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Abstract

This thesis explores the possibility of measuring the movement of an underground
transmitter using electromagnetic waves. The displacement of the transmmtter was
estimated based on the magnitude and phase of the received electromagnetic wave, using
recetver antennas at fixed locations. Electromagnetic wave propagation underground was
dependent on the frequency used, soil type, soil moisture content and environmental
conditions. An extensive mvestigation has been conducted 1n measuring the soil dielectric
constant and conductivity When the sample moisture was increased, its dielectric
constant increased, being disperse for clays, but fairly linear for sands. Clays show a
higher conductivity. The optimum antennas to use underground were dielectric loaded
electric monopole and dipole antennas. A method was developed to predict the admittance
of insulated monopole antennas 1n so1l using measured data of the ambient medium The
field tnals have shown that propagation of an electromagnetic wave from a transmitter
underground to a receiver underground was possible over a distance of up to 30 m and to
a depth of 1 5 m. A simulation model was developed to predict the electromagnetic wave
propagatton from the source underground using the measured €, and ¢ Its predictions
compared well with the measured results. The model predicted that the lateral wave was
the strongest mode of propagation in the majority of the field trials. The field trials
confirmed these findings. The lateral wave starts at the source underground, travels to the
boundary, follows the air-ground boundary and then propagates back into the ground to
the receiver antenna. As the wave travels a sigmficant part of its path in air, 1t was less
susceptible to irregulanties underground. Measurement of the phase has shown 1t to be
sensitive to errors caused by reflections. This was the reason why reliable information of
the phase was not always available during the measurements. The field trials have shown
the possibility of using electromagnetic waves to track a moving transmitter underground.
Any system that estimates the underground displacement of the transmutter should have
two or more receiver antennas. The experiments have shown a possible accuracy of such a

system of approximately 2 m or less,

Nico J P Tillema
June 2000
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Mathematical Symbols and Constants
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radius of wire antenna

outer radus of single insulating layer

outer radius of second 1nsulating layer

vertical distance from horizontal antenna to air-earth boundary
radial electric field

transverse electric field

reflection coefficient, electric polarisation
reflection coefficient, magnetic polarisation
half length of dipole antenna

full length of monopole antenna

effective length antenna

ol

J-1

current distnbution on linear antenna

complex wave number

complex wave number of line

series inductance per unit length

radius of ground screen of a monopole antenna
Pointing vector

terminal voltage

tnput reactance

internal reactance per umt length

driving point admittance

shunt admittance

input impedance

vertical distance from underground/water antenna to air boundary
load impedance

series external impedance per unit length

seres internal impedance per unit length




mutual impedance

phase constant

phase constant in line

complex relative permittivity

real and imaginary parts of €,

azimuth angle

wavelength

wavelength in free space

relative complex permeability

relative complex permeability in free space
complex conductivity (inS/m:1S/m =1 mho)
real and imaginary parts of ¢

angular frequency




1.Introduction

This thesis was initially inspired by the need for a system that can locate and trace the
movements of an underground micro-tunnel dnlling machine. This machine 1s used for
laying pipes and cables. Its direction can be steered by an operator. Use of a micro-
tunnelling machine makes it unnecessary to dig a trench 1n the road. As the financial cost
and also the social cost of this type of roadwork is high, there is a growing demand for
‘trenchless’ pipelaying. Furthermore, laying an underground pipe or cable that crosses a
railway line or a river can be very difficult with conventional techmiques. The best system
available to locate the dnll is based on magnetic induction, in which a coil on the dnll
generates a magnetic field underground that 1s received by a coil on the ground surface,
above the dnll. The requirement of the receiver to be positioned above the dnll is its
limitation. The work described 1n this thesis is an examination of the possibility of using
electromagnetic waves to trace the underground dnll. In addition the thesis describes the
analyses the problem of underground navigation using electromagnetic waves through
experiments and simulations. The simulation model and the measurement procedures
developed in the research are tools that can be used 1n the development of a commercial

system.

