For
this reason it was decided to design a prototypsedbaon the 3-wire concept. Of
particular notice in Figure 5.1 is the point ofregjinjection at the top of the centre wire.
The centre wire is electrically isolated from trestr of the structure. The probes are

pushed full length into the soil.

5.3 Arbitrary Design Requirements

To reach the top of the zone of interest in the, sbis desired that the launch of the
signal be delayed until it has reached a positgpraimately two thirds of the distance
down the waveguide. This will be achieved by camhg the 5@ coax inside the
probe’s centre wire to the new launch point atdteet of the root zone area of interest.
When the fast rise-time pulse reaches this posittomill begin propagation through the

soil. The concept structure for the prototype prisbghown in Figure 5.2.
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L_n
|
|

=

L_ _

50 ohm Coax continues in

J centre rod.
/
—

Launch Point at start
of Zone of Interest

This is the root
zone area of
interest

Figure 5.2Concept Structure for 3-wire Prototype Probe

The accuracy of 3-wire probes is reduced when tlegadl length is less than 10cm. For
this reason it was decided to design a probe wilkast 10cm wire length after the signal
injection point. At the injection point, the TDRgsial would emerge as a wavefront,
propagating in two directions; one that would ttalvack up the wires and the other
downwards. By constructing probes that have a $iestion longer than the end section,
the part of the TDR signal in the wavefront trangldownwards (that part of the signal
that passes through the zone of interest) canydasidistinguished from the wavefront
traveling upwards (since the timing of its reflectis much greater). To achieve this it
was decided to construct the probes with a 20cst 8ection that would house the
coaxial transmission line to the point of injectiégteeping the probes to an overall length
of 30cm would also be of advantage so that latértesting in the laboratory could be

compared to the TRASE'’s standard 30cm ‘connectarb@ used as a control. A square

panel mount BNC connector is fitted on the heathefnew probe. What then about wire
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sizes and separation dimensions? The next sectibimvestigate design implications for

characteristic impedance.

5.4 Transmission Line Considerations

54.1 Transmission Line Modeling
Transmission line theory can be utilised to analiys® connection of a single

coaxial transmission line to a parallel 3-wire smnission line. Figure 5.3 gives a
representation of the direction of waves at thergerece from the launch point and at the

end of the probes.

iy L

Launch Point:
Initial pulse will split and
travel in two directions

-(—"—»

Open Circuit End

| Signal will reflect

L \j / back off end of probe

Figure 5.3Signal Splitting at Launch Point

The characteristic impedance of the parallel 3-wia@smission line is the same in both
directions and is dependant on the probe structdnalensions and the dielectric
properties of the soil present. It is necessary tlreuse a transmission line model to
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investigate the behaviour of the wave at this poiigure 5.4 shows the direction of

signal travel at the launch point while Figure 8igplays an equivalent circuit diagram.

To surface through soil

50€Q) Coax 2, )

Launch
Point

To tip of probes through soil

Figure 5.4 Direction of Signal Travel at Launch Point

'><H Zos

o
"\1

|z

pSoil

Figure 5.5Equivalent Circuit for Initial Launch of Wave

The launched wave will see a parallel 3-wire traissian line of equal impedance in
each direction. This will effectively halve thetial signal power. The wave that travels

back up through the soil to the head of the prod & much greater distance to travel
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than the wave traveling through the soil to the efhdhe probe. For this reason, the
upward traveling wave can be ignored since angcatins will not be seen until much

later. It is the downward traveling wave that isrmaportance and will be tracked.

The voltage reflection coefficient of the incidevave off the mismatch shown in Figure

5.4 will be labeledo, and can be determined as:

(ZpSoiI// ZpSoiI)_ ZO
(Z // ZpSoiI)+ ZO

P =

pSoil

ZszOn 2 R (5.1)

Z pZSoiI + ZO

For each of the two waves the transmission coefficwill be:
t =@ 0) s (5.2)

The signal reflecting off the end of the probe wikgill encounter a different scenario
when it arrives back at the launch point. Soméhefanergy will travel back into the coax
and continue back to the TRASE unit. Some of trergnwill continue to travel through

the soil back towards the surface, while some bélreflected off the mismatch and back
down through the soil to the probe tip again. Fegbré shows the direction of signal
travel when the reflected signal returns to thentdupoint, and Figure 5.7 displays an

equivalent circuit diagram.
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To swrface through soil

508 Coax
P
Launch
Point
Back up to launch point from
end of probes
Figure 5.6 Direction of Signal travel when returning to Launiebint
Back up to soil surface
Z DSol
Coaxial Line Signal reflecting back from
ZU =500 } end of open circuit probe
— P,

Figure 5.7 Equivalent Circuit for Wave reflected back off Oggincuit End

Some of the first reflected wave will again be eefed off the mismatch of Figure 5.6

back down through the soil to the tip of the pramel will be labeledp, and can be

determined as:
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,0 - (Z //ZpSoll) ZpSon
’ (Z //ZpScnl) +Z s

pSoil

( ] | 53
_ Z +Zp80|l P

pSO|I _
Z + ZpSoH pSOIl

The new transmission coefficient will be:

t, = @H0,) (5.4)
where 1 represents the first reflected wave (L+ o, , thiis:
L=(L+0,) = (M0 +0,) e, (5.5)

The effect of the two connected transmission lioeghe amount of signal transmitted
into the coaxial line back towards the TRASE uaih be given as:

t(z_] .......................................................... 56)
ZO + ZpSoiI

This will not be the same for the amount of sigmahsmitted back up the soil to the

surface; this will in fact be equivalent to:

Z .
t{p—s""] .......................................................... (5.7)
ZpSoiI + ZO

54.2 General Lattice Diagram

A general lattice diagram (Figure 5.8) will now Heveloped so that the previously
derived relationships between incident and subseqeélected waves at the launch point
can be clearly understood.
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coaxial transmission line Launch Point

Part of
signal
Al - p travelling up
Part of Signal travelling = to through
up through soil to surface soil to

z \] surface
t:( pSail | /

Z it + Zp J 4

Incident Wave

back to TRASE unit

back to TRASE unit

\\

Figure 5.8 General Lattice Diagram for Prototype Probe

5.5 Probe Characteristic Impedance

The probe will be required to give good signal sfanfrom the coaxial transmission line
under a range of various conditions; that is retapiermittivity will vary according to the
amount of moisture present in the soil. Maximumnalgtransfer will occur if the
impedance mismatch at the launch point is minimgezh that:

Zy OZ il Z o 500 o (5.8)

pSaoil pSaoil

Therefore it is desirable tha 0J100Q.

pSoil

From earlier chapters it was established that:
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ZO probe

N (5.9)

Z0 probe = ZpSoiI V gr

z

In dry soil, apparent dielectric permittivity ma las low asK, = 2 Substitution of

K, = 2 for & into (5.9) gives:

ZOprobe = ZpSoiIV Ka
S100XV2 et (5.10)
=141Q

The extreme of the range would be experienced situation where soil is saturated.
Using the Topp Equation (2.9) and knowledge of pmiperties that determine saturation
at around 30%, Ka can be calculated as 16.5. $nctige:

ZOprobe = ZpSoiIV Ka
Z100XVIB5 et (5.11)
=406Q

Following on from the above it is desirable theattthe characteristic impedance of the

probe be somewhere in the middle of the range28ay 250Q .

Investigations of some variations of wire separatamd diameter will determine their
effect on characteristic impedance. The earlieméqn (4.7) by Ball (2002) will be used
for the calculation.

Recalling that:

a = radiusof innerconductor

a, = radiusof outerconductors
s = separationlistancebetweerninnerandouterconductors
n = numberof outerconductor

Sizing and spacing of conductors is also limited thg material sizing available

commercially, and also in keeping with some ofdhitrary considerations earlier in the
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chapter. In general it was decided to design a erob similar dimensions to the
commercially available ones. A further considematiwas that the hollow centre
conductor must have sufficient internal dimensiaagpable of housing the RG58U

coaxial cable.

Table 5.1Design Variations of Prototype Probe

Design a a, S n s) 1 s
Variation mm |mm | mm Ziprope = In(—j+§|n(—J

3.175| 1.575| 25

N
=
é

3.175| 3.175| 25

N
=
%

3.175| 1.57/5| 50 2| 2483

3.175 1 1.925 | 30 2 1196.3Q

QRIWINF

5.0 1.925| 30 2| 169Q

From the table it can be seen that increasing agparbetween conductors results in an
increase in characteristic impedance. Converselgreasing the size of the outer
conductors decreases characteristic impedancaessincreasing the size of the internal
conductor. Design variation No.4 was selected asgbenost suitable for satisfying the

most number of design requirements as outlinediguely. With this design, impedence

matching can be calculated to occur at a speqifp@aeent permittivity, namely:

2
K — ZO probe
a Zo
2
:(%j ................................................................................ (5.12)
50

=1541

which occurs for volumetric water content (via Taggpation)éd, =28%.

