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Abstract

A method for the measurement of complex relative permittivity of soil by using
the total reflection time domain reflectometry is developed. The basic theoretical
and practical basis of time domain reflectometry is reviewed. The performance of
the method is tested by carrying out measurements on five types of soils with a
range of texture from sand to clay. The effects of soil temperature and soil electrical
conductivity on the complex relative permittivity of soil are investigated. Empirical
relationships which may be used to predict volumetric water content of a soil from the
real part of the complex relative permittivity of the soil determined at 10, 50, 100, or
150 M Hz are given. Both the real and the imaginary parts of the complex relative
permittivity of all the five soils were observed to decrease with a decrease in volumetric
water content and with an increase in frequency. The effects of soil temperature and
soil electrical conductivity were observed to be higher on the imaginary part of the
complex relative permittivity as compared with that on the real part of the complex
relative permittivity. The results obtained agree very well with other experimenters’
results. It was concluded that the method was successful in measuring the complex

relative permittivity of soil.
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Chapter 1

Introduction

It is a fundamental experimental vesult, first discovered by Faraday, that
capacitance of a condenser increased when the space between the conductor is filled
with a dielectric material. If C, is the capacitance of the condenser with the region
between the conductors evacuated and C' its capacitance when this region is filled
with a dielectric then the ratio c% = ¢ is found to be independent of the shape or the
dimensions of the conductors and is solely a characteristic of the particular dielectric
medium used. The ratio € is called the relative permittivity of the medium. Ever
since Faraday’s discovery, scientists have been interested in the study of the dielectric

properties of materials.

The term relative permittivity is commonly abbreviated as permittivity and it is
never less than one. For gases the relative permittivity is close to unity. The term
dielectric constant is also sometimes used for relative permittivity and is somewhat
misleading when it is applied to polar materials. The relative permittivity of polar
materials, such as water, shows frequency dependency in alternating electric fields.
When a polar material is subjected to an electric field, dipoles in the material align

or orient themselves with the electric field. In an alternating electric field, the
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orientation of the dipoles will tend to reverse as the polarity of the field changes. If
the rate of change in the direction of the electric field is sufficiently high, molecular
forces impeding the motion of dipoles dominates. In a certain frequency band,
referred to as the relazation band, a phase lag develops between the electric field and
the dipole orientation. In this case, energy from the electric field is dissipated as
heat. This relaxation phenomenon is described by a complex relative permittivity,

e(f)

e(f)=€e(f) =" (f) + 5=5) (1.1)
27 feo
in which ¢(f) is the veal part and (¢(f) + 2_(—%) is the imaginary part. The real

part of the complex relative permittivity indicates the extent of the polarization of
the dielectric under the influence of the applied electric field, as explained in Section
2.3, and the imaginary part represents the dielectric loss and hence an absorption
of energy. In the equation, o4 [dS m™'] accounts for the electrical conduction
which arises not from the effect of polarization but from actual charge transport (for
example, ionic conductivity in electrolytes). The frequency of the applied electric

field is denoted by f [Hz].

Water exhibits a special dielectric behavior which distinguishes it from most other
materials. The static relative permittivity and the relaxation frequency of water are
78.3 and 19.7 GHz, respectively, (Grant et al., 1989) and are relatively high when
compared with that of other materials. There are a number of applications which
utilize this special dielectric behavior of water. In mircowave ovens, heat is
generated by electromagnetic waves (microwaves) with a frequency which falls within
the relaxation band of water. Another application which uses the special dielectric
properties of water is the indirect measurement of volumetric water content of porous
substances such as soil. The success of these dielectric measurement techniques lies

in the fact that either the electromagnetic waves are used at the relaxation frequencies
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of water or the measurements occur at frequencies where the permittivity of water is

much higher than that of other material in the porous mixture.

The dielectric properties of soils are of considerable practical and theoretical
mterest. Themain practical interest stems from the desire to use diclectric properties

of soils as a sensitive and accurate indicator of soil water content (Camphell, 1990).

Soil water content is a fundamental variable in manv processes and its
measurcment is important in many types of studies (Baker and Allmaras, 1992). The
measurement of soil water content in the field environment generally depends on
gravimetric sampling, installation of resistance blocks, or access tubes for the
neutron probe.  All of these methods lhave shortcomings which make them
unsuitable for field use.  The destructive nature of the sampling and the time
delay for drying of the sample are the dvawbacks of the gravimetric method. The
requirement to calibrate resistance blocks for each site seriously limits their utility
in varying environments. The need for an access tube for the measurement and a
calibration curve for each situation, and the radiation hazard involved causes difficulty

for many operators of the neutron method.

The measurement of volumetric water content of the soil by using Time Domain
Reflectometry, TDR, is a relatively new technique. It was first introduced in the
early 1980s and was shown to have several favorable attributes. Most of the
experimental and theoretical advances in the use of this method were initiated by
Topp et al. (1980). The determination of volumetric water content of a soil by TDR
is, generally, based on the measurement of travel time of an electromagnetic pulse
along a probe inserted in the soil by using time domain reflectometer. Theoretical
analysis and experimental correlations show that the pulse travel time is
proportional to the apparent dielectric constant, €., of the soil in which the probe

is inserted. Topp et al. (1980) measured this pulse travel time, ¢, in a probe of known
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length, L, and correlated the calculatedvalues of the apparent dielectric constant

of soil with the volumetric water content, O, and obtained:
© = —0.530 x 107> 4 0.292 x 1073, — 0.550 x 1075%¢,2 + 0.430 x 10~ 7¢,> (1.2)

with
_

=57 (1.3)

€a

where €' is the velocity of light in a vacuum. They showed this relationship to be
similar for a wide range of mineral soils and independent of soil type, soil density, soil

temperature, and soil salinity.

Recently  several exceptions to this relationship have been reported by
different vescarchers.  Drungil et al. (1987) carried out calibrations for different
types of soils and reported that the ©(e,) relationship was valid only for gravelly
solls.  Dalton et al., (1992), showed the dependency of the O(e,) relationship on
soll salinity.  Morcover, Dobson et al., (1985) found a dependency of the O(e,)
relationship on soil texture. They showed that fine textured soils have significantly
lower dielectric values when compared with coarse textured soils at the same water
content, a difference that increased with water content. All these exceptions call for

an alternative or new approach for the measurement of dielectric properties of soil.

Wet materials, such as soil, are generally dispersive, their permittivities are
frequency dependent. In the travel-time approach the measurement is frequency
independent and it is unknown to what frequency or frequency ranges such a
determination of ¢, would correspond. In time domain reflectometry, the
measurement of wave forms is conducted in the time domain. The analysis,
however, will be simple and the result will be frequency dependent and broadband if
the wave forms observed in time domain are first Fourier transformed and analyzed

in the frequency domain.
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CHAPTER 1. INTRODUCTION
The objectives of this thesis research are:

1. To develop a method for the measurement of complex relative permittivity of
soil by using the total reflection time domain reflectometry and the frequency

domain analysis,

N

To evaluate the performance of the method, and

3. To develop a calibration equation which may be used for predicting volumetric
water content of a soil from the complex relative permittivity of the soil

determined by total reflection TDR.

The measurement of complex relative permittivity of the soil, in this study, is
based on measuring the forward scattering function, S11(f), of a specially designed
coaxial probe inserted into the soil. The S11(f) function is computed from the ratio
of a discrete Fourier transform of the total reflected wave form from the probe to the
incident wave form into the probe.

This thesis consists of six chapters. In Chapter 2, a review of the theoretical
basis of time domain reflectometry is presented. In Chapter 3, the sources of errors
in the total reflection time domain reflectometry are identified and methods for their
minimization or elimination are presented. The experimental apparatus used and
the soil samples tested, the design of the probe constructed, and the experimental
procedures implemented are described in Chapter 4. The results are given and
discussed in Chapter 5. A summary of the work presented in this thesis is given and

general conclusions are drawn in Chapter 6.




Chapter 2

Theory

2.1 Introduction

In time domain reflectometry a sample of the material to be tested is inserted
into a section of a coaxial line system. The complex relative permittivity spectrum
of the material is measured by analyzing the response of the material to a fast rise
time step voltage. This is normally done by using Fourier analysis and transmission

line theory.

In this chapter, the theoretical basis of TDR is discussed. This is done in order to
provide a background for the error analysis given in Chapter 3 and the experimental
methods presented Chapter 4. In Section 2.2, the reflection and transmission of a
wave by a change in the characteristic impedance of a finite section is considered.
The microscopic concept of polarization and frequency dependency of permittivity

are discussed in Section 2.3 and Section 2.4, respectively.

The method selected for the purpose of measurement of complex relative
permittivity of the soils in this study, as explained in Chapetr 4, requires forming the

Fourier transform of the incident and the reflected wave forms. For the benefit of

6
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the reader of this thesis, a brief introduction to the Fourier integral and the discrete
Fourier transformation is presented in Section 2.6. Finally, the results of the previous
discussions are used to describe the general principles of TDR, the single reflection

T'DR and the total reflection TDR (Section 2.7).

2.2 Multiple reflection within a coaxial line

If a wave propagating along a coaxial line encounters a change in the characteristic
impedance of the line, part of the wave will be transmitted and part will be reflected
as shown in Figure 2.1. Let the voltage of the incident wave, the reflected wave, and
the transmitted wave at the discontinuity be denoted by V;, V.. and 17, respectively,
and the corresponding currents be denoted by I;, I. and I, respectively. It then
follows that

Vi+V, =V, (2.1)

and

L+1 =1, (2.2)

If the characteristic impedances of the two sections of the coaxial line are denoted by

Zy and Zy, as shown in Figure 2.1, the current and voltage are then related by,

Vi = 2,1, , V=20,  and V.= 2,1, (2.3)

Using these relationships, equation (2.2) can be rewritten in terms of the voltage

as
Vi V. Vi
v Tt 2.
72 " % (24)
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Figure 2.1: Reflection and transmission of a wave at a change in the characteristic

impedance of a coaxial line.

Equations (2.1) and (2.4) can then be solved for 1, and V; in terms of the

characteristic impedances. This gives

27
V= . 2.5
7o+ 7, (2:3)
and
. Iy — 2.
V= —ou—V 2.6
Zy+ 24 ( )

The reflection coefficient pj5  and the transmission coefficient 75 for the

discontinuity are defined to be equal to = and %, respectively. Using equations
2 1 Vi "i I o O

(2.5) and (2.6), p12 and 75 can be expressed in terms of the characteristic impedance

as
VARA ,
9 = ——— 2.7
P12 7o + 71 ( /)
and
275
5 = ——— 2.8
T12 7y + 7, ( )

For a wave propagating along the coaxial line in the opposite direction, the reflection
coefficient py; and the transmission coefficient 791 can be expressed in terms of pis
and 719 by

P21 = —pi2; TiaTo1 = 1 — p1o° (2.9)

If the characteristic impedance of a finite section of a coaxial line is changed, the

incident wave will undergo multiple reflections from the two impedance discontinuities
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as shown in Figure 2.2. If the voltage of the incident wave and the total reflected
wave at the first discontinuity (section A-A) are denoted, respectively, by V; and V.,
and the voltage of the totally transmitted wave at the second discontinuity (section

B-B) is denoted by Vi, then it is customary to write

Vi, = 511V, (2.10)
and

V= 5213 (2.11)

where S11 and S21 ave veferved to as the forward scattering coefficient and the reverse

scattering coefficient, respectively.
From Figure 2.2, S11(f) is given to n terms by,

. 9 9 e S D1 R
S11(F) = protriamarpare” 9T po e ™ gy po 2 BTN (2

[\W)
—
R]
~

where [ is the length of the section of the coaxial line with propagation factor v and

v is equal to 27jfi/e(f)/C where f is the frequency, €(f) is the complex relative

permittivity, C' is speed of light in vacuum, and j is —1. Substituting ps; = —pa;

and 11579 = 1 — p? and summing equation (2.12) as n — oo gives (Clark et al., 1974)
. 1 —e 2t

S1L(f)=p

1 — /)'2 6—271

in which
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A B
Pi2V;
“2ly, e T e
T12T21P21€ : ~—— 2,-3ly
3 —dyly, <~ T12T21p217¢ "V
TieTo1pa1°e” " V; PR — p . ‘571V2
5,- : T12T: e ;
T19To1 P21 € 87[1/; 12721021 i
1
A B

Figure 2.2: Multiple reflection produced by a change in the characteristic impedance
of a finite section of a coaxial line.
In a similar way, for a coaxial terminated by an open circuit at section B -B,

STL(f) is given by (Clarkson et al., 1977)
241

L pte” .
S1(f) = 1Ty Py (2.15)
with p as defined above.

Figure 2.3 shows a coaxial cable having two sections with different dimensions.
Let the characteristic impedance of section 1 be Z; and that of section 2 be Z,. In

this case the expression for S11(f) takes the following form (Clarkson, et al., 1977)

N /)+ 6—271
S11(f) = 1+ poti (2.16)
with
1—z/e(f)
p=— (2.17)
1+z/e(f)
and
z= 4 (2.18)
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Vi >
P12V
Ti2Tore~ 21/

Tiamare” "'V

T1aTore ™oV

Figure 2.3: Multiple reflection produced by a change in the characteristic impedance
resulted due to the change in geometry and the dielectric of a finite section at the

open end of a coaxial line.

2.3 The microscopic concept of polarization

When a dielectric is subjected to an external electric field, an interaction, called
polarization, takes place between the electric field and the molecules, atoms, and ions
of the dielectric. The overall result of this interaction which occurs on a microscopic
scale is expressed quantitatively by the permittivity of the dielectric. There are four
types of polarizations (Smyth, 1955). In this section, these four types of polarizations

are briefly explained.

The first type of polarization is electronic polarization. An atom is composed of a
positively charged nucleus surrounded by symmetrically distributed electron clouds.
When an isolated neutral atom is subjected to an electric field, the electron clouds
are displaced slightly with respect to the positive nucleus causing the atom to acquire

a dipole moment. When this happens, the atom is said to be polarized and the
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polarization is known as electronic polarization. The electronic polarization of the

atom P, is proportional to the applied electric field strength (E) and is given by,
P.=aF (2.19)

where the proportionality constant, «., is the electronic polarizability of the atom.
In most organic solids, this type of polarization leads to a relative permittivity of
(=3 P

about 1.8 to 4.0 (Pohl, 1916).

The second type of polarization is atomic polarization which arises from the
shift of differently charged atoms with respect to each other. It is observed only in
ionic molecules and a well known example is that of halite, NaCl, whose molecules
are formed from atoms having excess charges of opposite polaritics. When a halite
molecule is subjected to an external electric field, the electric field shifts the positive
sodium ion relative to the negative chloride ion thus inducing a dipole moment. The

atowmic polarization is give by,

[\]

P(l, - ('.lf(l,E (2'. 0)

where «, is the atomic polarizability of the molecule. In halite, the atomic polarization

contibutes about 15% to the total polarization and hence to the relative permittivity.

The third type of polarization is orientational polarization and is associated with
polar molecules such as H,O, HF, NO, etc. A polar molecule is one which has
a dipole moment in the absence of an applied electric field. In the presence of an
external electric field the dipolar molecules experience a torque tending to orient them

in the direction of the electric field. The orientational polarization is given by,
P,=a,F (2.21)

where «, is the orientational polarizability of the molecule. This type of polarization
plays an important part in low—, medium-, and high—frequency polarization and hence

the permittivity of materials containing polar molecules. Liquid water, for example,
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has a relative permittivity of 80 at room temperature mainly due to orientational
polarization (Pohl, 1916)

The last type of polarization is interfacial polarization and is associated with
heterogeneous substances. A typical example is moist soil. Interfacial polarization
arises only when two or more phases differ from each other in relative permittivity
and conductivity.  Due to the difference in electrical conductivity, charges move
through the better conducting phases and build up on the surface that separates the
phases from the resistive phase.  As a result of this, each conducting phase becomes

polarized. The interfacial polarization is given by,

P=oF (:

N
[\]
N
~—

where «; is interfacial polarizability.

In conclusion, the total polarization is the sum of the polarizations due to the
four types of polarizations. The relative permittivity (e( f)), which in this case is
equal to €(f) as expalined in Section 1.1, is a function of the total polarizability

(ap = a¢ + aq + o + ;) and is given by,

X dnNapF
=14+ ———-—- 2.2
(f)=1+—= (2.23)

where & is a constant whose value depends on the system of units, E is the applied
electric field, F' is the average clectric field acting on a molecule, and NV is the number
of molecule per unit volume (Hill, 1969). This equation will be used in the later
parts of this thesis in the interpretation of results obtained in the tests conducted to

investigate frequency dependencey of complex relative permittivity of soil.

2.4 Frequency dependency of permittivity

Each of the above four polarization types is a function of the frequency of the
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applied electric field.  This is because of the difference in the time taken by the

different types of polarization to reach an equilibrium state.

In a diclectric material subjected to a static electric field, the polarization is in
equilibrinm with the field. But in an alternating electric field, the polarization will
tend to change every time the polarity of the field changes. When the frequency
of the applied field is sufficiently low, all types of polarization can reach the value
they would have had in a static electric field.  As the frequency is raised in an
alternating electric field, the polarization will no longer have time to reach its static
value.  The first to he affected will be interfacial polarization because this type of
polarization requires time in the order of seconds or minutes to reach equilibrium.
When the frequency is further raised polar molecules, if present in the dielectric, will
be unable to completely follow the field and the contribution to the total polarization
from orienational polarization ceases. As a result, the total polarizability falls from
Qp = Q¢ + g + a, t0 ap = ¢ + . This usually occurs in the radio frequency range

of the electromagunetic spectrum.

As the frequency is further increased to the infrared range, the relatively heavy
positive and negative ions cannot follow the field variation so that the contribution
to the permittivity from the atomic polarization ceases and only the electronic

polarization remains.

The above effects lead to a fall in the total polarizability and, as a result, in the
permittivity with increasing frequency, a phenomenon which is usually referred to
as dielectric dispersion.  Dispersions arising during the transition from full
orientational polarization at zero frequency to negligible orientational polarization in

radio frequencies is referred to as dielectric relazation.

Various models for frequency dependency of relative permittivity for polar

substances (such as water) have been developed. One such model is the modification
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of Debye’s relaxation equation due to Cole and Cole (1941)

[\]

(€s — Foo) _ .j(fflc (2.24)
L+ (L] 2nfe
where €, is the high frequency permittivity, €, is the static permittivity, f,, is the
relaxation frequency of the material, e, is permittivity of free space, o4 is low
frequency conductivity of the material, a is a parameter indicating the distribution of
the relaxation frequency of the material, and j is /—1. For materials with a simple
relaxation time such as water o = 0, and the above equation reduces to the form
given by Debye (1929). The effect of a >0 is to make the dispersion of the
complex relative permittivity more broadband (Hoekstra and Delaney, 1974). Figure
2.4 shows the complex relative permittivity of ethanol as a function of frequency in
the frequency. The complex relative permittivity of ethanol was computed by using

equation 2.24 and the Cole-Cole parameters of ethanol given in Section +4.4.