11.  Background

The project described in this thesis aims to research into a method of remote positional
control for steerable dnlls and surface directional drilling techmque, by radical
development of existing location technology and research into new techniques. At
present, location of the dnllhead is effected by a transmutter fitted into the drilling head
transmitting a signal to a hand-held receiver placed directly above the line of the dnlling
operation. The maximum distance between drillhead and receiver 1s 6 m, which is the

limitation of the system,
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There are different systems for the position control of a micro-tunnelling machine. Many
of them are based on the use of different sensors to detect the drill’s position. Some
position control systems are based on measuring the displacement of the drnilling machine
mechanically [1]. The use of magnetic induction 1s most common. [2-3] In such a system,
two coils, with their axts perpendicular to each other, are attached to the drill. The
magnetic field generated by these coils is detected by an operator above the ground. The
position of the different coils makes 1t possible to also detect the rotation and the
elevation, The strength of the magnetic field 1s a measure of the depth of the dnll. The
maximum range 1s approximately 6 m, up to a depth of approximately 2 m. Addmg a
gyroscope to the magnetic mductton system will improve 1ts accuracy [4].

Another proposed method of positioning control 1s based on measuning the earth’s gravity
and magnetic field vectors [5,6]. But the vibration noise during the dnlling and the
circular movement of the dnll makes 1t difficult to signal process the output of actuators.
One method of solving that problem 1s the use of fuzzy reasoming 1in combination with the
above menttoned sensors [7]. However, this system has been shown to work only in very
limited sttuations. Hence, 1n 90% of the dnillings, the dnll 1s located using the magnetic
induction system. Long range boring rigs working on a 2 or 3 km long bore under a
railway or niver can give an electromagnetic transmitter information system in addition to
the traditional, accelerometers, magnetometers and inclinometers [8]. The transmutter is
switched on when the bore 1s nearly completed so that the tool can be guded to a set end
position. The literature survey confirms the need for an accurate system that can position

the drill remotely

An application related to underground positioning 1s radar. Georadar is based on
electromagnetic wave propagation in soil [20-23]. The frequency used is in the range of
500 MHz to 2 GHz. In some cases more frequencies are used when surveying a particular
site. The depth of penetration in the ground ranges from 3 m to 6 m, depending on the
moisture content of the soil, when using power levels up to 2 W. The radar has to be
positioned on the ground surface, above its target. Penetration depths of | km or more
have been achieved in the desert for water detection. The transmitter antenna 1s positioned
very close to the receiver antenna to achieve an angle of incidence with the boundary

between air and ground of =!% = for both the incident and the reflected waves.
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1.2. Aim of the Thesis

The main objective of this thesis 1s to analyse and explore the possibilities for measuring
the displacement of an underground transmitter using electromagnetic waves. In this
system 1t 1s assumed that the starting position 1s known The thesis reports on the results
of a sigmficant number of field trials. The areas examined are: optimum antennas for use
underground, dielectric constant and conductivity of soils, propagation modes of
electromagnetic waves underground and their attenuation and the opttmum frequency to

use.

The objective of developing tools that can be used to predict underground propagatton 1s
for the development of a commercial system and also to aid future examinations of this

fascinating field and other similar areas.

1.3. Work Done

One objective of the study was the reception of an electromagnetic wave from a source
underground at up to 30 m distance and up to 1.5 m deep To achieve this, careful study of
the so1l dielectric constant and conductivity, the characteristics of an antenna underground

and the modes of propagation underground, was done.

For understanding the modes of propagation of the electromagnetic wave underground, it
was necessary to know the environmental condttions of the medium the wave travels m.
One of the major problems 1n the study of underground propagation was the uncertainty
of what is underground. Chapter 2 discusses a method that has been developed in which
the dielectnic constant and conductivity was determined on-site. The research shows that
when the sample was wet, the water bonds with the soil particles and changes its
dielectric behaviour. The magnitude of the complex dielectric constant increases and
becomes frequency dependent. An extensive site survey was done in which samples are
taken to a depth of 2 m. The results were used in simulations of the performance of
dielectric loaded wire antennas and 1in the predictions of underground electromagnetic

wave propagation.
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The antennas used 1n this project were thin wire antennas such as the monopole and the
dipole. Using a wire antenna in a lossy dielectric, like so1l, resulted 1n current leaking out
into the medum, changing the current distribution, and hence the antenna gaimn, antenna
pattern and impedance which became a function of the surroundmg medium. This effect
was reduced by placing a diclectric shield around the antenna filament. Dielectric loaded
wire antennas are analysed 1n chapter 3. Various different antennas were constructed and

tested The measured results showed good agreement with the simulations.