TDR Probes for the Measurement of Root Zone Soiskoe Page 59



Chapter 5: Prototype Probe Design

5.6 Lattice Diagram and TDR Waveform

Information has been derived in sections 5.4 abdd construct a lattice diagram from
which a TDR waveform can be derived. The remainifgrmation required is that of

timing of the incident wave and subsequent refterti

The coaxial cable length will be 2.2m to the togh# head of the probe and then can be
considered to continue into the first 20cm of tihebe. Therefore the total length can be

considered a4,

coax

= 24m. Timing for signal propagation from the step generto the
launch point via the coaxial transmission line (&@adk) will therefore be:

T__zxngZ'_zszdzla_

‘ 7 1S 5.13
: . 3x10 (5.13)

The lower section of the probe after the launcmp@ 10cm long. Timing for signal
propagation from the launch point to the end of ghebes (and back) via the ‘probe in
soil’ transmission line will therefore be:

2% L, a/E
T = e ettt (5.14)
C

As in Chapter 4, two separate cases will be consitde=irst with the probe in air and

secondly with the probe submersed in water.

5.6.1 Prototype Probe in Air
In air K, =¢, =1, therefore timing for the lower section transilnclae made using

egn.(5.14) such that:

_2x04/1
TBRLD e (5.15)
=0.7ns

Also the impedance of the probe in soil can be doun
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_ ZOprobe
pSoil — \/K—
_196
J1

=19¢ Q

z

The reflection coefficient of the incident wavetla launch point was determined in (5.1)

to be:
ZpZSoiI _ Zo
101 = Z
pSoil + Zo
Sl ol | e (5.17)
@+ 50
2
=0.324

The transmission coefficient (using equ. 5.2) Wwél
t, =@+ 0) =1324 e ————— (5.18)

The arrival of the first reflection back at the mah point experiences a different

reflection shown in eqn. (5.3) g3, and can be determined as:

2oL i
i _ZpSoiI
_ ZO + ZpSoiI

Pe = ZoZ s | (5.19)
ZO + ZpSoiI et

=-0.662

The second transmission coefficient (eqn. 5.5)bm=determined as:
t, =1+ 0+ 0, =0.662 (5.20)
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With the values now calculated, the lattice diagreen be constructed and waveform
produced, shown in Figures 5.9 and Figure 5.10=csgely.

Air

coaxial transmission line Ka=1

Launch Point
{ T

pi E—T— ,02
0324 -0.662
Part of
signal
. — travelling up
Part of Slgnal‘trave}]mg / to through
up through soil to surface 1324 sail to

0.527 utfz
Incident Wave ] =
g ! 1324

back to TRASE unit

1.324

back to TRASE unit

1459

Figure 5.9 Lattice Diagram for Prototype Probe in Air (Ka = 1)
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, incident pulse
. : : Time (ns)
0 23.0 23.7 244 251
launch point
Figure 5.10 TDRWaveform for Prototype Probe in Air (Ka=1)
5.6.2 Prototype Probe in Water

All previous calculated attributes will be the samehis scenario as previous, except for
the effect of the water permittivity on probe impade. For water, it will be assumed
relative permittivity €, = K, = 81 therefore timing for the lower section transitdae
made using (5.14) such that:

T 2x0181

FXLOP  ceeeeereeeenenee et e e (5.21)
=6ns
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Also the impedance of the probe in soil can be doun

_ ZO probe

pSoil — \/K_a
196

STE e

=218 Q

z

The reflection coefficient of the incident wavetla¢ launch point can be determined by

use of egn. (5.1), such that:

ZpZSoiI _ Zo
=5
Z s bz | (5.23)
=-0.64z
The transmission coefficient (using equ. 5.2) \wdl
t, =@+ 0) =0358 (5.24)

The arrival of the first reflection back at the hah point experiences a different

reflection shown in eqgn. (5.3) @s, and can be determined as:

Z,Z i
[ — }_ZpSoiI
|\ Z,+2

pSoil

P =
;22 W (5.25)
(OpSIj + ZpSoiI

ZO + ZpSoiI
=-0.179

The second transmission coefficient (using eqn. &b now be determined as:
t, =1+ 0+ 0, = 0179 (5.26)

With the values now calculated, the lattice diagreen be constructed and waveform

produced, shown in Figures 5.11 and Figure 5.12ects/ely.
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Figure 5.11Lattice Diagram for Prototype Probe in Water (Ka381
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Figure 5.12TDR Waveform for Prototype Probe in Water (Ka=81)
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5.7 Mechanical Construction

All materials chosen for construction of the prgps are stainless steel of Grade 316
quality. Workshop construction of the probe inclddde use of milling machine to
produce a suitable arbor, and silver solderinghef inner and outer conductors to the
arbor. The centre conductor was chosen with sefiicinner diameter to accommodate
the coaxial cable to the launch point. The laundmtitself would need to be of
insulating material, transferring the injectionreadjfrom the coaxial transmission line to
the probe end section, thus allowing propagati¢m tine soil medium. It would also have
to be mechanically robust such that a threadedexdimm between the upper section and
the solid end section could be achieved. Some HD#Mgh density polyethylene)
material was found to be most suitable for turniawgd threading to the desired
dimensions. The inner conductor of the coax is guhsthrough the launch point
connection into the solid end section, securedaneby a stainless steel grub screw. As
stated in section 5.3, the connection of the coathé probe is via a panel mount BNC
connector which is secured in place by four scréMmseads are tapped into the arbor to
accommodate the mounting screws.

Figures 5.13 - 5.15 that follow show details of #imve mentioned mechanical design
statements. In particular the overall size and agee, a disassembled view and the
launch point connector are displayed. Further tietdithe prototype probe construction

and mechanical drawings are found in Appendix D
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Figure 5.130verall Size and Appearance of Prototype Probe

o

Figure 5.14Disassembled View of Prototype Probe
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Figure 5.15Launch Point Connector of Prototype Probe

5.8 Conclusions: Chapter 5

Transmission line considerations and the appliocatiolattice diagrams have been useful
in the determination of TDR responses that supfh@tdesign of a prototype probe. It
was discovered that the impedance mismatch thatreat the launch point must be
minimised in order to obtain maximum signal trarssion into the soil under test. The
signal is severely attenuated due to a splittitg iwo directions at this point. Probe
conductor separation and dimensions can be alteredry the characteristic impedance
of the probe. A stainless steel prototype was tkenstructed in the workshop.

Laboratory procedures and calibration of the praflebe addressed in the next chapter

such that it can be analysed under soil testinglitions.
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6.1 Introduction

Utility and performance of the prototype probe reeénl be investigated by laboratory
testing of soil samples. This chapter will firstaddish the soil preparation and laboratory
testing procedures to be used. Problems assodidgttedise of an unfamiliar probe to the
TRASE system are highlighted, discussed and ovezcorhe calibration process is
conducted in conjunction with the expected wavettitat were derived by theory in
Chapters 4 and 5. Although it will be shown thatess signal loss is experienced, the

prototype probes in general perform in close alignhwith the expected behavior.

6.2 Soil Used for TDR Measurements

To test the functionality of the new probe, measwaets will need to be conducted on a
soil type somewhat consistent with ‘standard’ $ggles used in other empirical testing
procedures (Sabburg 1993, Topp, Davis & Annan 198 soil chosen was available in
the USQ’s Geology Workshop and was of a sandytgpé. This soil was not subject to
any noticeable expansion with increasing moistungent as do some heavy clay soils.
The soil however was initially quite lumpy and solTo provide a more consistent and
homogeneous structure, and to aid probe inseitivas decided to first pulverise the soil
and then sieve it to 10mm. This was in keeping witier laboratory testing procedures
(Habash 1994).

6.3 Laboratory Procedures

The testing equipment used to test the prototymdberwas the same as described
previously in Chapter 3. This section will give ther details of the equipment and

experimental procedures used.
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The TRASE instrument was used to measure the TBporese of the prototype probe in
a tube filled with soil samples. The tube consedctor this thesis is made of UPVC,
5mm wall thickness, 250mm outside diameter and 30@eep. The soil testing tube is

shown in Figure 6.1 with prototype probes showr ianFigure 6.2 (top view).

Figure 6.1 Laboratory Testing Tube (with Prototype Probe shpwn
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4

Figure 6.2 Laboratory Testing Tube (top view)

The dimensions of the testing tube were chosen thaththe 300mm probes could be
fully inserted into soil samples with sufficient pde of soil beneath the probes and
surrounding them such that the test signal woutdbednfluenced by any materials other
than the soil. Research by Habash (1994) assattsbasurements are unaffected if they
are positioned approximately 5cm from the outerriofawies of the testing tube. If these
limits are encroached then reliability of measuretsels decreased. The cylindrical
nature of the testing tube with a flat PVC baséepl@as also desirable since it provided
accurate measurement of the soil sample volume. ekiperimental setup used in the
laboratory to conduct all measurements is showRigure 6.3. Shown is the TRASE
measurement instrument connected to the probe 2i2ra coaxial cable. The probe is
inserted into a soil sample in the testing tubeasneements are then taken by the
TRASE.
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As a means of calibration, the prototype probe fivastested suspended in free air, then
in water. Subsequent to these ‘calibration’ testdjorough and systematic set of tests in
soil samples of varying moisture contents were tbenducted. For each set of tests
conducted on a particular soil sample, the probe®placed in three different positions
around the centre area of the testing tube, witk fneasurements recorded in each
position. The information recorded was then avetage produce a reliable

representation. In addition, the TRASE suppliedi30monnector’ type probes and 10cm

‘buriable’ probes were also used in the same matmerst each soil sample, providing
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comparison, or ‘standard’ measurements. Distilledew rather than town supply or rain
water was chosen for all tests to ensure consigtesith established laboratory testing

procedures. The process used will now be described.