0 T T S S A
0.1 0.1585 02512 0.3981  0.631 1 1585 2512 3.981
Frequency in GHz

Figure 2.4: Complex relative permittivity of ethanol as a function of frequency.
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2.5 Development of time domain reflectometry

Dielectric relaxation has long been recognized as a powerful method for
studying the physical state of a system containing polar molecules (Suggett et al.,
1970).  The phenomenon of dielectric relaxation is studied conventionally by
measuring the complex relative permittivity of each material. A wide variety of
methods exist for the measurement of complex relative permittivity, the particular
method adopted being determined by the nature of the specimen, the frequency range
in which the measurement is made, and the permittivity data to be expected. At the
preseut time, methods for the measurement of complex permittivity may be divided
into two categories, namely, time domain and frequency domain. In this section, a
brief survey of the historical development of one of the time domain methods, called

time domain reflectometry will be presented.

Before focusing on time domain reflectometry, it is worth considering some of the
frequency domain methods. The frequency range which can be covered by dielectric
spectroscopy is extremely wide, approximately up to 100 GHz. At frequencies up to
100 M H z, the complex relative permittivity is normally determined by measuring the
change in the impedance of a capacitor produced by inserting a sample of the material
between the electrods. In the frequency range between 100 M Hz and 1 GHz,
transmission line techniques based on standing-wave measurements are generally
employed (Sheppard, 1972). For complex relative permittivity measurements at

frequencies above 1 GHz, cavity resonator techniques are usually employed.

In all of the frequency domain methods, the complex relative permittivity is
measured at each frequency separately. As a result of this, the determination of the
complex relative permittivity over a wide frequency range can be lengthy and
tedious. In addition, for measurement at microwave frequencies this approach

requires a large investment in expensive equipment. One can measure the complex
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relative permittivity over a wide frequency range in a relatively short time by making

the measurements not in frequency domain but in time domain, using a steplike pulse

that simultaniously contain all the frequencies of interest (Iskander, 1972). A Dbrief

comparesion between time domain and frequency domain methods in the frequency

range of 10 A/ Hz and 10 GHz is given in Table 2.1.

Frequency domain methods

Time domain methods

Expensive equipment (For example

HP85104, 45 MH: to 110 GH:z
Network Analayzer about $55, 742
US in 1994

+1% uncertainity in the measurement
of the individual values of the real
the parts of the

and imaginary

complex relative permittivity
Time consuming experiments
(usually several hours for

microwave frequencies)

Relatively inexpensive equipment (For
Tektronia 15038, TDR
about $9,449 US in 1994

example

system

+5% uncertainity in the measurement
of the individual values of the real

and the imaginary parts of the

complex relative permittivity

Measurements are quick (Usually
less than 5 min)

Table 2.1: Comparison between time domain and frequency domain methods of

measurement of complex relative permittivity.

In the field of dielectric studies, the potential of time domain reflectometry was

first realized by Fellner-Feldegg (1969). In TDR a sample of the material, whose
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relative permittivity is to be determined, is inserted into a coaxial line and the
multiple reflected signals from the sample and the step signal applied to the sample
are measured by means of a sampling oscilloscope. The complex relative permittivity
of the sample is obtained by Fourier analysis of the two signals. As an alternative to
measuring the multiple reflected signals, it is also possible to measure just the first
reflected signal. This is accomplished by making the sample length long enough to
delay the arrival of the second reflected signal until after the first reflected signal has
been completely measured.  As a result of these different alternatives, a number
of separate  single reflection  and multiple reflection TDR techniques have been
developed.

The first single reflection technique was developed by Fellner-Feldegg (1969).
Fellner-Feldegg used this technique to determine the static permittivity, the high
frequency permittivity and the relaxation time of a number of alkyl alcohols. The

and Loeb

¥

accuracy of this technique was later improved by Sugget et al. (1970)

ot al. (1971).

The first multiple reflection technique was developed by Nicolson and Ross (1970).
In this technique two response signals from the sample were considered, the multiple
reflected and the multiple transmitted signals. Nicolson and Ross showed that
after Fourier transformation of these two signals and the incident signal, the
complex relative permittivity of the sample could be determined directly from the
calculated values of the total reflection coefficient, S11(f), and the total transmission
coefficient, S21(f). In this technique, in contrast with the single reflection
technique in which it was necessary to use a relatively long sample, there were no

restrictions on the sample length that could be used.

An exact approach to multiple reflection TDR was developed by De Loor et al.
(1973).  In this technique, which they referred to as Total Reflection TDR, the

multiple reflected signal from the sample terminated by a short circuit was considered
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and the Newton-Raphson procedure was used to determine the value of the complex

relative permittivity from the calculated values of S11(f).

A number of papers on the experimental aspect of TDR has been presented.
Nicolson (1973) reported a method for the minimization of truncation error in
discrete Fourier transformation of TDR wave forms. Claason and van Gemeret
(1975) derived a number of expressions to enable the determination of complex
relative  permittivity directly, eliminating the need for numerical Fourier
transformation. Giese and Tiemann (1975) presented a correction  technicque for
reducing the contribution from unwanted reflections.  Suggett (1975) devised a
number of methods for improving the high frequency performance of the single
reflection method. Clarksen et al. (1977) discussed the experimental factors involved
in TDR. Gestblom and Noreland (1977) considered the single transmission and
multiple transmission method and discussed the advantage of these method over the
corresponding reflection methods.  Stuchly and Matuszewski (1978) presented
combined reflection/transmission methods. Kaatze and Giese (1980) presented
a review article on the relative merits and limitations of the different techniques of
measurement of complex relative permittivity. Gabriel et al. (1986) discussed the
use of T'D R for the measurement of complex relative permittivity of human skin.
Arcone and Wills (1986) presented the effect of incorrect time alignment and

truncation error in single reflection T'D R measurements.

2.6 Fourier analysis

2.6.1 Fourier’s integral theorem

If the integral
~+o0 .
F(w) = / Flt)e it dt (2.25)
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of the function f(t) of the real variable ¢ exists, it defines the Fourier transform of
f(t). The basis of Fourier analysis is Fourier’s integral theorem. This states that
under certain general conditions, the function f(t) can be written as the integral

1 e

f(t) Fw)el! dw (2.26)

T 27 s
where F(w) is as defined by equation (2.25). This equation is known as the inverse
Fourier transform. Equation (2.25) and equation (2.26) are referred to as the Fourier
transform pair.

A plysical process in a linear system can be described either in time domain, by
values of some quantity f as a function of time ¢. f(t), or else in frequency domain,
where the process is specified by giving its amplitude F as a function of frequency,
F{w).  One goes back and forth between time domain and frequency domain by
means of the Fourier transform pair (Press et al., 1988). Equation (2.25) transforms
a function f(t) in time domain into its equivalent function F(w) in frequency domain,
and equation (2.26) reverses the process. In other words, equation (2.25) analyzes
the time function into the frequency spectrum, and equation (2.26) synthesizes the

frequency spectrum to regain the time function.

2.6.2 Discrete Fourier transform

The practical use of the Fourier transform is based on the sampling theorem. The
sampling theorem states that if a continuous bandwidth limited signal f(t) contains

no frequency component higher than w, radians per second, then f(t) can be completely

T

determined by its values sampled at uniform time interval less than T = - seconds
apart . It can be shown that, the Fourier transform F(w) of f(¢) is related to the

equally spaced values of f(¢) by (Chen, 1979)

JFZO:O Flo+nw)=T io f(nT)e 7T (2.27)

n=—0co N—=—o
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Thus, if F(w) =0 for |w| > w,, it then follows that
o0 o
Flw)=T > f(nT)e 9 (2.28)

This equation is the basis of the practical implementation of the Fourier transform

and defines the discrete Fourier transform (DFT).

2.7 Time domain reflectometry

2.7.1 General principles

The basic setup for the measurement of complex relative permittivity by TDR is
shown in Figure 2.5, The three main components of the measurement system are a
subnanosecond rise time pulse generator, an oscilloscope and a sampler. During the
measurement, a sample is placed in a section of a coaxial line. A fast rise time step
pulse is generated at the pulse generator and applied to the sample and the response
signal is measured by means of a sampling oscilloscope. Upon the application of a
step pulse, partial reflection and partial transmission occur at the front and rear faces

of the sample. These multiple reflections are as shown in Figure 2.2.

Two different types of analysis have been used in TDR, namely, frequency domain
analysis and time domain analysis. In the frequency domain analysis, the input
and the response signals are first Fourier transformed and then the complex relative
permittivity values are determined from the calculated values of the reflection or
transmission coeflicients directly or indirectly by using numerical methods. In the
time domain analysis, the response signal is analyzed directly. This is done, in
general, by first assuming an ideal step signal and then assuming a particular type
of ideal behavior for the frequency dependence of the complex relative permittivity

of the material such as Debye’s relaxation equation. Although the frequency domain
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Pulse Generator

TDR ——I_J_r—'_

Oscilloscope

z, Ohms  termination

Figure 2.5: A basic experimental arrangement for the measurement of complex

permittvity by TDR.

analysis is exact, the time domain analysis enables the signals to be analyzed rapidly

and also eliminates the need for numerical Fourier transformation.

2.7.2 Single reflection TDR

This technique was first proposed by Fellner-Feldegg (1969). But the details of
the Single reflection TDR, using an exact frequency domain analysis, were given by
Loeb et al. (1971). It is the simplest form of TDR in which only the first reflection
at the front face of the sample is monitored. The time range of the oscilloscope
and the length of the dielectric filled section of the coaxial cable are selected to take
into account only the signal due to the first reflection. The time-window, therefore,
extends only up to a point in time at which interference from the next reflection from
the rear face of the sample occurs. The reflection coefficient pis(f) at each frequency
of interest is computed by using the Fourier transform of the incident signal, Vi( f),

and the first reflected signal, V;1(f), as

pus(f) = i) (2.29)
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IKnowing pio( f), the complex relative permittivity of the sample is obtained by

L—pw(f)e

2.30
L+ pia(f) (2:30)

e(f) =1

In the single reflection method, the measurement of the first reflection is achieved

by delaying the arrival of the reflection from the rear face of the sample by using a
relatively long sample so that the reflected signal arrives outside the time-window of
mterest. In the measurcment of the complex relative permittivity of materials which
are available in limited quantities (where long sample can not be prepared), the total

reflection TDR is cmploved.

2.7.3 Total reflection TDR

In the total reflection method, the time scale and the length of the sample are
selected so that all reflections (sum of all multiple reflections) from the front and
rear faces of the sample are taken into account. The time window extends up to
a point in time at which the time response of the material is complete. The total
reflection coefficient, S11(f), is calculated as a ratio of the Fourier transform of the
total reflected signal, V,,(f), to the Fourier transform of the incident signal, V(f),

1.e.

""vrrt(f)
Vi(f)

The equation relating S11(f) to the complex permittivity of the material, e(f),

S11(f) = (2.31)

takes different forms for different experimental arrangements. In the arrangement
shown in Figure 2.5, a finite sample of length 1 is inserted in a coaxial line, which
1s terminated in its characteristic impedance. In this case, the equation takes the

form shown in equation (2.13). Substituting equation (2.14) in equation (2.13) and
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rewriting the expression for S11(f) vields

—Jef) 1 S

1+ ,/ ¢ '>]2€———'~’g%‘f’ (/)
Vel

where all variables are as previously defined in Section 2.2,

S11(f

The most commonly used arrangement, however, is one in which a dielectric
sample is placed at the end of a coaxial line so that it acts as its termination as shown
in Figure 2.3. In this case, the relationship between S11(f) and e(f) has the form
shown in equation (2.16). Substituting equation (2.17) and (2.18) in equation (2.16)

and rewriting the resulting expression gives

S

-k —ixj -
; e(, /') i l(;:.fl )
L+ 6(_/)

\/( ‘. —l'r/ll /
1 " V/
+_Z§ C(./)

where Z; is the characteristic impedance of the cable and Z, is the characteristic

Z)

S11(f) = (2.33)

+

impedance of the sample holder when it is filled with air.



Chapter 3

Error analysis

In this chapter the sources of crrors in the measurement of complex relative
permittivity by using the total reflection TDR will be identified. Then. suitable
methods for minimizing these errors will also be devised. This will form the basis

for a systematic procedure for carrying out the experiments.

3.1 Sources of errors

Most of the sources of error in TDR experiments have been previously identified
and discussed by several researchers (Nicolson, 1968; Loeb et al., 1971; Iskander,
1972). These errors may be classified under three categories, namely, incident signal
error, sampling errors, and time to frequency domain conversion errors. They may
also be classified into two main categories as being of either time domain (T) or
frequency domain (F') origin (Table 3.1). The time domain errors include those errors
which are introduced during the measurement of the time domain wave forms. The
frequency domain errors on the other hand include those errors which are introduced

after the wave form data have been discrete Fourier transformed (DFT).
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Sources of errors Origin

Incident signal error T

Sampling error

Random electrical noise T
Quantizing error T
Time jitter error T
Time to frequency domain conversion errors
Aliasing in DFT F
Truncation in DFT F
Unwanted reflections F
Time referencing error F

Table 3.1: Summary of sources of error in total reflection TDR.

3.2 Incident signal error

This is an error caused by a variation in the output of the pulse generator with
time. If the output of the pulse generator fluctuates with time and the interval
of time between the readings of the incident and the reflected wave forms is long,
error will be encountered in the calculated value of S11(f). This type of error was

first observed by Iskander (1972) with the solid state pulse generator that he used

in his experiments. Iskander suggested that a short time interval be used between
the observation of the incident and the reflected wave forms in order to minimize the

incident signal error.
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3.3 Sampling errors

3.3.1 Random electrical noise

There are three sources of random electrical noise in electrical devices: Shot,
Johnson. and Flicker noises (MacDonald, 1962). Shot noisc is generated in valves
and semiconductor devices with p-n junctions and is due to the random fluctuation
in the rate at which the charge carriers cross the potential barriers.  Johnson noise on
the other hand arises hecause of the Brownian motion of electrons in electric circuits
i particular in resistors and for this reason it is also referred to as thermal noise.
The third type of noise, Flicker noise, arises mainly in transistors. The power spectra
of Flicker noise varies inversely approximately with frequency and its effect is usually
negligible at frequencies greater than 1 MH: (Robinson, 1966, cited by Dawkins

et al., 1979).

Because it is random, the random electrical noise sometimes add to the real wave
form and sometimes subtract energy from the real wave form. Its magnitude can only
be reduced by increasing the signal-to-noise ratio for the measurement (Dawkins et
al., 1979). This can be done by averaging each wave form. Since the average amount
of noise added to the wave form will be nearly the same as the average amount of
noise subtracted from the wave form, by averaging several noisy wave forms together

the noise can be averaged out (Clarkson et al. 1975).

3.3.2 Quantizing and time jitter errors

The step signal produced by the pulse generator and the reflected signal from the
sample are continuous-time signals. The conversion of these signals to digital ones
is done by using an analog-to-digital converter (ADC) and the conversion process

is referred to as Quantization. Because the resolution of the ADC used to digitize
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these signal is finite, the conversion process leads to round-off errors in the digitized
values. This error is called Quantizing error, Q., and is irreducible error due to
the quantizing process and depends on the quantization levels or resolution of the

uantizer.

In addition to quantizing error, it is also possible for time jitter to occur. If the
scanning voltage is held fixed corresponding to a fixed point on the wave form heing
measured, the measured voltage will fluctuate because of imprecise triggering as the
gate moves around over a small time segment about its mean poistion (Iskander,
1972).  This results in uncertainty in the time location of the sample f(nT). The
sampling window is centered over a time interval nT 4+ Q; instead of nT', i.c. the

window is offset by the amount of @;.

3.4 Time to frequency domain conversion errors

3.4.1 Aliasing

Aliasing is an error in the spectrum of a signal caused by representing the
continuous time domain signal by a uniformly train of samples. In Section 2.6.2, it
was shown that if Fi(w) denotes the Fourier transform of f(¢), the discrete Fourier
transform of f(¢) for a sampling interval of T' is given by,

2mn

+-c0
FT(u)) = Z F(w+—f—) (31)

n=-—oo

The frequency spectrum is thus periodic, recurring at an angular frequency interval

of 2%, the sampling frequency.

Figure 3.1a shows a frequency spectrum of a continuous signal with frequency
components limited to f.. When this signal is sampled at a rate f,, the sampling

process results in the signal frequency spectrum shown in Figure 3.10. Here, because
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(@) Continuous signal spectrum

v

Frequency Folding

(1) Sampled signal spectrum

Figure 3.1: Spectra showing frequency folding.

the sampling frequency, f., is not sufficient, some of the high frequency components
of the signal are folded back into the signal spectrum. That is, Fp(w) is equal to
F(w) plus an unwanted contribution from the adjacent lobes. The main problem here
1s that in the process of recovering the original signal from its frequency spectrum,
the folding frequency components cause distortion and can not be separated or
distinguished from the original signal. This undesirable phenomenon of overlapping
of adjacent lobes is referred to as aliasing (Chen, 1979) and it is under the control
of the sampling frequency, f,. It can be seen from Figure 3.10 that by changing the
sampling frequency such that f, — f. > f., we can obtain the result fs > 2f. which

demonstrates the sampling theorem.

For a bandwidth limited signal, aliasing can be eliminated by either of the following
two ways: («) by using a high enough sampling frequency f, > 2f., or (b) by filtering
the original signal to eliminate any frequency component above one half the sampling

frequency.
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Figure 3.2: (a) A transient signal decaying to zero. (D) A typical TDR signal.

3.4.2 Truncation

In addition to aliasing, the other serious problem with the use of the discrete
Fourier transform is truncation. The discrete Fourier transform function with
sampled data assumes that the function to he transformed is finite (Clarkson et al.,
1977). In many applications, the functions under consideration decay to zero. An
example is shown in Figure 3.2¢. No significant truncation error, in general, arises

in computing the Fourier transform of this type of function.