Calculations showed that the attenuation of a plane wave underground was approximately
10 to 15 dB per m, except at VLF when the attenuation 1s less. Chapter 4 1s an
examination of the modes of propagation of the electromagnetic wave underground
Although the attenuation was high, an electromagnetic wave was recerved from an
underground transmutter located at 30 m distance. This chapter further analyses the modes
of propagation and finds an optimum frequency range. A simulation tool was developed
and used to understand the results from the field trials. Based on the field tnals and
predictions a feasibility study was done on underground navigation and location using

electromagnetic waves.

Concluding remarks and 1deas for future work are outlined in chapter 5. Appendix A
descnibes the site survey in which the dielectric constant and conductivity of samples were
measured. Appendix B further explans the co-ordinate systems used in the thesis The
conditions and environment m which the field tnal took place are explained in appendix
C for underground propagation, appendix D for underwater propagation and appendix E

for measurements of wire antennas underground.
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2.Dielectric Constant of Soils and Rocks

2.1. Introduction

To 1nvestigate the propagation of electromagnetic waves in the ground, 1t was necessary
to have a method available to measure the electrical properties of soils 1n the frequency
domain, especially the loss, 1n the search for an optimum frequency for transmitting a
VHF radio wave through different layers of soil using low power. As soil matenals,
whether moist or not, were usually in-homogeneous mixtures, often containing more than
one substance, it was difficult to understand their electrical behaviour. It was not the aim
to understand this process completely, but the soil electrical properties were investigated,
as these were input parameters for the simulation model for antennas 1n the ground and
underground electromagnetic wave propagation. The dielectric constant and conductivity
of the so1l determines the strength of the strongest signal received, the velocity at which 1t
propagates and the path 1t travels. The propagation loss and the frequency dispersion are
calculated 1n chapter four, based on the results presented 1n this chapter.

Three methods were developed whereby the dielectric constant was estimated by using a
coaxial probe, coaxial sample holder and wave-gumide. Results were presented for a
number of known soil matenals. The coaxial probe measurement method was used n the
field for a comprehensive survey at the site where underground propagation studies were

done,

22.  Dielectric Constant theory

All matter consists of molecules that contain charges. When the matter is exposed to an
electric field there is force acting on these charges. An 1deal dielectric contains only
bound charges that influence the field in which they are placed. To denve the dielectric

constant from Maxwell’s field equation, the first step is the separation of the vectors E
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and H in the equations. Then differentiate the equations with respect to time and

substitute the one equation into the other gives the wave equation for a homogeneous

plane wave;
d’E_ 4 +d’E d’H_ . .d'H -
PR PR @1

The wave propagates 1n the x-direction. The equation is simplified by assuming that E

and H are a function of x and t only. Solutions of the wave equations are in the form:
E=Eg/? "7 ¥ H=Hye/? 7V * 22)

The wave propagates 1n the x-direction with a complex propagation constant:

y=joNen =a +;B (23)
The real part of the propagation constant ¢ is the attenuation factor and the imaginary part
B 1s the phase factor of the wave. The complex dielectric constant € and magnetic
permeability p” determine the storage and dissipation of electric and magnetic energy in a
medium. The ratio of the coupled electric and magnetic field vectors, independent of x

distance, for a plane wave is.

*

E
== j;’g* _ i‘* _ 7 2.4)

This ratio Z 1s the intrinsic impedance of the dielectric. The propagation factor v is
proportional to (8*].1*)”2, while Z 1s equal to (p*fs*)” 2 These parameters are measured to
find € and p* individually. For this, both magnitude and phase of Z and ¥ have to be
evaluated. The definition of the intrinsic impedance makes it clear that this value may
depend not only on the physical properties of the medium, but also on the nature of the
field, which propagates 1n the dielectric. In this study, the samples were assumed to be
non-magnetic,

The complex dielectric constant e,' is normalised to the dielectric constant of vacuum gy =
8.85x10-12 F/m, hence: g = er*e() = (& - j &")&o. In this equation &, is the loss factor. The
conductivity 1s defined as ¢ = we” [1]. The conductivity quantifies ions of opposite
polanty in pairs moving in the electric field according to Ohm’s law, In the Maxwell
equations and the associated boundary conditions € and ¢ always appear in the following

combination [2}:

R
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O+ jwe = 0'+we"+j a)(e'—— E] = 0, + jwe, (25)