First, the soil was oven dried for 24 hourdG# C to remove all water content and
weighed. Mixing of the desired amount of water waerformed to ensure even
distribution of the water throughout the sampleisTwas achieved by placing the dried
soil into a 200 litre plastic tub and applicatiohtbe water with a spray bottle. This
procedure is depicted in Figure 6.4. As the mossiaradded the soil is cultivated and

turned frequently with a small trowel.

e £
Figure 6.4 Application of Water to Soil Sample in 200litre Tub

The wet soil was then placed into the testing tubean attempt to maintain even soil
density throughout the tube, approximately 50mnsaif was placed in at a time and
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lightly compacted with a long-handled ramming devidhis process is depicted in

Figure 6.5.

Figure 6.5Compacting Soil Sample to Ensure Even Density

Once filled, the testing tube was sealed and pdedsr 24hours. This was done in order
to achieve even curing of the sample so that ampamsion of the soil was allowed for.
This procedure aligns well with real world conditsowhereby certain soil types are quite

expansive under wet conditions.

Following the curing process, the soil samples vileea measured with the TRASE TDR
equipment, using the fore mentioned proceduresdiRgs of apparent dielectric constant

(Ka) and volumetric water conter), wgre recorded, along with graphs of the signal

waveform as it was passed through the transmissystem. Measurements are stored
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within the TRASE's internal memory; each reading labeled by the user. All
measurements recorded were then downloaded via RS@B8al cable to a laptop
computer (shown in Figure 6.6). Transfer of datas wacilitated by use of the
HyperTerminal communication protocol (Hilgraeve .InDetroit, Michigan). This
protocol allows download of only one file at a tinAdl files of graphs and data are stored

and transferred in ASCII format.

Figure 6.6 Downloading of TDR Waveforms to Laptop via RS23&lSeort

At the completion of testing, the complete soil pamis weighed before return to the
oven for 24 hour drying. After drying the soil igaan weighed. In this way the
gravimetric content of the moisture present ingample could be identified and used in
comparison to the TRASE measurements of volumewiatent. In addition, a 400cc

sample was removed each time and independentlyd daied weighed to assess
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volumetric content (Figure 6.7). This ensured thHects of any evaporation during

curing might be accounted for.
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Figure 6.7 Accurate Weighing of Soil Sample After 24 Hoursimgy

The test procedure can be summarised in six disteps:

Oven dry soil sample d@05’C for 24 hours.
Determine the amount of water required to prodpeeific water content level.
Add and mix measured quantity of water with soil.

Leave soil sample to cure for 24 hours and measultane,

a M wDh e

Use the TRASE instrument to gather measurementthree different probe
positions, using both prototype and standard TRARIbes.
6. Take an oven dried soil sample to verify the watartent.
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6.4 TRASE Testing Problems

The TRASE makes an adjustment for the two-way tranee of the TDR wave such that
recorded transit time is half of the actual vallibe manufacturers of the TRASE have
obviously decided to display signal travel timehis fashion so that graphs represent the
one-way travel time as it relates to the actualgtlenof probe and coax. This is
unnecessary but is easily accounted for by hahdlgcalculated times in previous

chapters.

The next problem encountered with making measuresneith the TRASE is that it has
an inbuilt zero-set feature that doesn’t recogmiee geometry of the prototype probe.

This feature will be explained so that a solutian be derived.

Before making a series of readings it is necesaizero set’ the TDR Processor for the
particular waveguide that will be used. This precestablishes the zero time reference at
the start of the pulse as it reaches the statieoiMaveguide. The zero set point is used by
the TRASE for two purposes. Firstly it formats ttepture window such that the arrival
at the head of the waveguide, the travel througinglthe waveguide, and the first
reflection point are displayed. These are the pErthe waveform of most interest to the
user. Secondly it uses the zero set to calculadrtnsit time between the start of the
waveguide and the point of first reflection. Théeimal software process that establishes

the zero set point is unknown and inaccessible.

When using the prototype probe the TRASE would wapa part of the waveform that
was not necessarily associated with the part requin effect it was floating without an
anchor point. Returned measurements of apparefgcttie constant and volumetric
water content were completely erroneous. This rs#teded manual setting of TRASE
controls such that the capture window would disgtegt part of the waveform desired.
The location of the start of the probes in thisecasincides with the end of the
connecting coax. The time taken to travel to the einthe coaxial transmission line was

easily established by connection of a short cinmuthe end of the coax and performing a
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measurement with capture window manually set toOfs5range. The waveform
produced is displayed in Figure 6.8 and shows apsteflection at the point 19.32ns.
This became the focus of all further zero set messents with the capture window
being set to either 15-45ns for a look at multig#ections (and final DC value) or 15-
25ns for the most detailed look possible of thstfieflection (the manual controls of the
TRASE only allow capture window settings in 10reps).

Short Circuited Coaxial Lead (5-25 ns)

end of coax N

Normalised TDR Signal
o
o
#

Figure 6.8 TDR Waveform of Short-Circuited Coaxial Transmisdime

Further, manual selection of a capture window mehat interpreting the waveform
became process that relied heavily on knowledgexptcted waveform behaviour as it
varies under given conditions of soil moisture et In particular it meant that location
of the first reflection point initially became a mal event whereby once the zero set
position was established, the anticipated travektiwould point to the location of the
reflection point. Two time bars in the TRASE captwindow could be manually shifted
to these two locations and one-way transit timewated. Apparent dielectric constant
(Ka) could then be calculated manually and subsetuesolumetric water content
calculated with a Matlab script based on the Togpa&on (see Appendix C for Matlab
script).
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Another problem presented in the way in which tRABE would capture and store data.
For each measurement taken, the TRASE would not determine the area of the

waveform for capture, but it would also vary thepditnde such that a full screen image
of the waveform would be displayed. This meant #ath graph would be reconfigured
in amplitude and the data would be stored with tihiange also. To be able to compare
waveforms with each other and with the theory detiin Chapters 4 and 5, it became
necessary to normalise each waveform such thartiitude of the incident pulse was

set to one. This was achieved by determining tka af the waveform representing the
incident pulse, then calculating an average valer that range, and then application of
this average to the entire waveform. This was aguden the spreadsheet formatting used
to store and interpret the waveforms once downidafdem the TRASE to personal

laptop.

6.5 Calibration of Prototype Probe in Air and Water

The work done in Chapters 4-5 established the e@gelbehaviour of the waveform

under conditions of air (Ka=1) and water (Ka=81}%ing the information about timing

that was derived, comparisons can be made betwepected and actual measured
waveforms. Figures 6.9 and 6.10 show comparisorexpécted and actual waveforms
for the prototype probe in both air and water respely. Initially, the most obvious

difference is the rounding of the measured wavefdua to the influence of complex
components of materials. Recall that the formeromhecentered on lossless line
characteristics. What is important for calibratfurposes then is interpreting the timing
and general waveform shape of the measured reduoltgeneral the shape of the
waveform is similar; reflections are in the corr@itection and are approximately of
correct magnitude. Secondly the timing aligns weth the expected behaviour although

there is some evidence of slightly longer than etgukbtravel time.
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Prototype Probe in Air (15-25 ns)
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Figure 6.9 Prototype Probe TDR Waveform Comparisons (in Air)

Prototype Probe in Water (15-45ns)
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Figure 6.10Prototype Probe TDR Waveform Comparisons (in Water)

The TDR waveform of Figure 6.10 is in a long enocghpture window to show the effect
of reflections subsequent to the first. The gen#érahd however is a rather quick
attenuation of the signal to a final DC level. Térea of interest can be more closely

examined by setting a 15-25ns capture window axgsjgayed in Figure 6.11.
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Prototype Probe in Water (15-25ns)

end of coax
1 g \ measured waveform
0.8 /ﬁﬁ\_/u—
launch point 1st reflection

expected waveform

Normalised TDR Signal
o
(o]

Figure 6.11Prototype Probe TDR Waveform Comparisons in Wdt&f25ns)

Although there is agreement with expected timinghef waveform, the most noticeable
difference is the loss of signal strength transi@rfrom the launch point into the soll
traveling downwards to the tip of the probe. Thigeg rise to further implications for
probe design due to impedance matching under \@myioisture levels, to be further
examined in the next section with testing of saihgples.

There is also a noticeable delay through the laywsht connector. This will be due to

the length of the connector (being 5mm) and an @dapee mismatch between it and that
of the coaxial transmission line in the hollow sattof probe. Neither of these factors
was taken into account in the derivation of theeet@pd waveforms.