In T DR, however, many of the signals considered do not decay to zero but to a
finite value instead (Figure 3.2b). In this case, a large truncation error results in the
frequency spectrum when a finite number of samples are used. This truncation error
due to restricting the summation to a finite number of samples N (equation (2.28))
is given by,

00
Fr eppor(w) = Z f(nT)e—j““’T (3.2)

n=N
In TDR, generally three techniques are used to overcome this problem:

(4) In the first case, it is assumed that the signal decays as e~ for long times.
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If the signal under consideration attains a constant value at time t = NT, equation

(2.28) may be rewritten as

N—-1 =)
Frw) =T Y f(nT)e " T + THNT) Y emotn=NTpmjwnT (3.3)

n=0 n=N
As a — 0, the second summation converges to (Iskander, 1972)
p—iNTw -
| — e—ilw (3.4)
Thus, when the spectrum of the signal is being computed, the following component
O O
may be added to correct for truncation error
p—iNTw

1 — il

TFNT) (3.5)

(4i) In the second case, a ramp function, as shown in Figure 3.3, is subtracted from
the signal hefore computing the discrete Fourier transform of the signal (Nicolson,
1973). If the signal decays to a constant value at time t = NT, and if the values
of the discrete Fourier transform of the signal are needed only at w = kw,, where
W, = Al,——, and k =1,2,3, ..., etc., a ramp function subtracted from the signal yields a

frequency spectrum which is free from truncation error.

tv

0 NT ¢ NT

Figure 3.3: A signal with a ramp function.

(44) In the third case, the Samulon (1951) (cited by Loeb et al., 1971) procedure

is used where the signal is first subtracted from its value shifted by one-time interval
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before Fourier transformadtion.

T -
STen(T) S A{F(T) — f((n — 1)T) e~ o™ (3.6)
w n=0

Frlw) = —
27 sin

This procedure, similar to the previous ones, assumes that the signals have attained

a constant value at t = NT, so that all values beyond that point have backward

differences, {f(nT) — f((n — )T}, of zero. So the caleulated spectrum is free from

truncation error.

3.4.3 Unwanted reflections errors

In an ideal coaxial line system ouly the step signal generated from the pulse
generator and its reflection from the sample would be measured by the sampling
head (Figure 2.5). In practice, however, the sampling Lead, the pulse generator, and
each coaxial line connector introduce a small impedance discontinuity into the system
which gives rise to unwanted multiple reflections.  Occurrences of these reflections
cause a serious error in the measurement of reflection or transmission coefficients and

1t is important that corrections be made to minimize their effects.

In TDR, the correction procedure developed by Giese and Tiemann (1975) is, in
general, used to take into account the influence of these unwanted reflections
quantitatively.  Giese and Tiemann suggested that it be assumed that the pulse
generator, the sampling head, and possibly the line section between these components
make the major contribution to unwanted reflections. This combination may be
characterized as a complex source reflection coefficient S 114(f) referred at the plane
of the sampling head. The coaxial line system between this plane and the input plane
of the sample is considered to be an ideal line of length I. With these assumptions,

they showed that the relationship of the corrected reflection coefficient, S11.(f), and
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the measured reflection coefficient, S11,,(f) is

= {1 _ Sll‘s(f)}‘gl1171(.70)(.’_271

S11.(f) = _ v
V)= 5, (s e (3.1
where v is as previously defined in section 2.2. Writing S 11;(.)") = S11,(f)e !
ool ST (f
SILAf) = §11,(f)— AJ) (3.8)

3 ! £

1= S1Lu(f)S11(f)
. . ! .

For a given experimental arrangement, S11 (f) can be evaluated at ecacl frequency

of interest hy a calibration measurement from a material having a known S11.(f)

function.

Recently an alternative correction procedure was introduced by Heimovaara (1993)
which uses a one-port error model used to improve network anlayzers measurements
(Wiltron, 1989). In a one-port error model, errors in S11{f) measurements are
considered to be caused by source mismatch errors (E.(f)) in the pulse generator,
directivity errors (Eq(f)) in the sampling device and frequency tracking errors (E(f))
in the systenmr. The measured reflection coefficient S11,,( f) is related to the corrected

reflection coefficient S11.(f) by the relationship

S11(F)Ef(f)

1771. . = [¢ i 3 n .
S1n(f) = Ea(f) + 1= B (F)SIL{F) (3.9)
Solving the above relationship for S11.(f) yields

11, - )

Es(f){311771<f) - Ed<f)} + E/(f)
The three error functions (E,(f), Eu(f), and E;(f) ) can be evaluated from calibration

measurements on three samples with a known S11.(f) function.

3.4.4 Time referencing errors

As already mentioned in Section (2.7.3), the computation of S11(f) involves

forming the Fourier transform of the incident and reflected wave forms. In complex
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relative permittivity measurements at very high frequencies, a crucial point in the

Fourier transformation is the establishment of a common time origin for the wave

%% which is equal to S11(f), has to
LAY

be multiplied by /<2 when V;(¢) and V},(t — At) are shifted by At. A timing error

forms. The ratio of the Fourier transforms,

of At introduces a phase error A® = 27 fAt in the measured S 11(f) also leading to
an error in the caleulated complex relative permittivity. It is, therefore, necessary

that each wave form be time referenced before Fourier transformation.

Time referencing may be done in a number of ways. The most direct way of
time referencing is the Loeb’s extrapolation technique (Loeb et al., 1971). In this
technique, the "breakpoint’ position on each wave form (X)) ( Figure 3.4) is used to
define a relative time origin for the wave form. The breakpoint is the intersection of
the line fitted to the Lorizontal portion prior to the falling (or rising) edge and to the

steepest part of the wave form.

Voliage

L

S

Time

Figure 3.4: Loeb’s extrapolation technique of time referencing.

The other technique commonly used in TDR is the one shown in Figure 3.5 and
involves generation of time marker spikes on the experimental wave forms (Cole
et al., 1980). The tip of the spike in each wave form is used as a relative time origin

for the wave form.
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Reflected waviionn

Figure 3.5: Incident and reflected wave forms with time marker spikes.




Chapter 4

Material and met hods

4.1 Introduction

A method, using the forward scattering function (S11(f)) of a coaxial probe, to
measure the complex relative permittivity of soil was developed and tested. The
experiment was conducted in two parts. In the first part, the variations of the real
and the imaginary parts of the complex relative permittivity of soil with frequency and
with soil volumetric water content were investigated. In the second part, the effects of
soll temperature and soil electrical conductivity on the complex relative permittivity
of soil were studied. In the present chapter, the experimental apparatus used and
the soil samples tested in the study will be described. This will be followed by a
discussion on the probe design and calibration, the preparation of the soil samples,

and the computation of complex relative permittivity from the wave forms.

36
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4.2 Experimental apparatus and soils samples

The experimental apparatus used in this study consisted of a Tektronix 7854
mainframe oscilloscope (Figure 4.1) with a 7512 reflectometer unit (S-52 tunnel diode
pulse generator and S-6 sampling head). The tunnel diode generates step pulses with

approximately 35 picoseconds rise time and 0.24 17 amplitude.

A computer program, PROG-1.C'PP (Appendiz A), was written to interface the
oscilloscope with an IBM-compatible computer and the interface was achieved by
using the GPIB' protocol (IEEE standard 488-1978). The oscilloscope was
operated in remote mode via the computer and except for power-—on, all the other
operations (such as selection of the vertical mode and the horizontal time base unit,
the points per wave form setting ete.) were programmed into the computer control

svsten.

A coaxial probe, as explained in the next section, was constructed and connected
to one end of a 40 cm long 50 Q RG58A coaxial cable (Figure 4.2). The other
end of the cable was fitted with a male SM A coaxial connector so that it could be
directly connected to the female SM A connector on the reflectometer unit. In order
to minimize any discontinuity introduced by the connections, all connections were

cleaned with a circuit cleaner.

Five types of soils were obtained from the soil physics laboratory at the University
of Manitoba. The samples were chosen to give a wide range of textures (sand to clay).
The particle size distributions and particle densities of the soils are shown in Table
4.1. (The names of the soils refer to their approximate location of collection). The
soils were dried at room temperature and sieved. Experiments were conducted on
soils passed though a 2-mm sieve. The soils were also tested for the presence of

magnetism by using a magnet and none of them were found to be susceptible.

!General Purpose Interface Bus
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Tektroix 7854 meinfraume oscilloscope

o 0 s
i ,;/4;: Z i

Sampling head Pulse generator

38

Figure 4.1: Tektronix 7854 mainframe oscilloscope with a 7512 reflectometer unit.

Crimp connection

R
| —
L&
R
\ /
Vv
SMA male coaxial conncetor RG38A coaxial cable Coaxial probe

Figure 4.2: A coaxial probe connected to a 40 ¢m long RG58A coaxial cable.
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Particle size

Soil Particle Density Sand — Silt  Clay — Textural Class

Pelan 2.83 89.29 2.19 8.52 Sand
Carberry 2.72 70.00 17.50 12.50 Fine sand
Emerson 2.47 33.13 28.30  38.56 Clay loam
Fortier 2.63 10.67 31.58 57.75 Clay
Sperling 2.65 11.01 35.30 53.69 Clay

Table 4.1: Selected physical characteristics of the soils used in the study.

4.3 Probe design

The probe was coustructed in a simlilar way as that used by Campbell (1989). It is
basically a coaxial transmission line in which the outer coaxial tube is emulated by six
stainless steel rods attached to a holder (A) (Figure 4.3). The inner coaxial conductor
was replaced by a short stainless steel rod and was connected to a cylinderical holder
(B). Both rod holders were made of brass and they were separated from each other
by aring made of PTFE (commonly known as Teflon). The relative permittivity (e)
of the PTF'E used for the ring is 2.1 and its relative permeability (x) is very close to
unity. The characteristic impedance, Z, of the section in which the ring is inserted
is given by (Kraus, 1984)

60 b

N lll(g) (4.1)

7 =

where « is the inner diameter of the outer rod holder (or outer diameter of the teflon
ring) and b is the outer diameter of the inner brass cylinder (or the inner diameter of
the teflon ring). The ratio (—IZ was chosen to be 3.35 in order to get a characteristic
impedance equal to that of the connecting coaxial cable (i.e. 50 ). All rods were

removable and their diameters were 1.6 mm. The coaxial cable’s inner conductor
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was directly soldered to the inner rod holder of the probe and the outer conductor
of the coaxial cable was connected to the outer rod holder of the probe by making a
crimp connection. Using equation (4.1) characteristic impedance of the probe was

computed to be 144.89 Q.

E—— 19.5 mm —‘———~>1
8.20 mm :

Stainless steelrod  (six rods)

47.90 mm

1.6 mm

18.1 mm

5.4 mm

Brass outer rod holder (A)
0 mm

Plastic insulator

Crimp connection

Teflon ring (C) COAXIAL CABLE :

Inner conductor

Brass inner rod holder (B)
Cable dielectric

Outer conductor

e

L EELE EETETED

Figure 4.3: A sectional drawing of the coaxial probe used in the study.

The basic equation used for the measurement of complex relative permittivity of
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soll was the equation derived in Section 2.7.3 and given by equation (2.33). Rewriting

the equation

12V AD =D

S1(f) = VD (4:2)
1+w()_—4?ﬂ «f
I+ el [)
with
Zy
. (4.3)

P

where = is the impedance mismatceh factor, Z, is the characteristic mpedance of the
coaxial cable and Z, is the characteristic impedance of the probe when it is empty

(/.c. when it is in air).

4.4 Probe calibration

If the constructed probe was a perfect coaxial probe, equations (4.2) and (4.3)
would be applicable for the probe without any modification. Because the probe is
not a perfect coaxial probe, it must be calibrated by using measurements taken from a
reference material with a known e( f) function. The calibration was done in a similar
way to that reported by Grant et al. (1989) by using ethanol as a reference material.
The Cole-Cole parameters of ethanol at 25°C: e, = 4.8, ¢, = 24.4, f,, = 1.14 GHz,
a = 0.0, and o4 = 0.0 (all symbols are as previoulsy defined in Section 2.4) given
by Grant et al. (1989) were used in equation (2.24) to derive the complex relative

permittivity of ethanol as a function of frequency.

The scattering function, S11(f), as shown in equations (4.2) and (4.3) depends
on two physical properties of the probe, namely, length of the probe [ and the
impedance mismatch factor z. The calibration procedure is, therefore, used to find
optimum values of [ and z (Heimovaara, 1994) in order to minimize the difference

between the S11(f) measured by the probe and the correct one. Measurements from
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the reference material and the evaluation of optimized values of [ and = were done in

the following manner:

1. Approximately 250-cm? of ethanol was placed in a glass beaker and the heaker
was kept in a temperature controlled chamber at 25°C' for two hours. The beaker
was then transported to the experiment site in a foam insulated container and
during the measnrement the temperature of the ethanol was measured to be

(25 £ 0.2)°C.

2. After the incident wave form was acquired, as explained in the next section. the
probe was lowered vertically into the beaker containing the ethanol (Figure 4.4)
and the reflected wave form was collected. Care was taken to ensure that no

air bubbles were trapped beneath the probe.

- ETHANOL

Figure 4.4: A coaxial probe immersed in ethanol.

3. The actual calibration was done by approximating or predicting the reflected
wave form and minimizing the sum of the squares of the residual differences

between the approximated and the observed reflected wave forms as follows:

(a) Using the Cole-Cole parameters of ethanol given above and equation (2.24),
the complex relative permittivity of ethanol, at each frequency of interest,

was computed. The computed complex relative permittivity values were
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(b)

inserted into equations (4.2) and (4.3) and S11,,,(f) was approximated

(app stands for approximated).

The observed incident wave form was discrete Fourier transformed. From
the S11,,,(f) and the discrete Fourier transform of the incident wave form,
Vi(f), the discrete Fourier transform of the reflected wave form, Vi op,(f),

was approximated.

Vi (t,])])(f) = 511(:/)17(7L>‘-1(f) ('-L'JE)

The inverse discrete Fourier transform of Vi o, (f) was computed to get

the approximated reflected wave formy, V7, 4,,(%).

The sum of the squares of the residual differences between the
approximated and the observed wave forms, S9, was computed
N—1
. - - 2 -
58 = Z {‘"1'1 (z.pp(f) - ‘Il(f)} (43)
n=0

where V(1) is the observed reflected wave form and N is the number of

data points.

4. In the first approximation of the reflected wave form, the value of [ was equal to

the measured length of the probe and z was equal to the impedance mismatch

factor computed theoretically assuming the probe as a perfect coaxial

transmission line. Thereafter by keeping the value of [ constant and by changing

the value of 2z and vise versa, step 3 was repeated until 5.5 became minimal.

The values of [ and 2z, when SS was minimal, were taken to be the values of

the optimized probe length and the impedance mismatch factor, respectively.

A computer program, PROG-2.C PP (Appendiz A), was written for this task

and all the operations in step 3 were performed by this program.
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4.5 Collection and handling of waveform data

As already mentioned previously the experiment was conducted in two parts. In
the first part, tests were conducted on all of the five soils. Prior to the tests. each
soil was kept in a temperature controlled chamber at 25°C' for five hours. The soil
was moistened by a distilled water in 7 to 10 steps to cover the range from diry to
saturation. At each water content the wet soil was placed in a 250-cm?® glass beaker
and compacted to a bulk density as uniformly as possible. The coaxial probe was
connected to the reflectometer unit and the incident and the reflected wave forms were
aquired. A known volume of the soil sample was taken and oven dried at 105°C for 24
hours and the gravimetric water content and the bulk density were determined. From
the bulk density and the gravimetric water content, the volnmetric water content was
obtained. For each soil the measurements at each water content was replicated three

times. The temperature of the wet soil during the experiments was (25 + 0.5)°C.

In the second part, the tests were conducted only on one soil type (Carberry
soil).  First, the soil was conditioned to 15°C, 25°C, and 35°C' temperatures for
five hours and the readings were taken in the same way as described above. Then,
by maintaining the temperature of the soil at 25°C, and by bringing the electrical
conductivity of the water used to wet the soil to 0.13 dS-m™!, 0.88 dS - m™!,

1.74 dS-m™, 257 dS-m™!, and 3.54 dS - m~!. similar readines were taken.
b ) ¥

The reflected wave form was obtained by inserting the probe vertically into the
bealker filled with soil and recording the reflected wave form. The incident wave form,
on the other hand, was acquired by removing the inner conductor of the probe and
recording the wave form reflected from the open end of the probe in air (Nicolson,
1968; Kao, 1989). The rise time of the incident wave form was measured to be 200
picoseconds. For each wave form, 1024 digital points were recorded and transferred

to the computer by using PROG-1.CPP. The time interval between the digitized
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olnts was 9.765 x 10713 5. Before dieitizing each wave form, one hundred wave
O O )

forms were averaged by the oscilloscope in order to increase the signal to noise ratio.

4.6 Calculation of complex relative permittivity

Prior to computation of the complex relative permittivity of the soils, the frequency
window (bandwidth) of the measurement system was determined.  The frequency
window may be defined as the range of frequencies in which calculations of complex

relative permittivities are considered accurate (Kao, 1989).

The factors considered in finding the upper frequency limit, fy;. of the window are
the rise time. t,, of the incident wave form (Cole et al., 1980) and the time interval
between digitized points on the wave forms, At.  Using the rise time, fr mayv be
computed by the relationship fy; = o (Cole et al., 1980; Tocci, 1980). Using At,
fu may be taken to be equal to the folding or Nyquist critical frequency, f., given
by f. = _7_1? (In engineering practice, however, it is taken to he equal to —_,Olj or
one—tenth of f., the Nyquist critical frequency, to ensure no aliasing of wave forms

occurs).

The upper frequency limit from the rise time and from the time interval hetween
the digitized points, given in the previous section, were computed to be 2.50 GH z and
512.00 MHz, respectively. The upper frequency limit for the measurement system
used in this study was thus taken to be 512.00 M Hz. The sampling frequency, f;,
was also determined to be 10.24 GHz and was more than adequate for the frequency

bandwidth of the wave forms.

The factors considered in determining the lower frequency limit is the duration of
the pulse generated by the pulse generator (Boned et al., 1982; Heimovaara, 1994).

The pulse duration, being 800 nanoseconds for the S$-52 tunnel diode pulse
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generator (the lowest frequency limit for the system used in this study), was taken to
be 2.00 MH=z (Boned et al., 1982). Based on the above frequency window, complex
relative permittivity of the soil was measured at fifteen frequency points starting from

10.00 A H: at uniform intervals of 10.00 M Hz.

The major part of the calculation of the complex relative permittivity of the
soils was the computation of the discrete Fourier transforms of incident and reflected
waveforms. The discrete Fourier transformation of the waveforms was evaluated by
using the Fast Fourier Transform (FFT') routine written by Press et al. (1988) hased
on the Danielson-Lanczos FFT algorithm. This routine was modified and included
in PROG-3.C'PP (Appendiz A). Tt was thoroughly checked for its correctness. The
truncation error in discrete Fourier transformation of the waveforms was limited by
using the Nicolson method (1973) as described in Section 3.4.2. From the discrete
Fourier transform of the reflected waveform and that of the incident waveform, S11( f)
was computed (equation (2.31)) and corrected for unwanted reflections by using the
Giese and Tiemann (1975) correction procedure as explained by Section 3.4.3. Since
the measurements of the complex relative permittivity of the soils were limited to
low frequencies, no time referencing was done (Arcone et al., 1986; Kao, 1989). The
first data point on each waveform was taken to De a relative time origin for the
waveform (Heimovaara, 1994). In order to minimize the effect of the incident signal
error (Section 3.2), the incident waveform and the reflected one were collected in a
short time interval from each other as suggeted by Iskander (1972). Using S11(f)
values and equations (4.2) and (4.3), the complex relative permittivity values were
computed by using a complex version of the Newton-Raphson Method of Iteration

(PROG—4.CPP in Appendiz A).

The operating sequence from acquisition of wave forms up to computation of the

complex relative permittivity values is summerised in Figure (4.5).




CHAPTER 4. MATERIAL AND METHODS

Acquisition of waveforms

Correction for truncation

DFT by FFT

Scattering function

Correction for unwanted reflections

Complex relative permittivity

Vi) || Ve®

Corrected | | Corrected

Vi) Vie (1)

Vi) Ve ()

N

S11(f)

Corrected

S11(f)

e(f)

Figure 4.5: Summary of the operating sequence.
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Results and discussion

In this chapter results obtained in the probe calibration processe are presented
first.  This is followed by the results and discussions on the tests conducted on the

five soils.

5.1 Probe calibration

The probe was constructed and calibrated as explained in the previous chapter.
Optimized values of [ and z were found to be 41.00 mm and 0.33, respectively. The
reflected wave form measured from the reference material (ethanol) and the
approximated wave form are shown in Figure 5.1. The approximated wave form
follows the measured wave form very closely. However, there is some discrepancy

between the two wave forms which may be due to the non—coaxiality of the probe.

To minimize the effect of truncation error, the incident wave form used in the
probe calibration process was corrected for truncation errors by a Nicolson’s method

(Nicolson, 1973).

48
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Observed waveform
‘| ===—=Approximated waveform

Figure 5.1: Comparison of the approximated and the measured wave forms from a

coaxial probe immersed in ethanol.
5.2 Frequency dependency of complex relative

permittivity of soil

Figure (5.2) through Figure (5.6) show the real and the imaginary parts of the
complex relative permittivity of the five soils as a function of frequency and as a
function of volumetric water content. The data plotted are mean values of three

replications.

It is evident from the result that both the real and the imaginary parts of the
complex relative permittivity are strongly dependent on frequency and water
content. For all of the five soils, the real part of the complex relative permittivity
decrease with an increase in frequency and is invariably lowest at the lowest volumetric
water content and highest at highest volumetric water content. This dispersion in the
real part of the complex relative permittivity of the soils may be attributed to the

presence of water and relaxation of water molecules. As already explained in
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Section 2.4 as the frequency of the electric field increases, oscillation of water molecules
lags behind the electric field and the molecule contribute less to the total polarization

and hence to the real part of the complex relative permittivity (equation (2.23)).

The frequency dependency of the real part of the complex relative permittivity
decreases with a decrease in volumetric water content. For example, for Fortier clay
soil at 48% volumetric water content the real part of the complex relative permittivity
drops from 29.79 to 18.38 (38% drop in magnitude) in the frequency range of 10 to
150 AL Hz. But at 0% volumetric water content. it drops from 9.35 to 7.14 (24% drop
in maguitude) in the same frequency range. This may be due to the large amount
of relaxation at the high volumetric water content and the low amount of relaxation
at low volumetric water content.  As already explained, dielectric relaxation (i.e.
a decrease in the real part of the complex relative permittivity with an increase
i frequency) is a phenomenon associated with polar substances. As the amount of
water, a polar substance, in a given porous material decreases the extent of dispersion
of the material decreases. The above substantial decrease in the real part of the
complex permittivity with a decrease in volumetric water content is to be expected. A
similar behavior was observed by Wobschall (1977) by using the semidisperse complex
relative permittivity model.

A sharp drop in the real part of the complex relative permittivity is also
observed in fine textured soils (z.e., Fortier Clay) as compared with a gradual drop
in coarse texture soil (i.e., Carberry fine sand and Pelan sand soils). This may be
due to increased porosity and thus higher water holding capacity in fine texture soil

as compared with that in coarse texture soil.

The imaginary part of the complex relative permittivity showed a pronounced
dispersion and soil dependency. For all the five soils, it decreased with an increase
in frequency. This may be due to the decrease in ionic conductivity in the soil with

the increase in frequency. Recently, Campbell (1990) studied a number of possible
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dispersion mechanisms of the imaginary part of the complex relative permittivity
(such as ionic conductivity, surface conduction, bound water relaxation etc.) and
conclude that ionic conductivity in soils is the main dispersion mechanism in the
lmaginary part of the complex relative permittivity. The contributions of the other
mechanisms of dispersion to the imaginary part of the complex relative permittivity
were found to be negligible as compared with that of the ionic conductivity. The

lmaginary part of the complex relative permittivity, from equation (1.1). is given by

{"(f)+ 52—}, Assuming lonic conductivity, og.. as the only dispersion mechanism,

27 fey
the magnitude of the imaginary part of the complex relative permittivity is

[
27 fe,

proportional to and varies inversely with frequency. The decay of the imaginary
part of the complex relative permittivity of the five soils, studied in this research, with
an increase in frequency is, therefore, to be expected and is in good agreement with

Campbell’s observation.

The results also showed volumetric water content and soil type dependency of the
imaginary part of the complex relative permittivity. These may be due to the
dependency of electrical conductivity of soil on water content and soil type,
respectively. Change in electrical conductivity of a silty clay soil with an increase
in water content was studied by Smith-Rose (1933). He observed that the electrical
conductivity of the soil first increases sharply with an increase in water content up
to approximately 25% (mass basis) and then levels off. A similar 1behavior was also
reported for other types of soils by Chernyak (1967). Parkhomenk (1967) (cited by
Hoekstra and Delaney, 1974) studied the difference in electrical conductivity among
various saturated soils and reported that the electrical conductivity of a saturated
soil varies from 1071 dS - m~! in typical clay soil to 1073 dS - m~! in sandy soil. This

sort of dependency of electrical conductivity of soil on water content and on soil type
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Figure 5.2: The real and the imaginary parts of complex relative permittivity of

Fortier clay soil as a function of frequency at six water contents.



CHAPTER 5. RESULTS AND DISCUSSION

0.00 %

34.50%

7

T

140

120

100

Imaginary
o]
o

Figure 5.3: The real and the imaginary parts of complex relative permittivity of

Emerson clay loam soil as a function of frequency at six water contents.
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may,therefore, be a cause for the dependency of the imaginary part of the complex
relative permittivity on the volumetric water content and soils type, respectively, as

observed in this study.

5.3 Volumetric water content dependency of

complex relative permittivity of soil

Figure (5.7) through Figure (5.11) show the real and the imaginary parts of the
complex relative permittivity of the previous five soils plotted as a function of

volumetric water content at 10, 50, 100, and 150 AL H = frequencies.

When the relationship between water content and the cowmplex relative
permittivity of soil is being established, volumetric water content rather than
gravimetric water content is generally used. It is the number of water molecules per
unit volume that determines the contribution of water to the polarization (Hoekstra
and Delaney, 1974) and hence to the real part of the complex relative permittivity
(equation 2.23). For this reason, the water contents of all the five soils which were
determined gravimetrically during the experiments, as explained in Section 4.4, were

converted into volumetric water contents and plotted.

For all of the five soils both the real and the imaginary parts of the complex
relative permittivity fell within a relatively narrow band indicating that the main
parameter determining complex relative permittivity of soil at a given frequency is
the volumetric water content. A similar strong dependency of the real and the
imaginary parts of the complex relative permittivity on volumetric water content was
observed by Campbell (1990), Dasberg and Hopmans (1992), Topp et al. (1980), and
Hoekstra and Delaney (1974).

The real part of the complex relative permittivity of each soil was fitted to
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a best fit third-order polynomial equation and the coefficient of determination, 72,
obtained ranged from 0.98 for Sperling clay soil at 10 M H= to approximately unity

for Carberry fine sand at 150 M Hz.

The real part of the complex relative permittivity of all the five soils at 10, 50,
100, and 150 M H = frequencies was also combined and fitted to a best fit third -order
polynomial equation. The equations for the lines were

€= 0.83+ (741 x 107)0 = (2.37 x 1072)0 + (6.68 x 10103, 10 M H = (5.1)
€ =028+ (3.59 x 107")0 — (4.90 x 1072)0? + (3.09 x 10~1)0%, 50 MHZ (5.2)
€ =0.16+(2.88 x 1070 — (1.97 x 1072)0? + (2.53 x 10~")0%. 100 A/ H - (5.3)
€ =06.08+(2.31 x 107")0 — (9.89 x 107302 + (2.02 x 10~1)03, 150 M H - (5.4)
with 2 values of 0.90, 0.88, 0.86, and 0.86, respectively.  In the equations © is

the volumetric water content (in % ) and ¢ is the real part of the complex relative

permittivity.

The same data were also fitted to a third-order polynomial equation assuming ©
as dependent and € as independent variable. Because, in practice, it is these type of
equations which are used to determine volumetric water content from ¢ determined

by TDR. The equations of the lines were
© = ~10.456 +1.342¢' — 5.00 x 107%(¢')* — 1.60 x 1073(¢)®, 10MHz  (5.5)
© = —17.456 — 2.753¢' +3.00 X 107%(¢')* — 2.841 x 107%(€)®, 50 MHz  (5.6)
© = ~27.100 + 5.265¢' — 1.292 x 107%(¢')* — 4.54 x 107%(¢'), 100 MHz  (5.7)

© = —32.219+6.643¢ — 2.216 x 107%(¢)* — 2.268 x 1073(¢)?, 150 MHz  (5.8)

with the 72 values of 0.92, 0.94, 0.93, and 0.94, respectively. The values of the

coefficients among the four equation showed significant differences. This may be
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due to a large difference among the frequencies to which the equations correspond.
Similar differences in the values of coefficients were observed by Campbell (1990) and

Kao (1989).

2.4 Effects of soil temperature and soil electrical

conductivity

To investigate the effect of soil temperature on the complex relative permit-
tivity of soil, tests were conducted on a moist Carberry fine sand soil conditioned
to 15°C’, 25YC, and 35°C' (Figure 5.12). The result showed strong dependency of
the imaginary part of the complex relative permittivity on temperature particularly
at lower frequency.  This may be due to increased electrical conductivity of the soil
with increased temperature.  The highest temperature dependency was observed at
10 M Hz and the lowest at 150 M Hz. As the frequency increased, the temperature

dependency of the imaginary part of the complex relative permittivity decreased.

The real part of the complex relative permittivity did not show a similar trend as
the imaginary part. The data fall in a narrow band which shows little dependency
of the real part of the complex relative permittivity on temperature. A similar
effect of soil temperature on the real and the Imaginary parts of the complex relative

permittivity was observed by Campbell (1990).

The effect of soil electrical conductivity was also studied by conducting tests on
Carberry fine sand soil moisten by water with electrical conductivity of 0.13 dS-m™!,
0.88 dS - m™', 1.74 dS -m™", 2,57 dS-m™!, and 3.54 dS-m-!. A pronounced
effect of electrical conductivity was observed on the imaginary part of the complex
relative permittivity. At 10 M Hz frequency, the Imaginary part increases from 18.76

at 0.13 dS-m™! to 36.81 at 3.54 dS - m~!. This is approximately 100% increase
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in magnitude. At higher frequencies, the dependency of the imaginary part of the
complex relative permittivity on electrical conductivity is lower as compared with that
at the lower frequencies. It is evident from the result that the effect of conductivity
on the real part is not the same as that on the mmaginary part. A similar effect of
conductivity on the complex relative permittvity was reported by Wobschall (1977)

in the frequency range of 0 to 1 GH=.
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Figure 5.12: The real and imaginary parts of complex relative permittivity of Carberry

fine sand soil as a function of frequency and temperature at 13.86% volumetric water

content.
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Chapter 6

Summary and conclusions

A method for the measurement of complex relative permittivity of soils which
utilizes the total reflection time domain reflectometry was described.  The Dbasic
theoretical and practical basis underlying the measurement of complex relative
permittivity by time domain reflectometry was presented. This includes multiple
reflection in a coaxial cable, the microscopic concept of polarization, frequency
dependency of permittivity, and Fourier analysis. The basic S11(f) equation used for
the computation of complex relative permittivity was derived. Many of the sources
of errors in total reflection TDR were discussed. Various techniques contained in
the literature either for minimization or elimination of these errors were explained.

Computer programs for waveform data acquisition and analysis were developed.

Complex relative permittivity of five soils as a function of volumetric water content
and as a function of frequency was studied. The effects of soil temperature and soil
electrical conductivity on the complex relative permittivity of soil were investigated.
Calibration equations which may be used for predicting volumetric water content of
a soil from the real part of the complex relative permittivity of the soil determined by

total reflection T"D R were developed. The results indicate that for all of the five soils

68
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tested, the real part of the complex relative permittivity decreases with a decrease
in volumetric water content and with an increase in frequency. The dispersion in
the real part of the complex relative permittivity was observed to be higher at high
volumetric water contents as compared with that at the lower ones.  Similar to
the real part, the imaginary part of the complex relative permittivity of all the five
soils was observed to decrease with a decrease in volumetric water content and with
an increase in frequency.  The imaginary part of the complex relative permittivity

showed a pronounced dispersion and soil type dependence.

The effects of soil temperature and clectrical conductivity were observed to be
higher on the imaginary part when compared with that on the real part the complex
relative permittivity. The imaginary part increased in magnitude with an increase
in temperature and with an increase in electrical conductivity. The real part did not

show a trend similar to that of the imaginary part.

The results observed are consistent with that obtained by Campbell (1990) by
using a network analyzer and by Wobschall (1977) by using the theoretical
semidisperse soil complex relative permittivity model. The comparisons of the results
obtained in this study with those contained in the literature were qualitative rather
than quantitative. In many cases, the temperature of the soils for the measurements,
the frequency range over which the measurements were conducted, and the type of

soils were different and therefore exact quantitative comparisons were impossible.

The method developed is successful in measuring the complex relative permittivity
of soils. It is believed that this work has laid the foundation for future use of the
total reflection time domain reflectometry and the frequency domain analysis in the

studies of dielectric properties of soil.
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Appendix A

Program description and listings

This appendix contains source codes of five computer programs (PROG-1.C' PP,
PROG-2.CPP, PROG-3.CPP, PROG-4.C'PP, and PROG-5.C'PP) written and
used in this study. The purposes of these programs are described and information
on how they may be recompiled in the future is given. The programs were written
by using Turbo ¢4+ version 3.0 (Borland International, Inc.)

The first three programs require either one or hoth of the following two files:
EGAVGA.BGI (Borland’s graphics driver for FGA and VGA) and TRIP.CHR

(triplex script font).

PROG-1.CPP This program was written to interface Tektronix 7854 mainframe
oscilloscope with an IBAM compatible computer by using the GPIB protocol

and to perform waveform data acquisition.

To compile this program, first create a project file and add PROG-1.CPP,
EGAVGA.OBJ, TRIP.OBJ, and MCIBL.OBJ to the project file and copy
DECL.H to the working directory. MCIBL.OBJ and DECL.H are National

Instruments (NI) medium memory model and header files, respectively. Then,

79
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compile the project file. EGAVGA.BGI and TRIP.OBJ may be converted
to linkable object files EGAVGA.OBJ and TRIP.OBJ, respectively, by using
Borland’s BGIOB.J.EXE utility.

PROG-2.CPP This program was written to perform optimization of the [ and the
© parameters as explained in section 4.4. The program first approximates the
reflected waveform, from the probe immersed in the reference liquid. It, then,
computes the residual difference between the approximated waveform and the
measured one. It repeats these processes by changing the values of 1 and z. one
at a time, until the residual difference hecome minimal.

To compile this program, create a project file and add PROG-2.C'PP and

EGAVGE.OBJ to the project file and then compile the project file.

PROG-3.CPP This program was written to correct the incident and reflected wave-
forms for truncation error by a Nicolson (1973) method, to compute the discrete
Fourier transform of both waveforms, and to calculate the total reflection co-
efficient. A C-language fast Fourier transform routine written by Press et al.
(1988) was included in this program to do the evaluation of the discrete Fourier
transforms of the waveforms.

This program may be compiled exactly in the same way as the above program,

except that PROG-2.C' PP should be replaced by PROG-3.C PP.

PROG-4.CPP There is no exact analytical solution of equation (4.2) for e( f). This
program was written to solve this equations numerically by using the Newton

Raphson method of iteration.

PROG-5.CPP This program was written to calculate correction factors for unwated

reflections by using the Giese and Tiemann (1975) correction procedure. The
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program doesn’t need any file. It can be compiled by itself without creating a

project file.

These programs were written by Tilohun Mengesha Worku, Department of Agri-

cultural Engineering, University of Manitoba.
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PROG-1.CPP

A program to interface Tektronix 7854 mainframe oscilloscope to an IBM compatible computer. Interface is
achieved by using the General Purpose Interface Bus (GPIB). A model PCII NI-IEEE 488 board is addressed at
0x2B8 (Hex). Primary GPIB address of the 7854 oscilloscope is set at 17 and configured using IBCONF.EXE
(DEV1). The rear panel switch is set at 10010001 binary [I (on line status), 00 (Talk/Listen operational mode),
and 10001 (I/O address of the oscilloscope)]. Prior to addressing the GPIB, the file GPIB.COM must be
installed in the root directory of the computer.

The program acquires two wave forms from the oscilloscope and saves them on the working dirctory on the
computer with WAVELDAT and WAVE2.DAT filenames. After acquisition of the first wave form, the
program prompts the user to press a key inorder to start acquisition of the second wave form. Each wave form
is an average of a number of real-time wave forms (specified by PROMPT2 in the header of this program.
Default 100). At the end, the program reads the two wave form data files and plot the wave forms on
the computer screen.