Another point of note is the change in wavefornit ésaves the coaxial transmission line
at the head of the probe into the coaxial systeoséd within the hollow section of the
probe. There is obviously a change in characteristipedance away from the
expected creating an unwanted impedance mismatble. dause of this will be
investigated in the next chapter during TDR testhgoil
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6.6 Conclusions: Chapter 6

Laboratory testing and calibration of the prototygebe was described in this chapter.
First, soil preparation and laboratory testing prhaes were established. Next, problems
associated with the use of an unfamiliar probeht® TRASE system were discovered.
The timing readings displayed by the TRASE are balhat was expected, and also the
‘zero set’ function was found to be incompatibl@liBration of the prototype probe was
achieved by careful determination of the arrivaidiof the impulse wave at the start of
the probe and subsequently with TDR measurememfsrpeed in both air and water.
The capture window of the TRASE had to be manusdtyeach time to the area of the
waveform that was of interest, based on the abaldbration process. Amplitude
adjustments were found to be necessary to normadiske waveform so that comparisons
between each other and with that of the expectbdweur as determined in Chapters 4
and 5 could be made. In general it was found tieaptobes were responding as expected
although the signal strength was weaker. Performand utility of the prototype will be
examined in the next chapter through results afrees of tests in a range of moist soil

samples, using the soil testing procedures destitbthis chapter.
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7.1 Introduction

Utility and performance of the prototype probe reeénl be investigated by laboratory
testing of soil samples. This chapter reports oasueements attained after conducting a
comprehensive series of tests on soils of incrgdsivels of water content (described in
Chapter 6). The test results will then be displaged discussed. Discrepancies between
expected and actual behaviour are explained. Thkeepis proved to be mechanically
robust. However, interpretation of the results &iged by the TRASE is not intuitive. It
is only by careful analysis of the results thatevatontent information can be extracted.

Results after analysis are found to be accurate.

7.2 TDR Measurements in Soil

The measurement process was only able to coveatige of 0 to 35% volumetric water
content since at 35% the soil type used becameilhesaturated and it was considered
that attempts to increase moisture levels wouldymetl accurate results. In particular,
most of the water would rise to the top of theibgstube and distribution throughout the
soil was uncertain. Also, the bulk density of tloél also altered. As the water content
reached saturation levels, the soil would collapge a muddy form that reduced
noticeable in volume. In all, the range 0-35% wageced in twelve steps with increasing
amounts of water being added each time. The gmapigure 7.1 shows a compilation of
TDR waveforms of increasing wetness, and over a tgoale of 0 — 50 ns, for the

prototype probe.
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Examination of the waveforms reveals several fegtwf TDR theory. First there is a
noticeable increase in the time delay as soil wsstriacreases. Over this span of soil
wetness the time delay increases more than dowdte@.7ns to 1.7ns. Figure 7.2 shows
a closer look at the full range of tests with a2Bss capture window and in particular the

first reflection is highlighted by a line of best f

An immediately noticeable feature, particularlyFigure 7.1 is the dramatic drop in DC
final values with increasing water content. Thiglige to the fact that the DC reflection

coefficient (o, ) is inversely proportional to the DC conductivily,.) of the material as

shown in equations 6.1-6.3 below (Habash 1994):

1-T
T e 7.1
Poc =117 (7.1)
whereT = L (7.2)
ZOprobe
By substitution and rearrangement:
Z -
T 1. T (7.3)
12072000a><|‘pr0be 1+ pdc

Therefore it can be said that the decrease in D2va attributable to an increase in the

conductivity of the soil.
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Another feature that the waveforms share in comiedhat determination of secondary

reflections is ambiguous. The first graph in dril does show a secondary reflection but

this is

feature is a primary reason that TDR for soil measent is conducted on the basis of

timing

attenuate the signal very quickly. This is anottemson why reflections returning from
the initial upward traveling wave are ignored ie thttice diagram and transmission line

modeling of Chapter 5 since they will return at i@net when they become

increasingly difficult to distinguish wittvaveforms of increasing wetness. This

of the first reflection. Signal losses undée influence of wet soils tend to

indistinguishable from final DC values that arerfgeiealised.

Careful investigation of the graph of one of theutes will be useful, say somewhere mid
range that is reflective of where actual field ogght be most aimed. The graph of 16%

water content is shown if Figure 7.3
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Figure 7.3TDR Waveform for Prototype Probe (16% Water)

TDR Probes for the Measurement of Root Zone Soiskioe

Page 89



Chapter 7: TDR Soil Measurements and Analysis

The transit time in Figure 7.3 is determined t®hes5 - 20.65 ns = 1 ns. Using equation
(2.8) apparent dielectric permittivity is calculdtas:

(1x10°x3x10°)°
01

=9

By use of Topp equation, volumetric water contsrtalculated a®),= 18.3%. This

percentage is not very well aligned with the actualer content of 16%. Reasons for this
will become more obvious as results of soil teséingdiscussed in the rest of this
chapter. Most obvious again in Figure 7.3 is treatic amount of signal attenuation
indicating a relatively poor transfer of signal emethrough the launch point into the soll

in the downwards direction.

Having conducted a full range of tests, the reteiop between apparent dielectric
permittivity and water content measured by the gigte probe can be graphed and
compared with the results of the TRASE’s 30cm ‘alie’ probes (Figure 7.4). It is clear
that there is almost complete concurrence betweernwo. The overall performance of
the prototype can therefore be said to be goodigedvcareful interpretation of the

waveform is conducted.
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Probe Performance Comparisons

25

20
—e— Prototype Probe
15 —a— TRASE 30cm Probe

10

Apparent Dielectric Constant (Ka)

0 5 10 15 20 25 30 35 40

Volumetric Water Content (%)

Figure 7.4Comparison of Measured Water Content to Topp EquafPrototype Probe to TRASE Probe)

Discrepancies seem to exist however between thee atdiected of measured vs. actual
water contents. The comparison is shown in Figuse The data points show extremely
good alignment about the line of best fit in thght@r water content soils. The coefficient

of determination for linear fit is goo&*=0.9858.
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Comparison Between Actual and Measured Water Conten  t
(Prototype Probe)

40
35 y = 1.2379x - 3.6278 .

0 R? = 0.9858 e
25 /

20 S

15 /

10 /

Measured Water Content (%)

0 5 10 15 20 25 30 35
Actual Water Content (%)

Figure 7.5Comparison of Measured Water Content by Prototyjmd®to Actual

The problem of alignment however lies in the displaent away from zero at the bottom
of the graph. For example, when there is 5% watesegnt, the prototype probe only
measures approximately 2% (working off the linebeét fit). Part of the problem in this

lower region is that the Topp Equatidd, = 303+ 9.39, +14606,” - 76.78,° used to
calculate g, from Ka presents some limitations in this area.r&adings of 2.3 and 2.7

were calculated from the first two measurementsridiy the probe which would return
negative moisture readings when using the Topp fituaSince negative moisture is an
unreality, the readings were rounded off to zero.

The behaviour of this data is consistent with teadviour of clay soils as was observed
during laboratory testing of different soil typeg Habash (1994). He found that when
testing clay type soils in comparison to sandy ldgpe soils that in the lower region of
the graph that clay type soils exhibited a behaviehereby the water in the soil
displayed different response to TDR signals depeinda whether the water was in a

‘bound’ or ‘free’ state. This is due to the factathwater in soil does not behave in the
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same manner. Baver, Gardner and Gardner (197@)tbiat ‘bound’ water molecules are
contained in the first few layers surrounding tbé particle and are held tightly by the
influence of matric and osmotic forces. Since thatrio forces decrease rapidly away
from the soil-particle surface, water moleculesated several molecular levels away are

able to move with relative ease and are henceresef¢o as ‘free’.

In the presence of an incident electromagnetic wthe high intensity forces acting on
the bound water molecule will produce a dielectligpersion spectrum different to that
of the free water (Hallikainen et al. 1985). Thiatiee complex dielectric constant of a

soil sample can be stated as:

E T E F JE et (7.5)

As a result of their research, Hallikainen et dl985) concluded that for a given

volumetric moisture content:
a) & decreases with increasing clay content

b) & increases with increasing sand content due toatie of free water to bound

water, which is greater for sandy soils than fawysl

Bound water particles therefore behave more like $oil itself in terms of TDR

measurements. In effect, the bound water molearesharacterised by lower dielectric
permittivity than free water and TDR measuremenil$ therefore yield lower than

expected levels of water content. Zeglin, White dhassell (1992) also discovered
similar behaviour when comparing their work to T@pgmpirical curve. They were able
to determine that certain soils yield differentulés especially at low levels of water
content. In that region the permittivity of the peular soil dominates. The results
obtained in laboratory testing of the prototypebgandicate clearly then that the soil
type used was not consistent with that of Topp’spieical testing, but was more

consistent with that of a high clay content soil.
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7.3 Impedance Mismatch inside First Probe Section

The variation in the TDR graph as it encountersdtiaet of the probe and travels to the
launch point indicates that an impedance mismagbrésent. The hollow section that
carries the coax along this section has introducedriation in characteristic impedance
departing from that of the 80 RG58U coaxial cable that carries the signal td'is is
due to an air gap that is present between the cotetial dielectric and the inner of the
hollow stainless steel tubing. It was proved topseblematic during construction to
assemble the probe section with the outer shieldimdyPVC coating in place. This was
because the fit was ‘tolerance’ and hindered gjidmof the coax. Having removed the
outer layers of the coax, what then is the effdcthts air gap on the characteristic
impedance of the first section of the probe?