Tilahun M. Worku

1550 30000 ok Rk

#include <stdio.h>
#include <stdlib.h>
#include <string.h>
#include <graphics.h>
#include <complex.h>
#include <conio.h>
#include <math.h>
#include <iostream.h>
#include <dos.h>
#include <time.h>
#include <compiex.h>
#include <alloc.h>
#include <process.h>
#include "decl.h"

#define PROMPTO "SCOPE VMDR HMDA"
#define PROMPT!1 "1 0 2 4 >P/W"

#define PROMPT2 "1 0 0 AVG"

#define PROMPT3 "STORED"

#define PROMPT4 "0 WFM SENDX"
#define PROMPTS5 "SCOPE"

#define X1 160
#define Y1 80
#define X2 460
#define Y2 320
#define NN 1024

#define FOR_ALL for(i=1; i<=NN; i++)
int id;

int gp;
float *wavel, *wave2;



void Title_page();

void Initialize_GPIB_Boared_and_Oscilloscope()();
void Lock_Front_Panel_of Oscilloscope();

void Select_Verical_and_Horizontal_Modes();

void Set_Points_Per_Waveform_Value();

void Average_Waveforms_and_Store_in_OWFM_Address();

void Send_Waveform_Quiery();

void Get_First_Waveform_Data_and_Save();
void Prompt_User_to_Press_Any_Key();

void Get_Second_Waveform_Data_and_Save();
void Unlock_Front_Panel_of_Oscilloscope();
void Dynamic_Memory_Allocator();

void Read_Waveform_Nol();

void Read_Waveform_No2();

void Draw_Waveforms_on_Computer_Screen();
void Tell_Source_of_error_to_user();

void Clock(int x);

main()
{

clrser();

Title_page();

Initialize_GPIB_Boared_and_Oscilloscope()();

Lock_Front_Panel_of_Oscilloscope();

Select_Verical _and_Horizontal_Modes();

Set_Points_Per_Waveform_Value();

/,;. sk
Average_Waveforms_and_Store_in OWFM Addless()
Send_Waveform_Quiery();
Get_First_Waveform_Data_and_Save();
/##%5Prompt the user to press any key °
Plompt User_to_Press_Any_Key();

#EAquire first wave form s isiios ot s

[k Aquire second waveform # s sk

Ave1ageﬂWavefmms_and_Stm e_m_OWFMMAddl ess();
Send_Waveform_Quiery();
Get_Second_Waveform_Data_and_Save();
Unlock_Front_Panel_of Oscilloscope();
Dynamic_Memory_Allocator();
Read_Waveform_Nol();

Read_Waveform_No2();
Draw_Waveforms_on_Computer_Screen();

return 0;

b

void Title_page()

{

register int i,

int color, gdriver = DETECT, gmode, errorcode;
float yf = 480.0/200.0;

char cI[101, ¢2[60], bl1[1], b2[1];

clrser();



normvideo();
errorcode = registerbgidriver(EGAVGA_driver);
/* report any drive registration errors */
if (errorcode < 0)
{
printf("Graphics error: %s\n", grapherrormsg(errorcode));
printf("Press any key to halt:");
getch();
exit(l); /* terminate with an error code */
by
/* Initialize graphics and local variables */
initgraph(&gdriver, &gmode, "";
/* read result of initialization */
errorcode = graphresult();
if (errorcode != grOk) /* an error occurred */
{
printf("Graphics error: %s\n", grapherrormsg(errorcode));
printf("Press any key to halt:");
getch();
exit(1); /* terminate with an error code */
b
setpalette(0, WHITE);
setcolor(EGA_RED);
settextstyle(1, HORIZ_DIR, 1);
outtextxy(185,240,"A TDR Wave form Acquisition Routine");
outtextxy(150,260,"(For Tektronix 7854 Mainframe Oscilloscope)™);
setcolor(EGA_BLUE);
outtextxy(280,340,"Written by :");
outtextxy(260,380,"Tilahun M. Worku");
outtextxy(175,400,"Department of Agricultural Engineering");
outtextxy(280,420,"June 1994");
setcolor(EGA_LIGHTGREEN);
outtextxy(230,455," * Please Wait * ");
errorcode = registerbgifont(triplex_font);
/* report any font registration errors */
if (errorcode < 0)

{

printf("Graphics error: %s\n", grapherrormsg(errorcode));
printf("Press any key to halt:");
getch();
exit(1);
b
setcolor(EGA_GREEN);
setlinestyle(SOLID_LINE, 1,3);
rectangle(2,2,637, 477);
setlinestyle(SOLID_LINE, 1,3);
setlinestyle(DOTTED_LINE,1,1);
settextstyle(TRIPLEX_ _FONT, HORIZ_DIR, i);
setcolor(EGA_BLUE);
textwidth(cl);
textheight(c2);
for(i=1; i<=10; i++)

{



outtextxy(150+i, 20*yf+i, "TWAR"),
outtextxy(151+i, 20%yf+i, "TWAR");
b
outtextxy(152+i, 20*yf+i, "TWAR™);
Clock(7);
graphdefaults();
restorecrtmode();
closegraph();

b

/I This function set duration of display of the title-page

void Clock(int x)
{
time_t Clock_start_time, Clock_end_time;
Clock_start_time = time(NULL);
for(;;)
{
Clock_end_time = time(NULL);
if ((Clock_end_time)-(Clock_start_time) > x) break;
b
b

void Initialize_ GPIB_Boared_and_Oscilloscope()()
{
gp = ibfind("'gpib0");
if(gp < 0)
Tell_Source_of_error_to_user();
id = ibfind("DEVI");

if(id < 0)
Tell_Source_of_error_to_user();
printf("\m\m\n Connected to Tektronix 7854 Oscilloscope..id# = %da\mn\n",id);
¥
void Lock_Front_Fanel_of_Oscilloscope()
{
ibsre(gp, 0); /I Turn REN signal on. REN is used to select b/n remote and local mode.

ibemd(gp, "Q", 1); // Send My Listen Address (MLA) of the device. The oscilloscope will not enter the
/[ desired mode until it recieves it listen address.

¥

void Select_verical_and_horizontal_modes()
{

ibwrt(id, PROMPTO, 15);
b

/* Set points/waveform value. P/W can take the following values : 128, 256, 512, and 1024,
The higher the P/W value, the greater the resolution */

void Set_Points_Per_Waveform_Value()

{
ibwrt(id, PROMPTI, 12);

s



void Average_Waveforms_and_Store_in_OWFM_Address()
{
ibwrt(id, PROMPT2, 9);
gotoxy(18, 10);
printf("Now averaging 100 real-time wave forms..\n");
ibwrt(id, PROMPT3, 6);
Clock(10);
¥

void Send_Waveform_Quiery()

{
clrser();
gotoxy(17, 10);
printf("Now recieving & processing averaged wave form ..\n");
ibwrt(id, "0 WFM SENDX™", 11);
if((ibsta >= 0) & (id > 0) & (ibsta < 4096) & (iberr != 6) ){}
else Tell_Source_of_error_to_user();

1

S

void Get_First_ Waveform_Data_and_Save()

{
ibrdf(id, "WAVE1.DAT");
ibclr(id);
Clock(10);
¥
void Get_Second_Waveform_Data_and_Save()
{
ibrdf(id, "WAVE2.DAT");
ibelr(id);
Clock(10);
b
void Prompt_User_to_Press_Any_Key()
{
clrser();
gotoxy(15,7);
printf(" Press Any Key to Acquier Second Waveform ...");
getch();
b
void Unlock_Front_Panel_of Oscilloscope()()
{
ibsre(gp,0); /I Turn remote enable signal off
ibcmd(gp, "Q", 1); /' Q is MYL(My Listen Address) of 7854 Dig.
b

void Dynamic_Memory_Allocator()

{
wavel = (float *)malloc(NN*sizeof(float));
wave2 = (float *)malloc(NN*sizeof(float));
¥

void Read_Waveform_Nol()



register int i, j, k;

char C, P_buffer[6];
FILE *fpl;

clrser();
P_buffer[5] = \0’;
fpl = fopen("WAVEIL.DAT", "");

for(;;)

{
C = fgete(fpl);
if(C=="C")
{

P_buffer[0] = C,;
C = fgetc(fpl);
if(C =="U")
{
P_buffer[1] = C;
C = fgetc(fpl);
if(C =="R’)
{
P_buffer[2] = C;
C = fgete(fpl);
if(C == "V?)
{
P_buffer[3] = C;
C = fgetc(fpl);

if(C =="E’);
{
P_buffer[4] = C;
break;
b
b
b
b
b
¥
FOR_ALL
{
char Tempo2[15];
=0;
for(;;)
{
C = fgete(fpl);
i(C=="11C==EOF) // <-- After the last data point, there is an end of
{ /I file character. The second expression tests to

" see whether EOF is reached or not.
*(wavel+) = atof(Tempo2);
break;
b
Tempo2[j++] = C;



Tempo2[j] = \0’;
H
b
fclose(fpl);
}

void Read_Waveform_No2()
{

register int i, j, k;

char C, P_buffer[6];
FILE *fpl;

clrser();

P_buffer[5] = "\0’;

fpl = fopen("WAVE2.DAT", "r");
for(;;)

{
C = fgete(fpl);
if(C == "C")
{
P_buffer[0] = C;
C = fgetc(fpl);
if(C =="U")
{
P_buffer[1] = C;
C = fgetc(fpl);
if(C =="R")
{
P_buffer[2] = C;
C = fgetc(fpl);
if(C =="V?)
{
P_buffer[3] = C;
C = fgete(fpl);
if(C =="E’);
{
P_buffer[4] = C;
break;
¥
b
b
y
b
b
FOR_ALL
{
char Tempo2[15];
=0;
for(;;)
{

C = fgetc(fpl);
if(C==", 1l C==EQOF)



#*(wave2+) = atof(Tempo2);
break;
s
Tempo2{j++] = C;
Tempo2[j] = N\O’;
¥
¥
felose(fpl);
¥

void Tell_Source_of_error_to_user()
{
if(id < 0) printf("\n\n Device is not installed. Use IBCONF.EXE then reboot");
if(iberr == 0) printf("\m\n Dos error(Is device installed");
if(iberr == 1) printf("\n\n Function requires GPIB-PC to be CIC");
if(iberr == 2) printf("\n\n No listener on write function");
if(iberr == 3) printf("\m\n GPIB-PC not addressed correctly");
if(iberr == 4) printf("\d\n Invalide argument to function call™);
if(iberr == 5) printf("\n\a GPIB-PC not system controller as required");
if(iberr == 6) printf("\n\n Timeout error. GPIB Error ");
if(iberr == 7) printf("\n\n Non existent GPIB-PC board");
if(iberr == 10) printf("\n\n I/O started before pervious operation completed");
if(iberr == 12) printf("\n\n File system error");
if(iberr == 14) printf("\a\n Command error during device call");
if(iberr == 15) printf("\n\n Serial poll status byte lost");
if(iberr == 16) printf("\m\n SRQ stuck in on position");
b

I

void Draw_Waveforms_on_Computer_Screen()
{

register int i,

float XF, YF;

int color, gdriver = DETECT, gmode, errorcode;
float *(datagl), *(datag2);

clrscr();
datagl = (float *)malloc(NN*sizeof(float));
datag? = (float *)malloc(NN*sizeof(float));
XF = float(X2-X1)/float(NN);
YF = float(Y2-Y1)/7.7;
FOR_ALL
{
*(datagl+i) = int(*(wavel-+)*YF);
*(datag2+i) = int(*(wave2+i)*YF);
b2
normvideo();
if (errorcode < 0)
{
printf("Graphics error: %s\n", grapherrormsg(errorcode));
printf("'Press any key to halt:");
getch();
exit(1);



¥

initgraph(&gdriver, &gmode, ™);
errorcode = graphresult();

if (errorcode != grOk)

{
printf("Graphics error: %s\n", grapherrormsg(errorcode));
printf(""Press any key to halt:");
getch();
exit(1);
by
highvideo();

setpalette(0, EGA_WHITE);

setcolor(EGA_GREEN);

setlinestyle(SOLID_LINE, 1,3);

rectangle(l, 1, 638, 478);

setcolor(EGA_BLUE);

setlinestyle(DOTTED_LINE, 1,1);

for(i=1; i<10; i++) line(Xl+i*(int(ﬂoat(X2-Xl)/10.0)),Y1,X1+i=ii(int(float(X2-Xl)/I0.0)),Y2);

for(i=1; i<8 ; i++) line(X1,Y l+i*(int(float(Y2-Y 1)/8.0)), X2, Y I+i*(int(float(Y2-Y 1)/8.0)));

setlinestyle(DOTTED_LINE, 1,2);

setcolor(LIGHTMAGENTA);

line(X1+5*%(int(float(X2-X1)/10.0)),Y 1, X1+5 *(int(float(X2-X 1)/10.0)),Y2);

line(X1,Y [+4*(int(float(Y2-Y 1)/8.0)), X2, Y L+4*(int(float(Y2-Y 1)/8.0)));

setlinestyle(SOLID_LINE,1,1);

setcolor(EGA_LIGHTBLUE);

for(i=1; i<=1023;i++) line(X1+int(XF*float(i)), (Y1+4*(int(float(Y2-Y 1)/8.0)))-*(datag 1 +i),
X1+int(float(i+1)*XF),

(Y 1+4*%(int(float(Y2-Y 1)/8.0)))-*(datag  +(i+1)));

setcolor(EGA_LIGHTRED);

for(i=1; i<=1023;i++) line(X1+int(XF*float(i)), (Y 1+4*%(int(float(Y2-Y 1)/8.0)))-*(datag2-+1),
X1+int(float(i+1)*XF),

(Y 1+4*%(int(float(Y2-Y 1)/8.0)))-*(datag2+(i+1)));

setlinestyle(SOLID_LINE,1,1);

setcolor(EGA_GREEN);

setlinestyle(SOLID_LINE, 1,3);

rectangle(X1, Y1, X2, Y2);

settextstyle(l, HORIZ_DIR, 1);

setcolor(EGA_LIGHTBLUE);

outtextxy(210,455," * Press Any Key * ");

getch();

restorecrtmode();

closegraph();

¥
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/*$******$*********$*$***********$*********$$**************

PROG-2.CPP

This program finds optimum values of the 1 and the z parameters in the SI1(f) equation. The program first
approximates the reflected wave form from a coaxial probe immersed in ethanol and then minimizes the sum of
squares of the residual differences between the approximated and the measured wave forms. It repeates this
process until the residual difference becomes minimal. The values of 1 and z, when the residual difference is
minimal, are taken to be the optimized values.

Tilahun M. Worku
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#include <stdio.h>
#include <stdlib.h>
#include <string.h>
#include <complex.h>
#include <graphics.h>
#include <conio.h>
#include <math.h>
#include <iostream.h>
#include <dos.h>
#include <time.h>
#include <complex.h>

#define PER_FREE _SPACE 8.854e-12
#define CL 3e+8

#define X11 170
#define Y11 90
#define X21 470
#define Y21 390

#define INTERCHANGE(a,b) tempr=(a); (a)=(b); (b)=tempr
#define NN 1024
#define FOR_ALL for(i=1; i<=NN; i++)

double far *wavel, far *wave2, far *wave3, far *Twavel, far *Twave2,
far *wavelc, far *wave2c, far *Freq, Current_sum, DataTI, DeltaF,
far *S11_Mat, far *S11n_Mat, far *S11_Ref, far *S11n_Ref;

double epsilon_s = 24.4, epsilon_inf = 4.8, f_relax = 1.14, Beta = 0.0,
R, bl = 1.0 - Beta, Sigma_dc = 0.0, z = 0.3398, L = 0.0461

void Dynamic_Memory_Allocater();

void Open_and_Read_waveform_Files();

void Calculate_Data Time_Interval_And_Frequency_Values();
void Complex_Form();

void Fast_Fourier Transform_Waveform1(int isign);

void Fast_Fourier_Transform_ Waveform2(int isign);

void Calculate_S11_Ref_Material_And_FFT_of wave2(double zz, double LL);
void Calculate_ Wave2_And_Store_In_Wave3();

void Intilaize_Graphics_Mode();

void Draw_Actual_And_Approximation_Waveforms();

void Calculate_Sum_Of_Square_Of The_Differences();

void Find_Optimal_Values_Of_Probe_Parameters();



void Read_S1i_Of Material();
void Calculate_S11();
void Clock(int x);

main()

{
clrser();
Dynamic_Memory_Allocater();
Open_and_Read_waveform_Files();
Calculate_Data_Time_Interval_And_Frequency_Values();
Complex_Form();
Fast_Fourier_Transform_Waveform 1(1);
Find_Optimal_Values_Of_Probe_Parameters();

return 0;

¥

void Find_Optimal_Values“Of_Probe_Parameters()
{

register int i;

double ZZ = 0.3320, LL = 0.0410, Tempo_Sum = [000.0;
FILE *fpl;

fpl = fopen("Tempo.dat", "w");
for(i=1;;i++)

{

char C;

if(kbhit() 1= 0)
{

C = getch();

if(C == ’x’) break;
b
Calculate_S11_Ref_Material_And_FFT _of wave2(ZZ, L),
CalcuIate_WaveZ_And_Store_In_Wave3();
Calculate_Sum_Of_Square_Of_The_Differences();
Intilaize_Graphics_Mode();
Z7Z += 0.0002;
LL -= 0.001;
if((Tempo_Sum < Current_sum)) break;
fprintf(fp1,"Iteration No. = %d\n", 1);
fprintf(fpl,"z = %f\n", ZZ);
fprintf(fpl,"L = %f\n", LL);

fprintf(fpl,"Sum of square of the differences = %f\n\n", Current_sum);
cout<<"Sum of square of the differences = "<<Current_sum<<"\n";Clock(1);
Tempo_Sum = Current_sum;

b

fclose(fpl);

clrscr();

system("Type Tempo.dat | more™);

}

void Dynamic Memory_Allocater()



Freq = (double *)malloc(NN*sizeof(double));
wavel = (double *)malloc(NN*sizeof(double));
waveZ = (double *)malloc(NN*sizeof(double));
wave3 = (double *)malloc(NN*sizeof(double));
wavelc = (double *)malloc(NN*sizeof(double));
waveZe = (double *)malloc(NN*sizeof(double));
Twavel = (double F)malloc((NN<<1)*sizeof(double));
TwaveZ = (double *)malloc((NN<<I1)*sizeof(double));
S11_Ref = (double *)malloc((NN<<1)*sizeof(double));
S11_Mat = (double *ymalloc((NN<<1)*sizeof(double));
Siin_Mat = (double *)malloc(NN*sizeof(double));
Slin_Ref = (double *)malloc(NN*sizeof(double));

b

void Open_and_Read_waveform_Files()

{

register int i, j, k;

char C, P_buffer[6];
FILE *fpl, *fp2;

clrser();
P_buffer[5] = \0’;
fpl = fopen(''wavel.Dat", "r");

for(;;)

{
C = fgetc(fpl);
if(C == 'C")
{

P_buffer{0] = C;
C = fgetc(fpl);
if(C =="U")
{
P_buffer[1] = C;
C = fgetc(fpl);
if(C == "R’)
{
P_buffer[2] = C;
C = fgetc(fpl);
if(C =="V")
{