Dimensions of the coax and stainless steel tubiagshown in Figure 7.6. The stainless
steel hollow tubing is 6.35mm outer diameter witvall thickness of 1.2mm, therefore c
= 1.975mm. Manufacturer’s specifications for RG5&hx are helpful in determination

of the remaining variables. The coax polyethylemedtric outside diameter is 2.95 mm,
therefore b = 1.475 mm. The copper inner condustoated at 0.9mm, therefore a = 0.45
mm.
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stainless steel tubing
(wall tickness = 1_2mm)

air gap

coax dielectric material

coax mner copper
conducor

C

Figure 7.6Investigation of Air Gap on Characteristic Impedanc

The manufacturer specifies that the cable has Ildmeppacitance value of 101pF/m. This
will be useful for calculating the permittivity ofie coax dielectric and subsequently the

characteristic impedance of this section of trassmn line that we will cal,, .
Relative permittivity of the coaxial dielectric neaial £, will need to be calculated. For

the air gap, relative permittivity, ,=1.
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Distributed parameters of capacitance per unittterd a coaxial transmission line (as
shown in Figure 7.6) can be stated (ELE4605 FialdsWaves Study Book 1, p.2.5) as:

C=Z e (7.6)

2

In| —

a

where permittivity of the mediurg = g,¢,,

and permittivity of free space, = 8.854x10™** Fm™

and &, is the relative permittivity (often stated as ditic constant)

Substituting values and rearrangement of (7.6)sgive

o)

E. =
ri 27EO

101x107In[ 147
_ 045

2/rx8.854x10™"
= 2.155

Distributed capacitance for the line can now beestédELE4605 Fields and Waves Study
Book 2, p.9.4) as:
27E,
1 b 1 C
—In| = |+ —In| =
&, \a) &, \b

27Tx 8.854x10*?

= 1 1.475 1.975 ----------------------------------------------------------
i
2155 \ 045 1475

=66 pFm™

C=
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Distributed inductance for the line can also beéestdELE4605 Fields and Waves Study
Book 1, p.2.5) as

= AIn(Ej HM ™ e (7.9)
2r \a

where permeability of the mediupa = £, 4.
and permeability of free spage = 47x10" Hm™*

and u. is the relative permeability (since the matersahon-magnetiqz. =1)

Substituting values into (7.9):

_ 4mrx107 In(1.475j
2 045

=237nHm™

L

At high frequencies the characteristic impedancea dfansmission coax can be stated
(ELE4605 Fields and Waves Study Book 1, p.3.3) as:

Zy=\[C e (7.11)

Then for the transmission line with the air gapspré, characteristic impedance is:

7 = 237nH/m
0gap BEPF/M (7.12)

=6CQ

This will cause a reflection of:
Z Z,

ogap
ZOgap + Zo
_ 60-50
~ 60+50
= 0.091

p=

A lattice diagram could be constructed to aid dngwof the waveform, but it is

sufficient to know that the small change in waveafaneasured at the start of the probe
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head is as a result of the mismatch between thebarial transmission lines. This could
be overcome by increasing the inner diameter ofpitmde’s hollow centre conductor
such that it could house the coaxial line with khrg and outer PVC layer intact.
However this would in turn have implications foetbuter diameter and consequently the
characteristic impedance of the probe itself. Aétively a coaxial line of characteristic

impedances0Q with a smaller diameter if available could be used

7.4 Conclusions: Chapter 7

Utility and performance of the prototype probe wietermined under conditions of
laboratory testing of soil samples. The probe pdoiebe mechanically robust, and in
general, the results were shown to be useful anmbadat consistent with the expected
behaviour. Discrepancies between actual and meahsuaiter volume at low levels was
explained by an investigation of the variable bétavof water in different soil types, in
particular the ‘free’ and ‘bound’ characteristicsaciated with certain soils such as clay.
Also, an unexpected impedance mismatch caused kiragap surrounding the coax
carried in the hollow section of the probe to thanch point was discussed. Loss of
signal strength and impedance matching are areasded further addressing in making
any design alterations that might yield more definTDR waveforms. This is an area
that can be investigated through the use of compmiteulated design and testing. The
next chapter introduces an appropriate softwar&ggge capable of assisting the ongoing

design process.
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8.1 Introduction

Empire EM Modeling is produced by the German comp@WiST. A 3D drawing

interface allows the user to draw a model for sanah testing. Empire is a 3D
electromagnetic field simulator based on the 30t&iDifference Time Domain (FDTD)
method which has become a standard for RF compate=ign (IMST GmbH 2007).

The FDTD algorithm solves the Maxwell’'s equatiorl @ of the general form:

1

Jd<H. "2
E"zE"+—= O s 8.1
EZO‘, A, (8.1)

where E is the electric field component associated wittode
H is the magnetic field component associated witbhde

A is the node of interest

With a certain time step that ensures stabilityy #igorithm steps forward in time,
updating the electric and magnetic field nodes fittv old ones under constraints of
boundary fields and exciting field. The time stegiue is derived from the smallest cell
size and guarantees the stability of the solvingporthm. In order to speed up a
simulation, the user can enlarge the smallest sielk. The time step is generally
represented as:
Amin

TR ——

whereA ;, is the smallest cell size

n

ax =

This chapter will investigate the operation of ErapBD electromagnetic simulation
software. In particular, the prototype probe alseednstructed will be drawn and tested.
Time domain waveforms will be shown. The 3D simuolatreveals something of the
nature of the traveling wave through the soil, #mel lumped conductance end effect is

visually displayed.
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8.2 Drawing Environment

8.2.1 Preference Setting
The probe structure is drawn in Empire’Braftt mode. This is a 3D drawing

environment whereby the prototype probe is drawsctde. The first requirement of the
Draft mode is to set basic global parameters that déimsimulation domain in terms of

x.y.and z distances and number of cells within. Thember of cells is termed

‘discretisation’. Because Empire excites the stmectwith a time pulse the frequency
range is entered at the beginning which deterntinepulse width. The upper frequency
and the resolution entered are a measure for tideagcuracy used for the automatic
meshing. During simulation the material can beté@as either lossless or lossy for a
selectable frequency band. The loss band is cehteréhe target frequency. Figure 8.1

shows the setting of preferences for the drawingrenment of the prototype probe.
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3 Simulation Setup
f-}GEu:umetry

Drawing Unit
1um
E-Frequency

Start Frequency
0 Hz

Target Frequency
2.5 GHz

End Frequency
5 GHz

EFPrototype
Discretisation

Manual

Resolution

m

BB B EDOED ]

Medium

Structure Type
| User Setup (Advanced) |Z|

E-simulation

Diglectrics

lossless IZI

Conductors

lossless IZI

Flat metal thickness
| thin IZI

E-Boundary Conditions & I

Figure 8.1Empire Draft Environment: Setting of Preferences

8.2.2 Structure Definition
Empire uses a layer concept to group objects wothmon properties. Objects include

boxes, wires, polygons and solids. Properties canphysical (such as material
permittivity), geometrical (such as height) or ftianal (such as animation). More than
one property can be set to a layer, for exampld fiemp box and animation plane. All

objects on this layer inherit these properties lfadlt. The sequence of layers is
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important for rendering purposes and can be cdattoby the assignment of layer
numbers. The drawing environment is displayed igufé 8.2. Note the Xx,y,z axis

definition in the lower right corner of the drawiagea; the length of the probes extends

in the z direction.

nest]mped nm[F ﬁem’nddn \IAd anced | ﬁ&{:{‘lP[R{Em

DRC  Advanced XCeel= 7

| Smsasens s a5 6 B

B Layers

F S0
1 (0] () (2]E) wadatineree
i ) (O M) EIE] mermod

> B @m)

- (5 o] o [ 2) (2] ) [eiees
B structure

3+ Create

+ Boxes

=+ Polys

Poly 31fz, 1 points
Layer innerRod - metal 200

Fol
Layer sSteel -metal 200
P Iy

Layer pol \yt oot -materl 2.150100
# Linpolys

t+ Rotpolys

=+ Solids

L Solid 108, 144 Verfizes, 426 Edges, 284 Faces
no defect

Layer starlessSteel - metal 200

Editor Options

< @RI 1 AN

Figure 8.2Empire Draft Environment: Structure Definition ugihayers

Views within theDraft environment allow observation of the structurenfrany angle.
Also a ‘clip’ function allows looking in to the stcture by defining slicing planes. At the
left of the drawing area in Figure 8.2 is the lalst. The lists provide for creation and
control of layers, objects, simulation parameterd ports. The properties for each layer
are set individually, and each layer can be locgetiidden to prevent modification of
objects. Figure 8.3 takes a closer look at thertageeated for the prototype probe.
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B Layers
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laboratory testing tube filled with soil
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Figure 8.3Layer List: Creation of Layers for Different Matais

The layers created for the prototype probe arel&safs:
* stainlessSteel
» coaxialLineFeed
» polyLaunchPoint

* fieldStorageArea

soilArea

Each of these layers is assigned different prageerihestainlessStedayer in Figure 8.3

has been expanded to reveal the height of the ([@ydi000) and the material property of
‘metal’. Within the Object Property Editor, specifimaterial properties such as
permittivity, conductivity and priority are set. &lpriority ranking assigned to either an
object or layer determines which takes precedem@my intersecting volume. Priority is
assigned anywhere on a scale of 0 to 256. Figdrest®ws the Object Property Editor
settings for the layepolyLaunchPoint This layer is for the HDPE connector that
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constitutes the launch point. Note that permityivet = 216 has been selected as it is
considered to be of similar material to that of doaxial transmission line dielectric (for
which the manufacturer has specifieg] = 216). This property can be varied to

investigate its impact on the reflection coefficiahthis point in the transmission system.