P_buffer[3] = C;
C = fgetc(fpl);
if(C =="E’);
{
P_buffer[4] = C;
break;
b



FOR_ALL

{
char Tempo2[15];
=0;
for(;;)
{
C = fgetc(fpl);
if(C ==", Il C == EOF)
{
*(wavel+i) = atof(Tempo2);
break;
¥
Tempo2[j++] = C;
Tempo2[j] = \0O’;
¥
b
fclose(fpl);

P_buffer[5] = "\0’;
fp2 = fopen("'wave2.Dat", "',

for(;;)

{
C = fgete(fp2);
if(C =="C"
{

P_buffer[0] = C,
C = fgetc(fp2);
if(C =="U")
{
P_buffer[1] = C;
C = fgetc(fp2);
if(C =="R")
{
P_buffer[2] = C;
C = fgetc(fp2),
if(C =="V?)
{
P_buffer[3] = C,
C = fgete(fp2);

if(C == "E’),
{
P_buffer[4] = C
break;
b2
H
b
¥
b
¥
FOR_ALL
{

char Tempo2[15];

j=0;

2



for(;;)

{
C = fgetc(fp2);
if(C =="," Il C==EOF)
{
*(wave2+i) = atof(Tempo2);
break;
H
Tempo2[j++] = C;
Tempo2[j] = \0’;
¥
¥
fclose(fp2);
¥

void Calculate_Data_Time_Interval_And_Frequency_Values()

{

register int i, j, k;

char C, Buffer{6], Tempo2[15], ¢[9];
FILE *fpl;

clrser();
Buffer[6] = \0O’;
fpl = fopen("'wavel.Dat", "1*");

for(;;)

{
C = fgete(fpl);
if(C =="X")
{

Buffer[0] = C;
C = fgetc(fpl);
if(C =="T")
{
Buffer[1] = C;
C = fgete(fpl);
if(C == 'N)
{
Buffer[2] = C;
C = fgetc(fpl);
if(C=="C")
{
Buffer[3] = C;
C = fgete(fpl);
if(C == "R’);
{
Buffer[4] = C;
break;

y



c[9] = \0’;
C = fgetc(fpl);
fread(c, sizeof(c), 1, fpl);
DataTI = atof(c);
DeltaF = 1.0/(NN*DataTI);
fclose(fpl);
FOR_ALL
{
H(i<=((NN/2)+1))
*(Freq+i) = (i-1)*DeltaF* 1e-9;
else
*(Freq+i) = (i-1-NN)#*DeltaF*e-9;

b
¥
void Complex_Form()
{
register int i, k;
double const Zerol = *(wavel+1);
double const Zero2 = *(wave2+l1);
FOR_ALL
{
*(wavelc+) = *(wavel +) - Zerol;
*(wave2c+i) = *(wave2+) - Zero2;
b
double const Inci_nn = *(wavelc+NN);
double const Refl_nn = *(wave2c+NN);
FOR_ALL
{
*(wavelc+) -= Inci_nn*(double(i-1))/double(NN-1);
*(wave2c-H) -= Refl_nn*(double(i-1))/double(NN-1);
y
FOR_ALL
{
k =i<<l;
*(Twavel+(k-1)) = *(wavelc+i);
*(Twavel+k) = 0.0;
*(Twave2+(k-1)) = *#(wave2c+i);
*(Twave2+k) = 0.0;
b
)

void Fast_Fourier_Transform_Waveform1(int isign)

{

register int i, j, m, y;
double wtemp, wr, wpr, wpi, wi, theta;
double tempr, tempi;

int  n, mmax, istep;

FOR_ALL



{

y = i<<l;

’Ec(TWaVe 1 +y) = -(*(TWZIVe 1+}’)),

b

n = NN<<l;

=L

for(i=1; i<n; i+=2)
{

if(j>i)

{
INTERCHANGE((*(Twavel+j), *(Twavel+i));
INTERCHANGE(#(Twavel+(j+1)), *(Twave l+(3i+1)));

¥

m=n>>|;

while(m >=2 && j>m )

{
j=m
m >>= |;

¥

j 4=y
¥
mmax = 2;
while(n > mmax)
{

istep = 2*mmax;

theta = 2.0*M_PI/(isign*mmax);
wtemp = sin(0.5%theta);

wpr = -2.0%wtemp*wtemp;

wpi = sin(theta);

wr = 1.0;
wi = 0.0;
for(m = [; m < mmax; m += 2)
{
for(i=m; i<=n; i+=istep)
{
j =i+mmax;

tempr = wr*(*(Twavel+j))-wi*(*(Twavel+(+1)));
tempi = wr*(*(Twavel+(j+1)))+wi*(*(Twavel+j));
*(Twavel+j) = *(Twavel+i)-tempr;
*(Twavel+(j+1)) = *(Twavel+(i+1))-tempi;
*(Twavel+i) += tempr;,
*(Twave l+(+1)) += tempi;
H
wr = (Wtemp=wr)*wpr-wi*wpi+wr;
RS wi = wi*wpr+wtemp*wpi+wi;

H

mmax = istep;

¥
FOR_ALL //...//
{

y = ic<l;



*(Twavel+y) = -(*(Twave 1 +y));
¥
¥

void Fast_Fourier_Transform_Waveform2(int isign)

{

register int i, j, m, y;

double wtemp, wr, wpr, wpi, wi, theta;
double tempr, tempi;
int n, mmax, istep;

FOR_ALL
{

y = i<l

#(TwaveZ+y) = -(*(TwaveZ+y));

b

n = NN<«I;

=1

for(i=1; i<n; i+=2)
{

if(j>i)

{
INTERCHANGE((*(Twave2+j), *(Twave2+i));
INTERCHANGE(C*(Twave2+(j+1)), *(Twave2+(i+1)));

¥

m=n>>];

while(m >=2 && j> m )

{
j-=m;

m >>= [;

b

j=m;

b

mmax = 2;
while(n > mmax)
{

istep = 2*mmax;

theta = 2.0*M_PV/(isign*mmax);
wtemp = sin(0.5*theta);

wpr = -2.0*wiemp*wtemp;

wpi = sin(theta);

wr = 1.0;
wi = 0.0;
for(m = 1; m < mmax; m += 2)
{
for(i=m; i<=n; i+=istep)
{
j =i+mmax;

tempr = wr*(*(Twave2+j))-wi*(*(Twave2+(j+1)));
tempi = wr*(*(Twave2+(j+1)))+wi*(*(Twave2+j));
*(Twave2+j) = *(Twave2-+)-tempr;



*(Twave2+(j+1)) = *(Twave2+(i+1))-tempi;
*(Twave2+i) += tempr;
*(Twave2+(i+1)) += tempi;

by

WI = (Wlemp=wr)* wpr-wi*wpi+wr;

wi = wi*wpr+wtemp*wpi+wi;

b

mmax = istep;

by

FOR_ALL

{

y = i<<lI;

*(Twave2+y) = -(*(Twave2+y));
¥
}

void Calculate_S11_Ref Material And_FFT _of_wave2(double ZZ, double LL)
{

register int i, j;

double far *Epsilon, z = ZZ, L = LL;

complex J = complex(0.0, 1.0);
Epsilon = (double *)malloc((NN<<1)*sizeof(double));

FOR_ALL

{

register int k;

k = i<<l;

complex al = J; /fal = j

complex a2 = epsilon_inf; /l a2 = geo

complex a3 = epsilon_s; /] a3 = es

complex a4 = *(Freq+i)*al; //ad = jf

complex a5 = ad/f relax; /I a5 = jf/frel

complex a6 = pow(a5, bl); /a6 = (jf/frel) (1-B)

complex a7 = 1.0 + a6; i al = 1+ (jfffreD*(1-B)

complex a8 = a3 - a2; /l a8 = (€s - gwo)

complex a9 = a8/a7; 129 = (es - e0)/(1 + (jf/freD)M(1-B))
complex al0 = a2 + a9; /' al0 = eeo + (gs - ec0)/(1 + (jf/frel) (1-B))
ifi==1)

{

complex al5 = alQ; /I al5 = [eoo + (es - €0)/(1 + (jf/freD) (1-B))]
*(Epsilon+(k-1)) = real{al5);
*(Epsilon+k) = imag(al5);

b

else

{

complex all = al*Sigma_dc; /l all = jodc

complex al2 = 2.0*M_PI*(*(Freq+i));  // al2 = 2nf

complex al3 = al2*PER_FREE_SPACE; // al3 = 2nfeo

complex al4 = all/(al3*1e+9); /I al4 = jodc/2nrfeo

complex al5 = al0 - al4; /I al5 = [eco + (s - €x0)/(1 + (fj/fre)(1-B))] - iode/2nfeo



*(Epsilon+(k-1)) = real(al5);
*(Epsilon+k) = imag(al5);

// THIS IS COLE-COLE EQUATION

b

b

FOR_ALL

{
register int k;
k = i<«l;
R = -2.0*M_PI*(*(Freq+i)*1e+9)*L/CL; // R = -2mnfl/c
complex ¢0 = complex(*(Epsilon+(k-1)), *(Epsilon+k));

/1c0 =¢
complex ¢l = sqrt(c0); /el =+e
complex ¢2 = R*J; /I ¢2 =Rj
complex ¢3 = ¢2*cl; // ¢3 = jRie
complex c4 = 2.0%c3; /I ¢4 = 2jRVe
complex ¢S5 = exp(c4); //e5 = eA(2jR\/e)
complex ¢6 = complex(z); co =2
complex ¢7 = c6*cl; Il ¢1 =zle
complex ¢8 = complex(1.0); i c8 =10
complex ¢9 = (c8 - ¢7)/(c8 + ¢7); /1 ¢9 = (1-zVe)/(l+zVe)
complex c10 = ¢5%¢9; /1 c10 = eM2jRVe)(1-zVe)/(1+zve))
complex ¢l = (¢9 + ¢5)/(c8 + ¢10); //¢cll = (((1~Z\/8)/(1+Z\/8)) +
eN2jRVE)/ (14 2iRVE)(1-zVe)/(1 +2Vg)))

*(S11_Ref+(k-1)) = real(c11);
*(S11_Ref+k) = imag(cll);
*(S11n_Ref+i) = norm(cll);

h

¥

void Calculate Wave2_And_Store_In_Wave3()

{

register int i, k;

FOR_ALL
{

k = i<<;

complex CO = complex(*(S11_Ref+(k-1)), *(S11_Refsk))*
complex(*(Twavel+(k-1)), *(Twavel+k));

*(Twave2+(k-1)) = real(CO);
*(Twave2+k) = imag(CO0);
h
Fast_Fourier_Transform_Waveform2(-1);
FOR_ALL
{

k =i<<l;

*(wave3+i) = *(Twave2+(k-1))*(1.0/NN);

y

double const temp = *(wave3+1);



FOR_ALL

{
k = i<<l;
*(wave3+i) -= temp;
¥
b

void Calculate_Sum_Of_Square_Of The_Differences()
{

register int i;
double Sum = 0.0;

FOR_ALL
{

double Difference, Square_Difference;

Difference = *(wave3+i)-(*(wave2c+i));
Square_Difference = pow(Difference, 2);
Sum += Square_Difference;
Current_sum = Sum,;
b
¥

void Intilaize_Graphics_Mode()

{

register int i,

int color, gdriver = DETECT, gmode, errorcode;

clrscr();

normvideo();

initgraph(&gdriver, &gmode, "),
errorcode = graphresult();

if (errorcode != grOk)

{
printf(""Graphics error: %s\n", grapherrormsg(errorcode));
printf("Press any key to halt:");
getch();
exit(1),
b
highvideo();

setpalette(0, EGA_WHITE);

setcolor(EGA_GREEN);

setlinestyle(SOLID_LINE, 1,3);

rectangle(l, 1, 638, 478);
Draw_Actual_And_Approximation_Waveforms(); getch();
settextstyle(1, HORIZ_DIR, 1);
setcolor(EGA_LIGHTGRAY);

outtextxy(203,465," * Press ’x’ To Exit * ");
restorecrtmode();

closegraph();

void Draw_Actual_And_Approximation_Waveforms()



{

register int i, k;
double far *wave2g, far *wave3g, XF, YF;

wavedg = (double *)malloc(NN*sizeof(double));
wavelg = (double *)malloc(NN*sizeof(double));

XF = double(X21-X 11)/double(NN);
YF = double(Y21-Y11)/7.7;

FOR_ALL
{
*(wave3g+i) = int(*(wave3+i)*YF);
*(wave2gHi) = int(*(wave2c+i)*YF);
¥
setcolor(EGA_BLUE);
setlinestyle(DOTTED_LINE, 1,1);
for(i=1; i<10; i++) line(X1 I+i*(int(double(X21-X11)/10.0)),Y11,X1 I+i*(int(double(X21-X11)/10.0)),Y21);
for(i=1; i<8 ; i++) line(X11,Y 1 [+i*(int(double(Y21-Y11)/8.0)), X21, Y1 1+i*(int(double(Y21-Y 1 1)/8.0)));
setlinestyle(DOTTED_LINE, [,2);
setcolor(LIGHTMAGENTA);
line(X11+5*(int(double(X21-X11)/10.0)),Y 11, X 11+5*(int(double(X21-X1 1)/10.0)),Y21);
line(X11,Y11+4*(int(double(Y21-Y11)/8.0)), X21, Y1 1+4*(int(double(Y21-Y1 1)/8.0)));
setlinestyle(SOLID_LINE,1,1);
setcolor(EGA_LIGHTRED);
for(i=1;i<=NN-1;i++) line(X1 I+int(XF*double(i)), (Y1 1+4%(int(double(Y21-Y11)/8.0)))-*(wave3g+i),
X1l+int(double(i+1)*XF), (Y1 i+4*(int(double(Y21-Y 1 1)/8.0)))-*(wave3g+(i+1)));
line(X11+30, Y21+30, X11+60, Y21+30);
outtextxy(X11+100, Y21+30, "Modelled Waveform");
setlinestyle(SOLID_LINE,1,1);
setcolor(EGA_LIGHTBLUE);
for(i=1;i<=NN-L;i++) line(X1I+int(XF*double(i)), (Y1 [+4*(int(double(Y21-Y 11)/8.0)))-*(wave2g+i),
X11+int(double(i+1)*XF), (Y11+4*(int(double(Y21-Y 1 1)/8.0)))-*(wave2g+(i+1)));
line(X11+30, Y21+50, X11+60, Y21+50);
outtextxy(X11+100, Y21+50, "Observed Waveform");
setlinestyle(SOLID_LINE,1,1);
setcolor(EGA_GREEN);
setlinestyle(SOLID_LINE, 1,3);
rectangle(X11, Y11, X21, Y21);
outtextxy(X11-10,((Y 11+Y21)/2)-3,"0");
setcolor(EGA_BLUE);
'

void Clock(int x)

{

time_t Clock_start_time, Clock_end._time;
Clock_start_time = time(NULL);

for(;;)
{

Clock_end_time = time(NULL);

if ((Clock_end_time)-(Clock_start_time) > x) break;
b






PROG-3.CPP

This is program first correctes the incident and the reflected wave forms for truncation error and it then
computes the discrete Fourier transform of both wave forms. From the transforms, it finally calculates the

S11({).
Tilahun M. Worku
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#include <stdio.h>
#include <stdlib.h>
#include <string.h>
#include <complex.h>
#include <graphics.h>
#include <conio.h>
#include <math.h>
#include <iostream.h>
#include <dos.h>
#include <time.h>
#include <complex.h>

#define X11 80

#idefine Y11 10

#define X21 280
#define Y21 210
#define X12 80

#define Y12 240
#define X22 280
#define Y22 440
#define X13 360
#define Y13 10

#define X23 560
#define Y23 210
#define X14 360
#define Y14 240
#idefine X24 560
#define Y24 440

#define INTERCHANGE(a,b) tempr=(a); (a)=(b); (b)=tempr
fidefine NN 1024

#define FOR_ALL for(i=1; i<=NN; i++)
#define NUM 70
#define FOR_NUM for(i=1; i<=NUM; i++)

#define FHL "0.7 GHz"

tloat far *wave2, far *wavel, far *Twave2, far *Twavel, DataTI, DeltaF,
far *wavelc, far *wave2c, far XF, far YF;

void Dynamic_Memory_Allocater();



void Read waveform_Files();

void Calculate_Data_Time_Interval();

void Set_Zero_Level();

void Apply_Correction_for_truncation_Nicolson73();
void Fast_Fourier_Transform_Waveform1(int isi eny;
void Fast_Fourier_Transform Waveform2(int isign);
void  Write_Computed_S11_to_File();

void Intilaize_Graphics_Mode_and_Draw_Waveforms();
void Draw_Original_Waveforms();

void Draw_Waveforms_Corrected_for_Truncation();
void Draw_Spectra_of _Waveforms();

void Draw_Scattring_Cofficient_vs_Frequency();
void Clock(int x);

main()

register int i, k;

clrscr();

Dynamic_Memory_Allocater();
Read_waveform_Files();
Calculate_Data_Time_Interval();

Set_Zero_Level();
Apply_Correction_for_truncation_Nicolson73();
Fast_Fourier_Transform_Waveform!(1);
Fast_Fourier_Transform_Waveform2(1);
Write_Computed_S11_to_File();
Intilaize_Graphics_Mode_and_Draw_Waveforms();

return 0;
¥
void Dynamic_Memory_Allocater()
{
wavel = (float *)malloc(NN*sizeof(float));

wave2 = (float *)malloc(NN*sizeof(float));
wavele = (float *)malloc(NN*sizeof(float));
wave2e = (float *)malloc(NN*sizeof(float));
Twavel = (float *)malloc((NN<<1)*sizeof(float));
Twave2 = (float *)malloc((NN<<1)#sizeof(float));

void Read_waveform_Files()

{

register int i, j, k;

char C, P_buffer[6];
FILE #fpl;

clrser();
P_buffer[5] = "\O’;
fpl = fopen("wavel.Dat", ''r*);



for(;;)

{
C = fgete(fpl);
if(C =="C"
{
P_buffer[0] = C;
C = fgete(fpl);
if(C =="U")
{
P_buffer[1] = C;
C = fgetc(fpl);
if(C =="'R")
{
P_buffer[2] = C;
C = fgete(fpl);
if(C =="V")
{
P_buffer[3] = C;
C = fgete(fpl);
if(C == "E");
{
P_buffer(4] = C;
break;
b
¥
¥
b
'
¥
FOR_ALL
{
char Tempo2[15];
=0;
for(;;)
{
C = fgete(fpl);
if(C ==", 1l C==EOF)
{
*(wavel+i) = atof(Tempo2);
break;
¥
Tempo2[j++] = C;
Tempo2[j] = \0O’;
)
¥
fclose(fpl);

P_buffer[5] = "\0’;
fpl = fopen("wave2.Dat", "r');
for(;;)
{
C = fgetc(fpl);
if(C =="C"
{