E Object Property Editar @
Basic Objects Enter the properties for your material object:
Circuit Elements
Eield rel. Permittivity 2,16 IZ|
B aAdvanced Conductivity in 1/{0Ohm¥*m) 0 IZ|
E-Object Defiition Priority {10..250) 100 E
= i I
General Ohjects Tangent Delta Mone E|
Fregency for Tangent Delta in Hz Mone | -
Explanation
Advanced Material Object
Sheet Objects Remarks
Line Objects - can be used for volume ohjects (at least one cell thick)
Other Objects - priority defines determining ohject if sevreal ohjects intersect
F-Measurement Definition - no frequency dependant conductivity calculation
E-Excitation Definition - conductivity can be specified directly (1/{{Ohm*m)) or can he
EFOther Definitions calculated from the tan delta value for a given frequency
EFExperimenital - if the tan delata value is defined the direct definiton of the
conductivity is overwritten
- implicit priority: wire ohjects = surface objects = volume ohjects
can't he changed with priority numbers
Jmaterial 2,16 0 100]
(o] cancel

Figure 8.4 Property Editor: Setting Material Properties for tach Point Connector

The port layercoaxiaLineFeedhas been defined with dimensions and propertiesose
match those of the coaxial cable manufacturer'siSpations. This layer facilitates the
injection of the excitation into the structure. Ttwaxial port properties are adjusted in
the Library Element Editor and are displayed inuFéy8.5. Besides geometry, particular
attributes include:

« characteristic impedancg, =50Q,
« dielectric permittivity, = 216,
* priority settings graduated from the centre witeptigh the dielectric to the outer

sheath, and

TDR Probes for the Measurement of Root Zone Soiskoe Page 105



Chapter 8: Simulation Design and Testing

« discretisation that gives field recording emphagithe port area over the rest of the

structure.

E Library Element Editor
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L try
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Figure 8.5Library Element Editor: Coaxial Port Properties

The fieldStorageAredayer defines a volume around the probe in whiah gimulation
information is recorded. To obtain near fieldsstrecording box has to be defined on a
layer with the property ‘Field Distribution’. Vanis frequency points or time steps can be
specified anck or H fields can be omitted to save memory. The numlbdreguency
points used for field recording will effect the ammb of memory used during the
simulation and needs to be selected carefully. i¢er field will be stored inside this

recording box and can be visualised post-processgittganimation planes. The recoding
box volume is displayed in Figure 8.6.
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Figure 8.6Field Storage Area: Transparent View

The soilArea layer is identical in volume to thieldStorageArearecording box. The
purpose of this box is such that the dielectrionpgivity can be manually changed to

mimic soil conditions of variable wetness.

8.2.3 Discretisation and Drawing Conversion
The final procedure for the structure set-up isléfine or adjust the mesh according to

the entered geometry and ports. Empire providesudomatic discretisation facility that
determines a suitable mesh. The mesh of cells raaghidistant or graded. This allows
resolution of the finer structural details with myamells. Rather than automatic
discretisation, the grid can be adjusted manuallplace more emphasis on the launch
point area. After setup is complete and the strectsi mapped to a grid, the drawing is

converted to an input file (.acad) ready for thawdator.

TDR Probes for the Measurement of Root Zone Soiskoe Page 107



Chapter 8: Simulation Design and Testing

8.3 Simulation Environment

8.3.1 Pre Processing
With the structure and mesh now defined as an ifij@jtcertain parameters that control

the simulation environment will need to be chodenparticular, boundary conditions,

excitation shape and simulation end criterion blset.

The outermost gridlines define the borders of timukation area where boundary
conditions are applied. For the simulation of openctures such as soil probes, the finite
calculation domain needs to be truncated by boyndanditions with absorbing
properties. Perfectly matched layer (PML) boundargditions are chosen such that any
radiating field effects are absorbed. The grourah@lhowever (in the xy plane at the
start of the probes, i.e. z min) is set differentlith Electric boundary conditions.
Application of Electric wall conditions forces the tangential electricdiglomponents on
the outer of the plane to zero. In other wordsy exarmal electric field components exist,
so the electric field is perpendicular to this w&létting of boundary conditions is shown
if Figure 8.7. Note the number 6 that follows theILPsetting; this is an absorption
quality level. Selection of a larger number enlardbe conducting thickness at the
boundary (i.e. the number of layers used for aligmp The trade-off for selecting

higher levels is of course processing time. Thelavie range is from PML4 — PML12.
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Figure 8.7Boundary Conditions: Set to be Perfectly Matcheos@kbing)

Excitation is impressed on certain field nodesioaging at the defined port. The port is
defined as coaxial and allows parameters of currealtage and resistance to be
manually set. The excitation voltage itself is asta fast rise-time pulse (rise time =

200ps) and is shown if Figure 8.8.
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Figure 8.8Excitation Defined: Fast Rise-Time Pulse

An end criterion must be set to determine termamaif the simulation. Simply a set
number of steps can be allocated, sufficient toiveel the required accuracy.
Alternatively, the decay of energy inside the siatioh domain can be monitored;
simulation is stopped when the preset checksunedesnt is reached. The user can also
manually cease simulation at any time. The settihg@nd criterion for the prototype

probe is shown in Figure 8.9.
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Figure 8.9 Simulation End Criterion: Number of Steps and Egebgcay Checksum

8.3.2 2D Post Processing
The structure is excited by the pulse and the sitiarl is carried out in the time domain.

Frequency domain results are complex values, difien the time domain signals by a
Discrete Fourier Transformation (DFT). The DFT mpked after simulation to obtain
impedances or s-parameters, the frequency range laefunction of the time domain
pulse width. The DFT is also used to calculate Uesgy domain near fields, and is

generally described as:

DSURE™A s (8.3)

n

Empire produces a range of 2D graphs resulting fsomulation. Time domain voltage

and current waveforms of both incident and refléat@ves are available. Smith charts
and polar charts are also generated. In the frexyugmmain, voltage, current, impedance,
admittance, power and s-parameters can be displ&edraphs can be customised for
presentation by selection of parameters in thepsetteen, as shown if Figure 8.10. Note
in the lower left area is a list of files that Emgihas automatically created after

simulation for each type of graph selected.
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Figure 8.102D Graph Selection and Setup

A typical voltage waveform in the time domain issglayed in Figure 8.11. The
reflections as they occur from the end of the psodoe clearly evident.

TDR Probes for the Measurement of Root Zone Soiskoe Page 112



Chapter 8: Simulation Design and Testing

—General

L r,r ~ue| [ Rile: poles
ko 'If: | B{R{— Directory: Ciiempira-4. Z0ypoles)sub-l Ed:.t.I Loadi Re freshl Savei Inport | Ut,1ls! Uultl
Parameters Graph mmiaer‘ o1

Ly General selection

Excitation ;

DET 2D graph 01 / window 2 / uft) time_domain voltage Fmagnitude lin

Boundary Condicions .

Ena Critaria update Zoom in Z00m out

Desonance Estimation

Port Setup woltage in'
Cleanup Setup 35 T T T T T T
Mise B
Remote
Postprocessing
Gensral Setup L ] e
Equations
Rarfield
Processing 95
Start
Eatch
Leontral
Oprimisacion 20 = —
Control
Conpatibility
Variations
Visualizarion 15 N
10 = —
Bl —
0 | I | | | | I L I i
1} 1000 2000 3000 4000 5000 EO00 7000 8000 4000 10000

timesteps

¥ = 3.1397e+003 , ¥ = 1.4850e+001

Figure 8.112D Graph: Time Domain Voltage Waveform for Probes

8.3.3 3D Post Processing

3D field animations are possible after simulatidiis is achieved by accessing the

fieldStorageAredayer that was created during the structure débimiprocess earlier.

Within the properties for this layer, the ‘Field dplay’ is chosen and ‘3D Field

Animation Box’ controls are accessed. Figure 8.&pldys the animation controls.
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Figure 8.123D Simulation: Field Animation Controls

The animation controls are set such that Eledeld tomponents in xyz planes will be
displayed. All other animation visualization comgtsuch as scaling, amplitude,
rendering, are all manually set. Figure 8.13 shawsapshot of the propagating

electromagnetic field along the probes during theaBimation loop.
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Figure 8.13 3D Simulation Snapshot: Propagation of ElectronmetgnFields

Closer examination of the animation at the timedkeiting wave propagates to the end
of the probes is shown in Figure 8.14. An interagfieature here is the extension of the
wave past the end of the probe wires. This effetfiincreases the length of the probes
as used in all previous chapter calculations wheterchining expected behaviour. The
simulation delivers a practical example of the ‘eftect’ as explained in Chapter 2.
Recall assertions provided by Pentinellia et @0@) that reactive end effects present as
a stored electrical energy relating to the fringofghe electric field at the open-circuit
end of the transmission line. The equivalent disted circuit would be seen as end shunt
capacitance, related to frequency. The time-dore#iect of the distributed capacitance is

to create a delay, the net effect being equivateat’lengthening’ of the line.
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Effective length is longer than actual probe length

Figure 8.123D Simulation: Effective Length of Probe is Longer

8.4 Conclusions: Chapter 8

This chapter investigated the operation of Empii2 BM simulation software. A
prototype probe was drawn in tli#graft environment with layers created to describe
different geometrical, physical and functional pedpes. In particular, layers were
created for the stainless steel materials, theiablxe feed (as a port), the HDPE launch
point connector material, a simulation storage am@ a soil volume space around the
probe. Pre-simulation requirements of absorbingndawy conditions, fast rise-time
excitation pulse and suitable simulation end datevere determined. Discretisation of
the mesh grid is concentrated about the launcht @oea. 2D simulation results include
both time and frequency domain behaviour. A timendm voltage reflection wave was
presented. 3D simulation results were presenteth@sations of the propagating electric

field in xyz directions. Something of the naturetloé traveling wave as it encountered

TDR Probes for the Measurement of Root Zone Soiskoe Page 116



Chapter 8: Simulation Design and Testing

the open-circuited end of the probe in soil wasated. The effective length of the probe
is longer than its physical length due to reacewe effects. Unfortunately due to time
constraints, detailed simulations for the prototype®be have not been achieved.
Conclusions for the thesis and recommendationfuftiner work will be addressed in the
next chapter.
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9.1 Introduction
The TDR approach to the in-situ measurement ofraoikture content is today accepted

as a most reliable and accurate method in compatisalternatives such as neutron

probe or dual gamma ray methods (see Chapter 1¢. Aded for more specific

measurements such as in the root zone area halgjsetives for this project, namely:

» Design and construct a soil probe that yields maifile information rather than
averaged information.

» Gain familiararity with simulation software; usewldid in the design and testing of
potential probe configurations.

» Assess the new probe for accuracy and functionality

This final chapter will highlight the outcomes ool of the preceding chapters in
relation to the stated objectives. Problems thatvescountered will be summarised and
recommendations for ongoing work made. It will keers that problems encountered
included calibration of the prototype probe anduaate analysis of the recorded
waveforms. Whilst the prototype probe deliveredultissreasonably matched with that of
the design criteria and was found to be mechawpicabust, there were a number of areas
identified for improvement. Further work would inde simulation modeling to fine tune
impedance matching criteria such that the reflectoefficient can be minimised and
signal transfer maximized. When implemented thisuldboprovide more distinctive

waveforms that could facilitate less intuitive-basaterpretation.

9.2 Overview of Thesis Work Carried Out
A review of literature in Chapter 2 investigated Rprinciples and applications to soil

moisture measurement. Theory of TDR in general exsduated from a mathematical
perspective and development of its practice exatdnwigh an investigation of empirical
work by others in this field. It is the transit #nof signal propagation through the soil
(guided by the probe) that is directly related tatev content, since soil and mineral
particles have a much lower permittivity than tb&tvater. The evidence suggested that

the TDR method for soil moisture determination isnature science, although probe
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design for the extraction of more precise informatof soil structure is still an area of
interest today.

The TRASE TDR equipment that was used in laboratesfing for this thesis was
examined in Chapter 3. Some familiarisation with @peration was gained through

experiments in soils of variable water content gsive standard probes.

TDR waveform behaviour was established theoretidallChapter 4 through the use of
transmission line modeling. Lattice diagrams prousdful in determination of expected
behaviour of standard probes in air and water. diekectric property of the medium in

which the probe is placed was found to have sigaifi implications for probe impedance
characteristics. Arising variations in effectiveope impedance contributes to an
impedance mismatch with the transmission systenracteristic impedance at the
interface of the two. The extent of impedance misimadetermines a reflection

coefficient, and consequently the amount of eneiftpt is transmitted through the
mismatch. For the design of the new probe it wasrele to minimise this mismatch at

the launch point.

The new probe design was influenced by transmiski@nmodeling based on lossless
line characteristics. The signal as it is launcfreth the point along the length of the

probe would incur a splitting into two directionBhe wave traveling in the direction

towards the open-circuited end of the probe waddbes of design calculations since it
would return information from the soil zone of irdgst. Supporting the design process
was reliance on probe air-spaced characteristiedapce determination using a derived
mathematical expression (Ball 2002). Having deteedi suitable design parameters a
prototype probe was constructed using chiefly &tam steel materials and RG58U
coaxial cable. The launch point connector was coostd of HDPE of assumed

dielectric permittivity.

Laboratory testing and calibration of the prototypebe was described in Chapter 6. The
TRASE system was not able to recognise a zero aiet prhen taking measurements

with the new probe. To overcome this all measurésmbad to be manually configured
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and analysed for transit time. The zero set poias$ wstablished by TDR measurement
under conditions of a short circuit at the endhaf tonnecting coaxial cable. The capture
window of the TRASE was then manually set to theaaof interest. Having captured
desired data, waveforms were transferred via RS&32al port to a laptop using
HyperTerminal communication protocol. Once all $esere completed and downloaded,
the resulting TDR waveforms required conditionilmgniormalise their amplitude. This
was achieved in a spread-sheeting program. Intatpye of transit time was achieved

after graphing each result and fitting tangentdiabout the reflection point.

Utility and performance of the prototype probe wietermined under conditions of
laboratory testing of soil samples, described ima@tér 7. The probe proved to be
mechanically robust, and in general, the resultseveown to be useful and somewhat
consistent with expected behaviour. Some discreparmetween actual and measured
water volume at low levels was explained by an stigation of the variable behaviour of
water in different soil types, in particular thee€’ and ‘bound’ characteristics associated
with certain soils such as clay. Also, an unexpkatgpedance mismatch caused by an air
gap surrounding the coax carried in the hollowieacbf the probe to the launch point

was discussed.

A 3D electromagnetic simulation program was inggged in Chapter 8. The prototype
probe was drawn in th®raft environment with layers created to describe difiere
geometrical, physical and functional propertieg-8imulation requirements of absorbing
boundary conditions, fast rise-time excitation pugsd suitable simulation end criteria
were determined. 2D simulation results include btithe and frequency domain
behaviour. A time domain voltage reflection wavesvpaiesented. 3D simulation results
were presented as animations of the propagatingtrielefield in xyz directions.
Something of the nature of the traveling wave @&nhdountered the open-circuited end of
the probe in soil was revealed. The effective Ieraftthe probe is longer than its physical

length due to reactive end effects.
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9.3 Interpretation of Results Achieved
Interpretation of data from the TDR waveforms id a0 exact science. The critical

aspect in the TDR measurement of permittivity igtexl to the identification of those
points in the wave form used to determine the tramees. Determination of transit time
points in this thesis relied on intuitive and catefxamination of the waveforms. Any
type of interpretation is made difficult by the fabat the waveform measured with a
cable tester is significantly different from thdtam idealised TDR trace, due to various
factors as observed:

1. The experimental setup introduces non-ideal charatics. These include
measurement delays associated with the TRASE msmu itself, energy losses
along conductor parts, and possible radiation awitagion of higher-modes in
the transmission line that result in dispersioeef.

2. The presence of complex phenomena at line disagtige. Any impedance
mismatch along the transmission line results imaigeflection. The signal
reflection can be largely related to reactive dHeaf electromagnetic energy
storage, typically capacitive in nature. Differesdeetween physical length and
effective length of the prototype probe were expddi in relation to capacitive
end effects.

3. Dissipative and dispersive features of the soild(é@a constituents of minerals,
‘free’ and ‘bound’ water, and air). The dielectpoperties of the materials are all
different and are dependant on frequency. Thisesadsformation of the signal in
the time domain, observed by rounding off of thediag and trailing edges of the
waveform shape. Again it is the higher frequenaytent of the pulse that is most

subject to dispersion effects.

9.4 Further Research and Recommendations
Measured waveforms using the prototype probe sdfeexcess signal attenuation

compared to calculated expectations. Impedance abcdmat the interface between the
coaxial cable and the head of the probe was destiib Chapter 7. Also the impedance
mismatch at the launch point connector was discuss€hapters 5 and 7. The effective

impedance of the prototype probe in air was alssetdaon some assumptions made in
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Chapters 4, 5, and 7. Evaluation of these transomdge discontinuities and effective
impedance of probes is an area that requires funivestigation, in an effort to account
for the excess signal loss. 3D simulation softwiaréighly regarded as the means by
which further analysis and design alterations canirbplemented and assessed. The
extent to which end effects and possibly radiateelg@y losses can be examined in this

way.