P_buffer[0] = C;
C = fgetc(fpl);
if(C =="U"
{
P_buffer[1] = C;
C = fgetc(fpl);
if(C =="R?%)
{
P_buffer[2] = C;
C = fgete(fpl);
if(C=="V")
{
P_buffer[3] = C;
C = fgetc(fpl);

if(C =="E");
{
P_buffer[4] = C;
break;
b
b
b
¥
b
b
FOR_ALL
{
char Tempo2[15];
=0
for(;;)
{
C = fgete(fpl);
if(C==" I C==EOQOF)
{
*(wave2+i) = atof(Tempo2);
break;
¥
Tempo2[j++] = C;
Tempo2[j] = "\0’;
¥
Y
fclose(fpl);

void Calculate_Data_Time_Interval()
register int i, j, k;

char C, Buffer[6], Tempo2{15], ¢[9];
FILE *fpl;

clrser();
Buffer[6] = N\O’;
ipl = fopen("'wave2.Dat", 'r");



for(;;)

{
C = fgete(fpl);
if(C =="X")
{
Buffer[0] = C;
C = fgetc(fp);
if(C =="I")
{
Buffer[l] = C;
C = fgetc(fpl);
if(C == 'N")
{
Buffer[2] = C;
C = feetc(fpl);
if(C =="C)
{
Buffer[3] = C;
C = fgete(fpl);
if(C == "R");
{
Buffer{4] = C;
break;
b
¥
b
¥
b
¥
c[9] = O

C = fgete(fpl);
fread(c, sizeof(c), 1, fpl);
DataTI = atof(c);
DeltaF = 1.0/(NN*DataTI);
fclose(fpl);

b

void Set_Zero_Level()
{

register int i;

float Zerol = *(wavel+1);
float ZeroR = *(wave2+1);

FOR_ALL
{
*(wavelcH) = *(wavel-+) - Zerol;
*(wave2cH) = *(wave2+) - ZeroR;
¥

b

void Apply_Correction_for_truncation_Nicolson73()

register i, k;



float Inci_nn = *(wavelc+NN);
float Refl_nn = *(wave2c+NN);

FOR_ALL

{
*(wavelc+i) -= Inci_nn*(float(i-1))/float(NN-1);
*(waveZce+i) -= Refl_nn*(float(i-1))/float(NN-1);

¥
FOR_ALL
{

k = i<<l;

*(Twavel+(k-1)) = *(wavelc+i);
*(Twavel+k) = 0.0;
*(Twave2+(k-1)) = #(waveZe+i);
*(Twave2+k) = 0.0;

¥

void Fast_Fourier_Transform_Waveform I (int isign)

{

register int i, j, m, y;

float wtemp, wr, wpr, wpi, wi, theta;
float tempr, tempi;
int n, mmax, istep;

FOR_ALL //...//
{

y = i<<l;

“(Twavel+y) = -(*(Twavel+y));

b
n = NN<<];
=5
for(i=1; i<n; i+=2)
{
if(j>1)
{
INTERCHANGE((*(Twavel+j), *(Twavel+i));
INTERCHANGE(*(Twave 1 +(j+1)), *(Twavel+(i+1)));
b
m=n>>1;
while(m >=2 && j>m)
{
j=m
m >>= ],
b
j=m;
b
mmax = 2;

while(n > mmax)

{



istep = 2*mmax;

theta = 2.0*M_PI/(isign*mmax);
wtemp = sin(0.5*theta);

wpr = -2.0*wtemp*wtemp;

wpi = sin(theta);

wr = 1.0;
wi = 0.0;
for(m = 1; m < mmax; m += 2)
{
for(i=m; i<=n; i+=istep)
{
j =i+mmax;

tempr = wr*(*(Twavel+))-wi*(*(Twave 1 +(j+1)));
tempi = wr(¥(Twavel+(j+I))+wi*(*(Twave | +]j));
*(Twavel+j) = *(Twavel+i)-tempr;
*(Twavel+(j+1)) = *(Twave [+(i+1))-tempi;
*(Twavel+i) += tempr;
*(Twavel+(i+1)) 4= tempi;
H

WI = (Wtemp=wr)*wpr-wi*wpi+wr;

wi = wi*wpr+wtemp*wpi+wi;

b

mmax = istep;

b

FOR_ALL //..//

{

y = i<<l;

“(Twavel+y) = -(*(Twavel+y));
b
>

void Fast_Fourier_Transform_Waveform2(int isign)
{

register int i, j, m, y;

float wtemp, wr, wpr, wpi, wi, theta;
float tempr, tempi;
int  n, mmax, istep;

FOR_ALL //...//
{

y = i<l

LSt *(Twave2+y) = -(*(Twave2+y));
)
n = NN<x<I;
=L
for(i=1; i<n; i+=2)
{

if(j>1)

{

INTERCHANGE(*(Twave2+j), *(Twave2+i));



INTERCHANGE(*(Twave2+(j+1)), *(Twave2+(i+1)));

¥
m=n>>1;
while(m >=2 && j>m)
{
j=m
m >>= |[;
b
j+=m;
b
mmax = 2;
while(n > mmax)
{

istep = 2*mmax;

theta = 2.0*M_PI/(isign*mmax);
wiemp = sin(0.5*theta);

wpr = -2.0%wtemp*wtemp;

wpi = sin(theta);

wr = 1.0;
wi = 0.0;
for(m = 1; m < mmax; m += 2)
{
for(i=m; i<=n; i+=istep)
{
Jj =i+mmax;

tempr = wrH(*(TwaveZ+j))-wi*(*(Twave2+(j+1)));
tempi = wr*(*(Twave2+(j+1)))+wi*(*(Twave2+j));
#(Twave2+j) = *(Twave2+i)-tempr;
*(TwaveZ+(j+1)) = *(Twave2+(i+1))-tempi;
*(Twave2+i) += tempr;
*(Twave2+(i+1)) += tempi;

b

WI = (Wiemp=wr)*wpr-wi*wpi+wr;

wi = wi*wpr+wtemp*wpi+wi;

¥

mmax = istep;

b

FOR_ALL //...//

{

y = i<<l;

*(TwaveZ+y) = -(*(Twave2+y));
y
y

void Write_Computed_S11_to_File()
{

register int i;

double xf, yf;
FILE *fpl,

fpl = fopen("RCF.DAT", "w");



FOR_ALL
{

register int k;
k = i<<l;

complex SI1 = complex(*(Twave2+(k-1)), *(Twave2+k))/complex(*(Twave 1 +(k-1)), *(Twavel+k));
real(S11) <O 7 fprintf(fpl,"%8.7f ", real(S11)):
fprintf(fpl,"%9.8f ", real(S11));
imag(S11) < 0 ? fprintf(fpl,"%8.7f ", imag(S11)):
fprintf(fp1,"%9.8f "', imag(S11));
b
fprintf(fp1,"%s", " ";
fclose(fpl);
¥

void Intilaize_Graphics_Mode_and_Draw_Waveforms()
{

register int i;

int color, gdriver = DETECT, gmode, errorcode;

clrscr();

normvideo();

initgraph(&gdriver, &gmode, ";
errorcode = graphresult();

if (errorcode 1= grOk)

{
printf("Graphics error: %s\n", grapherrormsg(errorcode));
printf(""Press any key to halt:");
getch();
exit(l);
y
highvideo();

setpalette(0, EGA_WHITE);
setcolor(EGA_GREEN);

setlinestyle(SOLID_LINE, 1,3);

rectangle(1, 1, 638, 478);
Draw_Original_Waveforms(); Clock(1);
Draw_Waveforms_Corrected_for_Truncation(); Clock(1);
Draw_Spectra_of Waveforms(); Clock(1);
Draw_Scattring_Cofficient_vs_Frequency(); Clock(1);
settextstyle(1, HORIZ_DIR, 1);
setcolor(EGA_LIGHTGRAY);

outtextxy(203,465," * Press Any Key To Exit * ");
Clock(2);

restorecrtmode();

closegraph();

b

void Clock(int x)
{

time_t Clock_start_time, Clock_end_time;
Clock_start_time = time(NULL);
for(;;)



{
Clock_end_time = time(NULL);
if ((Clock_end_time)-(Clock_start_time) > x) break;
¥
¥

void Draw_Original_Waveforms()

{

register int i;

XF = float(X21-X11)/float(NN);

YF = float(Y21-Y11)/7.7;

FOR_ALL

{

#(wavel+i) = int(*(wavel+)*YF);
*(wave2+i) = int(*(wave2+i)*YF);

b

setcolor(EGA_BLUE),

setlinestyle(DOTTED_LINE,1,1);

for(i=1; i<10; i++) line(X1 I+i*(int(float(X21-X 11)/10.0)),Y I 1,X | [+i*(int(float(X21-X11)/10.0)),Y21);
for(i=1; i<8 ; i++) line(X11,Y 1 1+i*(int(float(Y21-Y11)/8.0)), X21, Y1 I+i*(int(float(Y21-Y 11)/8.0)));
setlinestyle(DOTTED_LINE,1,2);

setcolor(LIGHTMAGENTA);

line(X 1 1+5%*(int(float(X21-X11)/10.0)),Y 11, X1 [+5*(int(float(X2[-X11)/10.0)),Y21);
line(X11,Y 1 1+4*(int(float(Y21-Y 1 1)/8.0)), X21, Y1 +4%(int(float(Y21-Y11)/8.0)));
setlinestyle(SOLID_LINE,1,1);

setcolor(EGA_LIGHTBLUE),

for(i=1;i<=NN-L;i++) line(X1 [+int(XF*float(i)), (Y | 1+4*(int(float(Y21-Y 1 1)/8.0)))-*(wavel+i),

X1 1+int(float(i+1)*XF), (Y11+4*(int(float(Y21-Y 1 1)/8.0)))-*(wave l+(i+1)));

setcolor(EGA_LIGHTRED);

for(i=1;i<=NN-1;i++) line(X1+int(XF*float(i)), (Y 11+4*(int(float(Y21-Y11)/8.0)))-*(wave2+i),

X11+int(float(i+1)*XF), (Y11+4*(int(float(Y21-Y 1 1)/8.0)))-*(wave2+(i+1)));

setlinestyle(SOLID_LINE,1,1);

setcolor(EGA_GREEN),

setlinestyle(SOLID_LINE, 1,3);

rectangle(X11, Y11, X21, Y21);

outtextxy(X11-10,Y11+97,"0");

setcolor(EGA_BLUE),

outtextxy(X11+20,Y21+12,"Figure 1. Waveforms");
b

void Draw_Waveforms_Corrected_for_Truncation()

{

register int i;

XF = float(X22-X12)/float(NN);
YF = float(¥22-Y12)/7.7;
FOR_ALL
{
*(wavelcH) = int(*(wavelc+i)*YF);
*(wave2c+) = int(*(waveZc+)*YF);
b
setcolor(EGA_BLUE);
setlinestyle(DOTTED_LINE,1,1);



for(i=1; i<10; i++) line(X12+i*(int(float(X22-X12)/10.0)),Y 12,X12+i*(int(float(X22-X 12)/10.0)),Y22);

for(i=1; i<8 ; i++) line(X12,Y 12+i*(int(float(Y22-Y 12)/8.0)), X22, Y 12+i*(int(float(Y22-Y 12)/8.0)));

setlinestyle(DOTTED_LINE,1,2);

setcolor(LIGHTMAGENTA);

line(X 12+5*(int(float(X22-X12)/10.0)),Y 12, X12+5*%(int(float(X22-X12)/10.0)),Y22);

line(X12,Y 12+4*(int(float(Y22-Y 12)/8.0)), X22, Y12+4%*(int(float(Y22-Y 12)/8.0)));

setlinestyle(SOLID_LINE,1,1);

setcolor(EGA_LIGHTBLUE);

for(i=1; i<=NN-1; i++) line(X12+int(XF*float(i)), (Y 12+4*(int(float(Y22-Y 12)/8.0)))-*(wave Lc+i),
X12+int(float(i+1 y*XF), (Y 12+4*(int(float(¥Y22-Y 12)/8.0)))-*(wave L c+(i+1)));

setcolor(EGA_LIGHTRED);

for(i=1; i<=NN-1; i++) line(X 12+int(XF*float(i)), (Y 12+4*(int(float(Y22-Y 12)/8.0)))-*(wave2c+i),
X12+int(float(i+1)*XF), (Y12+4*(int(float(Y22-Y 12)/8.0)))-*(wave2c+(i+1)));

setlinestyle(SOLID_LINE,1,1);

setcolor(EGA_GREEN);

setlinestyle(SOLID_LINE, 1,3);

rectangle(X 12, Y12, X22, Y22);

outtextxy(X12-10,Y12+97,"0");

setcolor(EGA_BLUE);

outtextxy(X12-50,Y22+10,"Figure 2. Corrected for Truncation');

h

void Draw_Spectra_of Waveforms()

{

register int i, k;
float *Fourl, *Four2;

XF = float(X23-X13)/float(NUM+1);

YF = float(Y23-Y13)/14.0;

Fourl = (float *)malloc(NN*sizeof(float));
Four2 = (float *)malloc(NN*sizeof(float));
FOR_ALL

{

k = i<<l;

*(Fourl+i) = logl0(norm(complex (*(Twavel+(k-1)), *(Twavel+k))));
*(Four2+i) = loglO(norm(complex(*(Twave2+(k-1)), *(Twave2+k))));
:
FOR_ALL
{
*(Fourl+i) = int(*(Fourl+)*YF);
*(Four2+i) = int(*(Four2+i)*YF);
)
setcolor(EGA_BLUE);
setlinestyle(DOTTED_LINE,1,1);
for(i=1; i<10; i++) line(X13+i*(int(float(X23-X13)/10.0)),Y 13,X 13+i*(int(float(X23-X 13)/10.0)),Y23);
for(i=1; i<8 ; i++) line(X13,Y 13+i*(int(float(Y23-Y13)/8.0)), X23, Y13+i*(int(float(Y23-Y 13)/8.0)));
setcolor(EGA_GREEN);
line(X13,Y 13+4*(int(float(Y23-Y 13)/8.0)), X23, Y13+4*(int(float(Y23-Y13)/8.0)));
setlinestyle(SOLID_LINE,1,1);
setcolor(EGA_LIGHTBLUE);
FOR_NUM line(X13+int(XF*float(i-1)), Y 13+4*(int(float(Y23-Y13)/8.0)),X13+int(float(i-1)*XF),
(Y13+4*(int(float(Y23-Y 13)/8.0)))-*(Four1+i));



setcolor(EGA_LIGHTRED);

FOR_NUM line(X 13+int(XF*float(i-1)), Y23 ,X 13+int(float(i-1)*XF), Y23-*(Four2+i));
setlinestyle(SOLID_LINE,1,1);

setcolor(EGA_GREEN);

setlinestyle(SOLID_LINE, 1,3);

rectangle(X13, Y13, X23, Y23);

settextstyle(l, HORIZ_DIR, 1);

setcolor(EGA_BLUE);

outtextxy(X13-50,Y23+12,"Figure 3. Amplitude Spectra of Waveforms");
setcolor(EGA_GREEN);

outtextxy(X13-10,Y23-5,"0"y,

outtextxy(X23+10,Y23-3,FHL);

settextstyle(l, VERT _DIR, I);

outtextxy(X13-20,Y23-153,"log{ AMPLITUDE)");

)

void Draw_Scattring_Cofficient_vs_Frequency()

{

register int i, k;
double xf, yf;
float *RefCo, *Phas_Mat;

YF = float(Y24-Y 14)/8.0;
xf = float(X24-X 14)/float(NUM);
yf = float(Y24-Y 14)/(8.0%720.0);

RefCo = (float *)malloc(NN*sizeof(float));
Phas_Mat = (float *)malloc(NN*sizeof(float));
FOR_ALL

{

k=i<<l;

complex S11 = complex(*(Twave2+(k-1)), *(Twave2+k))/
complex(*(Twavel+(k-1)), *(Twave l+k));

*(Phas_Mat +i) = yf*arg(S11)*180.0/M_PI;

*(RefCo+i) = norm(S11)*YF;
¥
setcolor(EGA_BLUE),
setlinestyle(DOTTED_LINE,1,1);
for(i=1; i<10; i++) line(X14+i*(int(float(X24-X 14)/10.0)),Y 14,X 1 4+i*(int(float(X24-X 14)/10.0)),Y24);
for(i=1; i<8 ; i++) line(X14,Y 14+i*(int(float(Y24-Y 14)/8.0)), X24, Y 14+i*(int(float(Y24-Y 14)/8.0)));
setlinestyle(DOTTED_LINE,1,2);
setcolor(LIGHTMAGENTA);
line(X14,Y 14+2*(int(float(Y24-Y 14)/8.0)), X24, Y 14+2*(int(float(Y24-Y 14)/8.0))):
line(X14,Y14+6*(int(float(Y24-Y 14)/8.0)), X24, Y 14+6*(int(float(Y24-Y 14)/3.0)));
setlinestyle(SOLID_LINE,1,2);
setcolor(EGA_GREEN);
FOR_NUM line(X 14+int(XF*float(i-1)), (Y 14+2*(int(float(Y24-Y 14)/8.0)))-*(RefCo-+i),

X14+int(XF*float(i)) , (Y14+2*(int(float(Y24-Y 14)/8.0)))-*(RefCo+i+1));
setcolor(EGA_BROWN);
FOR_NUM line(X 14+int(XF*float(i-1)), (Y 14+6%(int(float(Y24-Y 14)/8.0)))-*(Phas_Mat+i),
X14+int(XF*float(i)) , (Y14+6*(int(float(Y24-Y14)/8.0)))-*(Phas_Mat+i+1));



setlinestyle(SOLID_LINE,1,1);
setcolor(EGA_GREEN);

setlinestyle(SOLID_LINE, 1,3);

rectangle(X 14, Y14, X24, Y24),
line(X14,Y14+(Y24-Y14)/2, X24, Y14+(Y24-Y 14)/2);
settextstyle(1, HORIZ_DIR, 1);

outtextxy(X14-20,Y 14+24,"+1");

outtextxy(X14-10,Y [4+49,"0");

outtextxy(X14-20,Y 14+72,"-1");
outtextxy(X14-10,Y24-51,"0");
outtextxy(X24+10,Y14+97 FHL);
setcolor(EGA_BLUE);
outtextxy(X14-10,Y24+10,"Figure 4. S11 vs Frequency");
setcolor(EGA_GREEN);

settextstyle(1, VERT_DIR, 1);
outtextxy(X14-20,Y24-183,"Magnitude");

outtextxy(X 14-20,Y24-63,"Phase");

H
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PROG-4.CPP

This program first corrects the S11(f) data, computed by PROG-3.CPP, for unwanted reflection. It then
calculates the complex relative permittivities from the corrected S11(f) data, by solving the S11(f) equation, by
using the NEWTON-RAPHSON METHOD OF ITERATION.