The launch point connector is of unknown permityiand could be assessed with the use
of a network analyser. In addition the determinmataf transit time points from the
measured waveforms could be extracted with useoaineercially available analysis

software.

9.5 Conclusions: Chapter 9
The thesis has delivered what it set it out to@ahi A prototype probe has been designed

and constructed for the purpose of determining moisture content in a root zone area
of the soil. Extensive laboratory testing reveadfmttthe probe delivers specific
information in this area of interest as opposeduerage information over the length of
the probe typically attained with the use of ‘stamtti probes. In addition, the prototype
probe has proved to be mechanically robust andtifumad for field use, and could be
considered for commercial application in conjunctwith TDR cable testing equipment.
The 3D EM simulation software ‘Empire’ by IMST isrsidered to be a comprehensive

and useful program by which further developmentlmasupported.
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1. Rationale
Time Domain Reflectometry (TDR) is a well estabfidhmethod of soil moisture
measurement. A probe consisting of 2 or 3 paralieds is pushed into the ground
and connected to the TDR equipment. The latterywresl a pulse of electrical energy,
which travels down the probe, is reflected at theroends of the wires, and returns to
the surface. A measurement of the travel time @aocdmverted into an estimate of
soil moisture by means of a calibration curve stawthin the instrument. The
Faculty owns a TRASE instrument that is suitabletlics project.
A soil moisture measurement obtained as above &varage over the length of the
probe, which is typically 30 to 60cm long. It isvieever desirable that the moisture
profile of the soil be attained, especially in thet zone area. It is feasible then that
by careful probe design, a launch of the electipcéée into the soil can be executed
at a distance below the ground surface, thus yigldiore specific information in the
zone of interest.

2. Objectives
2.1.Design and construct one or more probes that g@ldorofile information rather
than averaged information.

2.2. Assess the new probes for accuracy and functignalit

3. Specific Tasks and Deadlines
3.1. Literature review of TDR application to soil tegjrdielectric properties of water
and wet soils, and soil measurement techniques.
Substantially complete by 13 April 2006 (to sonterexhis may be ongoing)

3.2. Familiarisation with the TRASE instrument, convenl TDR measurements,
preparation of soil samples and calibration procedu
Complete by 6 April 2006
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3.3. Familiarisation with a commercially available sodine package for simulated
design and testing of probes.
Complete by 11 May 2006 (depending on procuremgfalsulty)

3.4. Assist with the design and manufacture of modifi@R probe
Complete by 18 May 2006 (depending on workshopyatazh times)

NOTE: Part 2 of Project has been delayed for 12mohs. This has necessitated a
review of Specification tasks and deadlines from S2006 to S2 2007.

3.5. Calibrate the new probe in air, water and one knewih Signal processing
programs using Matlab may be required.
Complete by 23 August 2007.

3.6. Comparison with conventional probes, in simulathowl in practice.
Mostly complete by 6 September 2007, but ongoithgakground during
dissertation preparation.

As time permits:
3.7.Using 3D simulation software: make alterationsrobe design and test.
Complete by % October 2007

3.8.Complete the thesis, with intermediate and finadli@es as follows:

Completion of First Draft by: 11 October 2007
Completion of Final Draft by: 25 October 2007
Deadline for submission: 1 November 2007

NB: The supervisor is to be shown each draft @e@omes available, and the
supervisors comments should be incorporated iméx draft.

4. Assessment Guidelines
4.1.To be awarded a Pass (C) Grade the following warktrhe completed, as a
minimum:
* A competent literature review
» Design of a new probe that demonstrates good &ttetd aspects of
transmission line theory and mechanical robustness.
» Competent testing and calibration of the new probesference soils.
* An acceptable thesis, which conforms to the Faauigelines for thesis
presentation
4.2.To be awarded a Credit (B) Grade, at least thevietig work must be
completed:
* A comprehensive literature review with an attengptetiate the project topic
to present state of the art in the specified areas.
» Calibration and testing results that are consisistft theory and software
simulation
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* A competent thesis, which in addition to the litara review as above
contains a good description of the work undertakegether with an analysis
of the results obtained. The thesis must conforfattulty guidelines for
thesis presentation.

4.3.To be awarded the grade of Distinction (A) or Higistinction (HD) at least the
following work must be completed:

* A comprehensive literature review together withistdssion of the relation of
the present project to the present state of thie &éine specified areas.

» Calibration and testing results that are highlysistent with theory and
software simulation

» Athesis which is excellent in almost every respect

In addition, the student must be able to demorestatapacity for initiative and
innovation, and an ability to function independegrmf the supervisors.

Acceptance by the student Acceptance by the sigoesv
GARY BOLITHO A/PROF J AR BALL A/PROF S RAINE
001992138

Appendix A: Project Specifications Page 132



Appendix B: Project Timelines

Appendix B: Project Timelines Page 133



sauldwi] 109loid :g xipuaddy

¥£T abed

3 k| é
v & = Qé QQE @
= b ® A 2 A2 A
: g iF ji:
— é B oo =
= T = E-
Thesis Writing 3 G- | £ -
and Presentation L§ E E
7 & [
= -y
pre i 2 THEIE
£, *g = ﬁ, i
i e
er L s & . [ ] 5
Conparisons ]
Calihration
and Testing
Prohe Design and | |
Manufacture
3-D Design | - | 7
Sof Trial Licensed Use
W
Familiarisation
Literature | | Oneoine Re T :
_ nigoing Research as necessary
] ] I | | l ] 1 | | | | | I 1
T T T T T T T T T T T T T T T T
MMarch April MMay June July August Septemher October  Novemhber

2006

FigureB.1 Proposed Timeline of Major Project Activities 2006




saulawi] 193loid :g xipuaddy

GeT abed

Thesis writing
and Presentation
Functionality
coONparisons

3-D Simulation
Software

Laberatory calibration
and testing

TRASE
familiarisation
Literature
Review

Final Deadline

1 i
=
%2 7 :
& & i 3
Sept 17-21
Alternative design
Ongoing research as necessary

Dr. Ball away Septembher 10 - October 19

£ = £
- - - - - - o =] =] 2 =
= = = 2 =2 = = = 2 2 =
@ 2 % & € § s 2 & = & =2 = =
i & = o = ¥ i a LY - - = 3 =
I I I I I I I I I I I I I I *
August September {OJctoher MNovemher

Figure 8.2 Amended Project Timeline for S2 2007 (@art of Project delayed by 12 months)




Appendix C: MATLAB Scripts

Appendix C: Matlab Scripts Page 136



% Script: Calculate Volumetric Water Content

% Purpose: Script to calculate volumetric watertent (thetaV),
% given the apparent dielectric constant (Ka)

% ThetaV is calculated by means of a lookup table
% created with values according to Topp Equation
%

% User Inputs: Ka - apparent dielectric constant

%

% Output: volumetric water content (thetaV)

% Calls: nil

%

% Source: G. Bolitho September, 2007

00------- ——— —_—— ——— —_—— —— _— ——
clear all

thetaV=[0:0.0001:1];
ToppKa=3.03+9.3*thetaV+146*thetaV."2-76.7*theta\."3

% input calculated Ka
disp('Ka value must be between 0 and 81');
Ka=input(' Enter calculated Ka value: )

i=0; checkKa=0;

while Ka>checkKa
i=i+1;
checkKa=ToppKa(i);

end

fprintf("Volumetric water content = %2.2f%%\n’,th®t(i)*100);
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Figure D.1 Prototype Probe with 500 Coaxial Connection Lead

Figure D.2 Details of Launch Point Connector Assembly
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Figure D.3 Stainless Steel Arbour Showing Connection Detail€baxial BNC Socket

Figure D.4 Panel Mount BNC Coaxial Socket with RG58U Cable
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Table E.2Summary Table of Stored TDR Waveforms for All Fsobe

TAG ov (%) 10cm Buriable Waveguide 30cm Connector Waveguide New Probe

15-25ns 0-50ns _ JAuto Measure | 15-25ns|0-50ns| Auto Measure |15-25ns|0-50ns
DRY 0.00 6 5 4 8 39 7 41 10
10WET 3.93 48 47 46 50 51 49 53 52
6WET 5.63 55 56 54 59 58 57 60 61
WET10 8.00 64 63 62 66 67 65 69 68
WET12 10.96 72 73 70,71 76 75 74 77 78
WET16 13.35 81 80 79 83 84 82 86 85
WET18 17.30 89 90 88 93 92 91 94 95
WET21 20.60 98 97 96 100 101 99 103 102
WET?24 23.39 105 106 107 110 109 108 111 112
WET27 26.05 115 114 113 117 118 116 120 119
WET30 28.68 122 123 121 126 125 124 127 128
WET35 30.90 131 130 129 133 134 132 136 135

Note: Where multiple graphs are recorded, bold indicates the one selected for use.

A copy of all raw data files (stored as MicrosofRcel Worksheets) are provided on the

dissertation CD disk, under the directory: Garyld®alitho_appendices/. Each graph is

stored in a separate file, as well as collated apjoropriate summary Workbooks.

The summary Workbooks are separated accordingp®df/probe being used, and under

different capture window settings, for example:
* NewProbe 15-25ns.xls

* ConnectorProbe0-50ns.xls
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