Tilahun M. Worku

#include <stdio.h>
#include <stdlib.h>
#include <string.h>
#include <complex.h>
#include <graphics.h>
#include <conio.h>
#include <math.h>
#include <iostream.h>
#include <time.h>
#include <complex.h>

#define PER_FREE_SPACE 8.854e-12

#define NUM 100
#define NN 1024

#define CL 3e+8
#define ACCURACY le-10
#define FOR_ALL for(i=1; i<=NN; i++)

double  *Freq, *SIlr_Mat, *SIli_Mat, *SIln_Mat, *RC, XF, YF, REAL, IMAG,
*epsilonr, *epsiloni, DataTI, DeltaF, *S11r_Rs, *S11i_Rs, *S11n_Rs;

void Memory_Allocator();

void Read_Rs_Data();

void Read_S11_Mat_Data();

void Calculate_Epsilon_By_Iteration();

void Correct_S1!_Mat_For_Unwanted_Reflction();

void Calculate_Data_Time Interval_And_Frequency_Values();

void Complex_Newton_Rapson(double Epsilonr, double Epsiloni, double f, int P);

main()

{

clrscr();

Memory_Allocator();

Read_Rs_Data();

Read_S11_Mat_Data();
Calculate_Data_Time_Interval_And_Frequency Values();
Correct_S11_Mat_For_Unwanted_Reflction();
Calculate_Epsilon_By_Iteration();

return Q;



y

void Memory_Allocator()

{
Freq = (double *)malloc(NN*sizeof(double));
S11r_Rs = (double *)malloc(NN*sizeof(double));
S1li_Rs = (double *)malloc(NN+#sizeof(double));
Slln_Rs = (double *)malloc(NN*sizeof(double));
S1ir_Mat = (double *)malloc(NN*sizeof(double));
S1li_Mat = (double *)malloc(NN*sizeof(double));
Slin_Mat = (double *)malloc(NN*sizeof(double));
epsilonr = (double *)malloc(NN*sizeof(double));
epsiloni = (double *)malloc(NN*sizeof(double));

b

void Read_Rs_Data()
{

register int i;

char CI[11], C2[11];
FILE *fpl;

fpl = fopen("RSVe.DAT", '),

FOR_ALL

{
fread(C1, sizeof(Cl), 1, fpl);
fread(C2, sizeof(C2), 1, fpl);
#(S11r_Rs+i) = atof(Cl);
*(S11i_Rs+i) = atof(C2);
CI[11] =0’
C2[11] = "0

y

fclose(fpl);

¥

void Read_S11_Mat_Data()
{

register int i;

char CO[11], C1[11], C2[L1];
FILE *fpl;

fpl = fopen("RCE.DAT", "1™,
FOR_ALL
{
fread(Cl, sizeof(Cl1), 1, fpl);
fread(C2, sizeof(C2), 1, fpl);
#(S11r_Mat+) = atof(Cl);
*(S11i_Mat+i) = atof(C2);
*(S11n_Mat+i) = norm(complex (atof(Cl),atof(C2)));



void Correct_S11_Mat_For_Unwanted_Reflction()
{

register int i;

FOR_ALL

{
double w;
complex J = complex(0.0, 1.0);
w = 2.0*M_PI*(*(Freq+i))* le+9; Iw
complex U = J*w/CL; I Iwlc
complex c0 = -2.0*U*L,; /1 -2zl
complex ¢l = exp(c0); /l e™(-2TL)

complex ¢2 = complex(*(S11r_Rs+i),*(S11i_Rs+i)); // Rs
complex ¢3 = complex(*(S|Ir_Mat+i),*(S11i_Mat+i)); // Rm

complex c4 = ¢2%¢3; // RsRm

complex ¢5 = cd*cl; // RsRme~(-2tL)

complex c6 = ¢3%cl; /I Rme”(-2zL)

complex ¢7 = ¢6-c5; /I Rme"(-2tL)-RsRme(-21L)
complex ¢8 = 1.0-¢5; /[ 1-RsRme™(-27L)

complex ¢9 = ¢7/c8;
#(S1Ir_Mat+i) = real(c9);
#(S1li_Mat+i) = imag(c9);
*(S11n_Mat+i) = norm(c9);

¥
}

void Calculate_Data_Time_Interval_And_Frequency_Values()

{

register int i, j, k;

char C, Buffer[6], Tempo2[15], c[9];
FILE *#fpl;

clrscr();
Buffer[6] = "\07;
fpl = fopen("wavel.Dat", "r");

for(;;)

{
C = fgete(fpl);
if(C =="X")
{

Buffer[0] = C;
C = fgetc(fpl);
if(C =="T")

{

Buffer[1] = C;
C = fgete(fpl);
if(C == 'N’)
{
Buffer[2] = C;
C = fgetc(fpl);
if(C=="C")



Buffer[3] = C;
C = fgetc(fpl),

if(C == "R’);
{
Buffer[4] = C;
break;
H
b
¥
b
¥
b
c[9] = "N\O’;

C = fgetc(fpl);
fread(c, sizeof(c), I, fpl);
DataTI = atof(c);
DeltaF = 1.0/(NN#*DataTI);
fclose(fpl);
FOR_ALL
{
if(i<=((NN/2)+1))
*(Freq+i) = (i-1)*DeltaF* le-9;
else
*(Freg+i) = (i-1-NN)*DeltaF* ] e-9;

void Calculate_Epsilon_By_Iteration()

{

register int i;

*(epsilonr+1) = epsilon_s;
*(epsiloni+1) = 0.0;
for(i=2; i<=NUM-+1; i++)

{
if(i==1)
Complex_Newton_Rapson(epsilon_s, 0.0, (*(Freq+i)), i);
else
Complex_Newton_Rapson(*(epsilonr+i-1),*(epsiloni+i-1),(*(Freq-+i)), i);
*(epsilonr+i) = REAL;
*(epsiloni+i) = IMAG;
b
¥

void Complex_Newton_Rapson(double Epsilonr, double Epsiloni, double f, int i)
{
double R;

char C;

complex epsilon = complex(Epsilonr, Epsiloni);
complex S11Mat = complex(*(S11r_Mat+i), *(S11i_Mat+));



for(;;)

if(kbhit() != 0)

{
C = getch();
if(C=="x") break;
b
R = -20.0*M_PI*f+L/3.0; /I R =2rfl/c
complex ¢l = sqrt(epsilon); /el =+e
complex ¢2 = complex(0.0, R); // ¢c2 =iR
complex ¢3 = cl*c2; // c3 =iRve
complex ¢4 = 2.0%c3; // ¢4 = 2iRve
complex ¢5 = 4.0%c3; // ¢5 = 4iRVe
complex ¢6 = exp(cd); /1 ¢6 = eN2iRVe)
complex ¢7 = exp(c5); /¢ = e’\(4iR\/e)
complex ¢8 = z*cl; /] c8 = zVe
complex ¢9 = (1.0-c8)/(1.0+c8); // ¢c9 = (l—z*/e)/(l+2\/8)
complex ¢10 = c6%c9; Il 10 = ((1-zVe)/(1+zVe))eN2iRVe)

complex Sllc= (c6+¢9)/(1.0+¢10);// S1le= (eM2iRVe)+(1-zVe)/(1+z/e))(1+((1-zVe)/(1 +zVe))e 2iRVe))
complex SI! = Sllc - S1{Mat;
11 11 = (e”QiRVe)+(1-zVe)/(1+zve)) /(1+((1-zVe)/ (1+2e))
e™(2iRVe) )- S11Mat

complex cll = ¢5%c6; // c11 = 4iRVe*er(2iRVe)

complex ¢12 = z#(-1.0+c7+c11); // c12 = z#(-1+e"2iRVe)+4iRVe*e (2iRVe))
complex ¢13 = c6%c8; /] c13 = zVe#er(2iRVe)

complex c14 = (-1.0-c6-c8+c13); // c14 = (-1-e"2iRVe)-zVe+zVereN2iRVe))
complex ¢15 = cl4%ci4; I/ c15 = (-1-e*(2iRVe)-zVe+zVexe N (2iRVe)) 2
complex cl6 = cl15%cl; Il €16 = Vex(-1-eM2iRVe)-zVe+zVere (2iRVE) 2

complex DS11Deps = ¢12/cl6;
complex epsr = epsilon - (S11/DS11Deps);
if((fabs(norm(epsr)-norm(epsilon)) ) < ACCURACY &&
fabs(arg(epsilon)-arg(epsr))* 180.0/M_PI < ACCURACY)
{
cout<<i<<"\t"<<-imag(epsr)<<"™n';
fprintf(fp1,"%9f\n",-imag(epsr));
if((i%24) == 0) getch();
REAL = real(epsr);
IMAG = imag(epsr);
break;
¥
else epsilon = epsr;

y
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PROG-5.CPP

This program calculates correction factores for unwanted reflection by using the Giese and Tiemann
(1975) correction procedure.  The correction factores computed by this program are saved in a file
called RSV.DAT and are used in PROG-4.CPP to correct the measured S11(f) values for unwated
reflections.

Tilahun M. Worku
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#include <stdio.h>
#include <stdlib.h>
#include <string.h>
#include <complex.h>
#include <graphics.h>
#include <conio.h>
#include <math.h>
#include <iostream.h>
#include <time.h>
#include <complex.h>

#define NUM 75
#define NN 1024

#define PER_FREE_SPACE 8.854e-12

#define X11 195
#define Y11 10
#idefine X21 445
#define Y21 270
#idefine FOR_ALL for(i=1; i<=NN; i++)

#define CL 3e+8

double far *Freq, far *S11r_Mat, far *S11i_Mat, far *S11n_Mat, far *S11r_Ref,
far *S11i_Ref, far *S11n_Ref, DataTl, DeltaF, far *S11r_Rs, far *S11i_Rs,
far *S11n_Rs;

double epsilon_s = 24.4, z = 0.332, epsilon_inf = 4.8, f relax = 1.14,
Beta = 0.0, L = 0.041, R, bl = 1.0 - Beta, Sigma_dc = 0.0;

void Memory_Allocator();

void  Calculate_Data_Time_Interval_And_Frequency_Values();
void Read_S11_Data();

void  Calculate_S11_of Ref material();

void  Calculate_Correction_For_Unwanted_Reflction();



main()

{

register int i;

clrser();

Memory_Allocator();
Calculate_Data_Time_Interval_And_Frequency_Values();
Read_S11_Data();

Calculate_S!1_of Ref material();
Calculate_Correction_For_Unwanted_Reflction();

return 0;
b
void Memory_Allocator()
{
Freq = (double *)malloc(NN*sizeof(double));

S11r_Rs = (double *)malloc(NN*sizeof(double));
S11i_Rs = (double *)malloc(NN*sizeof(double));
.. SlIn_Rs = (double *)malloc(NN*sizeof(double));
Slir_Mat = (double *)malloc(NN*sizeof(double));
S1li_Mat = (double *)malloc(NN*sizeof(double));
S1In_Mat = (double *)malloc(NN*sizeof(double));
Slir_Ref = (double #*)malloc(NN*sizeof(double));
S1li_Ref = (double *)malloc(NN*sizeof(double));
Slin_Ref = (double *)malloc(NN*sizeof(double));
b

void Calculate_Data_Time_Interval_And_Frequency_Values()
{

register int i, j, k;

char C, Buffer[6], Tempo2[15], c[9];
FILE *fpl;

clrser();
Buffer[6] = \0’;
fpl = fopen("'wavel.Dat", "r'");

for(;;)

{
C = fgete(fpl);
if(C == 'X")
{

Buffer{0] = C;
C = fgetc(fpl);
if(C=="T)
{
Buffer[1] = C;
C = fgetc(fpl);
if(C =="N")
{
Buffer[2] = C;
C = fgetc(fpl);



if(C =="C’)

{
Buffer[3] = C;
C = fgete(fpl),
if(C == "R’);
{
Buffer{4] = C;
break;
¥
b
b
¥
b
b
c[9] = O’

C = fgete(fpl);
fread(c, sizeof(c), I, fpl);
DataTI = atof(c);
DeltaF = 1.0/(NN*DataTI);
fclose(fpl);
FOR_ALL
{
if(i<=((NN/2)+1))
*(Freq+i) = (i-1)*DeltaF*e-9;
else
*(Freq+i) = (i-1-NN)*DeltaF* le-9;
¥
b

void Read_S11_Data()
{

register int i;
char CO[11], C1[11], C2[11];

FILE *fpl;

complex J = complex(0.0, 1.0);

fpl = fopen("RCE.DAT", "t");

FOR_ALL

{
fread(Cl, sizeof(Cl), 1, fpl);
fread(C2, sizeof(C2), 1, fpl);
complex C3 = complex(atof(Cl), atof(C2));
*#(S11ir_Mat+i) = real(C3);
*(S11i_Mat+i) = imag(C3);
*(S11n_Mat+i) = norm(C3);

¥

b

void Calculate_S11_of_Ref material()
{

register int i, j, k;

double far *Epsilonr, far *Epsiloni;



complex J = complex(0.0, 1.0);

Epsilonr = (double *)malloc(NN*sizeof(double));
Epsiloni = (double *)malloc(NN*sizeof(double));

FOR_ALL

{

complex al = J; /lal = j

complex a2 = epsilon_inf; /I a2 = geo

complex a3 = epsilon_s; /a3 = €s

complex a4 = *(Freq+i)*al; /lad = fj

complex a5 = ad/f relax; /a5 = fj/frel

complex a6 = pow(a5, bl); I/ a6 = (fjifreh)(1-B)
complex a7 = 1.0 + a6; /a7l = 1 + (fjfreD)™(1-B)
complex a8 = a3 - a2; /l a8 = (€s - €=)
complex a9 = al/a7; /a9 = (es - ex)/(1 + (fjfre)™(1-B))

complex al0 = a2 + a9; // al0 = goo + (€3 - €e0)/(1 + (ji/fre) (1-B))
if(i == 1)
{

complex al5 = alQ; Il als5 = [eco + (es - g0)/(1 + (fj/freDN1-B))]
*(Epsilonr+i) = real(al5),

“(Epsiloni-+i) = imag(al5);

¥
- else
{
complex all = al*Sigma_dc; /l all = jodc
complex al2 = 2.0*M_PI*(*(Freq+i)); /l al2 = 2nf

al2*PER_FREE_SPACE; // al3 = 2nfeo

all/(al3*le+9); /1 214 = jodc/2nfeo

al0 - al4 Il al5 = [eco + (g5 - ge0)/(1 + (T frel)™(1-B))] - iodc/2nfeo
// THIS IS COLE-COLE EQUATION

complex al3 =
complex al4 =
complex al5 =

*(Epsilonr+i) = real(al5);
*(Epsiloni+i) = imag(al5);

¥

b

FOR_ALL

{
R = -20.0*M_PI*(*(Freq+i))*L/3.0; /IR =-2nfl/c
complex cO0 = complex(*(Epsilont-+i),

*(Epsiloni+i)); //c0 =¢
complex cl = sqrt(cO); /el =+e
complex ¢2 = R*J; /1 c2 =Rj
complex c4 = c2%cl; /l ¢4 =jRye
complex ¢5 = 2.0%c4; Il ¢5 = 2iRVe
complex ¢6 = exp(c5); Il ¢6 = eM2jRe)
complex ¢7 = complex(z,0.0); el =z
complex c@ = c7*cl; I/ c8 =zle
complex ¢9 = complex(1.0, 0.0); //¢9 =1.0

I €10 = (1-zVe)/(1+zVe)

/1 c11 = er2iRVe)(1-zVe)/(1+ze))

Il €12 = ((1-zVe)/(1+zVe)) + eM(2jRVe))
I(1+e2jRVe)(1-zVe)/(1+zVE)))

complex ¢10 = ((c9 - ¢8)Y/(c9 + ¢cB));
complex cl1 = c6*cl0;
complex ¢12 = (c10 + ¢6)/(c9 + cl11);

#(S11r_Ref+i) = real(c12);
*(S11i_Ref+i) = imag(c12);
*#(S11n_Ref+i) = norm(c12);



¥
¥

void CalcuIate_Correction_For_Unwanted_Reflction()

{

register int i;

FILE *fpl;
complex J = complex(0.0, 1.0);
FOR_ALL
{
double R, w;

w = 2.0*M_PI*(*(Freq+i))*e+9;

complex U = J*w/CL;
complex ¢c0 = 2.0%¥U*L,;
complex ¢l = exp(c0);

/1w

/1 Iwlc

/I 2L

/1 eM21L)

complex ¢2 = complex(*(S11r_Ref+i),*(S| li_Ref+i)); // Slic
complex ¢3 = complex(¥(S11r_Mat+i),*(S1 li_Mat+i)); // S1im

complex c4 = ¢3%cl;
complex ¢S5 = c¢4-c3;
complex ¢c6 = ¢2%c3;
complex ¢8 = ¢6-¢3;

if(real(c8) == 0.0 && imag(c8)==0.0)

{
*(S1r_Rs+i) = 1.0;
*(S11i_Rs+i) = 0.0;
#*S1in_Rs+i) = 0.0;
’
else
{
complex ¢9 = ¢5/c8;
*(S11r_Rs+i) = real(c9);
*(S11i_Rs+) = imag(c9);
*(S11n_Rs+i) = norm(c9);
b
b
fpl = fopen("RSV.DAT", "w");
FOR_ALL
{
if(*(S11r_Rs+i) < 0)
{

/I Silce™(21L)

/I Sllcer(2tL) - Si1m
/I S11eS11Im

// S11¢S11m-S1im

/1 [S11ceN21L) - S1lm]/ fSllcSllm-Sllm]

(int(*(S11r_Rs+i)) < -9) ? fprintf(fp1,"%8.6f ", *(S11r_Rs+i)):

}

else

{

fprintf(fpl,"%8.7f ", *(S11r_Rs+i));

(int(*(S11r_Rs+i)) > 9) ? fprintf(fp1,"%9.7f ", *(S1ir_Rs+i)):

y

if(*(S11i_Rs+i) < 0)
{

fprintf(fp1,"%9.8f ", *(S11r_Rs+i));



(int(*(S11i_Rs+i)) < -9) ? fprintf(fpl,"%8.6f ", *(S11i_Rs+i)):
fprintf(fpl,"%8.7f "', *(S11i_Rs+));
¥

else

{
(int(*(S11i_Rs+i)) > 9) ? fprintf(fpl,"%9.7f ", *(S1 li_Rs+i)):
fprintf(fpl,"%9.8f ", *(St li_Rs+i));
¥
¥
fprintf(fp(,"%s", " ")
fclose(fpl);
¥