From (2.5) the real effective conductivity 6. = 6’+we” and the real effective dielectric
constant £=¢’-¢"/® are defined and will be used here. The conductivity 1s a measure of all
the losses in the dielectric caused by the migration of charge carners or the friction of
aligning polar molecules A damped microscopic oscillator emits a spectrum of
frequencies because the oscillation dies out in a finite time To consider the relations

between E and H in time, the wave can be expressed in the space domain at time ty as:
X

-2
) 26)

E=Ee " *=Ee % "e
Expression (2 6) 1s graphically analysed in figure 2 1. The wave amplitude attenuates
exponentially with o being the attenuatron factor in figure 2.1.a. The polar diagram m
2.1.b shows the wave as a vector rotating m the clockwise direction and the displacement
is expressed 1n radians. The attenuation per radian 1s called index of absorption and is

defined as:

al «a

The phase relation between the E and H field vectors can be derived from the impedance:
if E= Eoem‘ and H= Hoem2 , then %: Ze!W) = 74 (2 8)

When the dielectnic 1s non-magnetic, & is the advance of the E field vector. When p’=0,
the index of absorption 1s equal to the phase advance and tan £ = k [1]. Hence the phase of
the intrinsic impedance is the arctan of the index of absorption When a conductor 1s
placed in an external electric field the free charges move to the surface and make the
interior charge density and electric field vamsh. The dielectric constant of a conductor can
be modelled as (1 - o).

An 1deal dielectric does not contain free charges but the bound charges have an effect on
the electnc field. All molecules consist of atoms that comprise positive nucleus
surrounded by negative charged electrons. Electric forces on these charge carriers results
in small displacement of the positive and negative charges 1n opposite directions.
Although on a macroscopic level the dielectric is neutral, the displacement causes

polarisation of the dielectric. These charge carmers can be electrons around the nuclei
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(electronic polarisation) or the displacement of atoms 1in molecules with an uneven charge
distribution (atomic polarisation). Some molecules, like water, have permanent dipole
moments, due to asymmetric charge distribution around the molecules, These particles
align to the incident E field polansation. This is called orientation polarisation. Another
form of polansation occurs when the maternial exists of particles that have charges built up
at their interfaces Thus is the space-charge polansation.

Debye [3] gave the theoretical analysis of the behaviour of a dielectric matenal contarming
molecules with a permanent dipole moment. This theory predicts that when such a
matenal 15 placed in a DC electric field, the polarisation moment caused by the dipoles
aligning to the field does increase exponential with a time constant 1. In the transition
region of anomalous dispersion there is an absorptton conductivity and the situation may
be described 1n terms of a complex dielectric constant £'=¢’~je’’. The relaxation process 1s
described by Debye by the equation [3]
£y &,

g —g,=—2—=
* 1+ jor,

2.9)

where € 1s the complex dielectric constant with a value of & at low frequencies and €., at
high frequencies and 1y is a charactenstic constant which 1s called the relaxation time,
This suggests that the relaxation is independent of the frequency. However, experimental
data of soils [4,5] has shown the dispersion frequency range to be narrower than predicted
by (2.9) and the dispersion maximum to be higher. Their behaviour can be described with
two relaxation processes’

o0& £0 6.

W-I-EIO-*- (2.10)

£ =¢g,+ —_—
h 1+ jor,)™

where subscripts 1 and 2 refer to the two separate relaxation processes. The effect of o 1s
to broaden the relaxation. Dispersion and absorption can also occur in non-homogeneous
materials. Many dielectric materials do not show the behaviour as described by Debye
However, the relaxation process of water is very close to the one predicted by Debye and

the contnbution of water to the dielectric constant of moist soil is significant.

23.  Background

Research into dielectric properties of rocks and munerals is focussed on various

applications and the measured data published is valid for a limited frequency range. In




DIELECTRIC CONSTANT OF SOILS AND ROCKS

many calculations the electric properties of a sol are esttmated Knowledge of the
electrical properttes of a soil is of great importance for underground radar or
communicattons, remote sensing and geophysical prospecting. Remote sensing is used to
estimate the moisture content of the soil 1n order to predict quantities like crop yields. The
skin depth of the electromagnetic radiation in the ground can be calculated from
knowledge of the dielectric properties. In contrast to vistble and infrared, microwave
sensors are not affected by clouds, especially 1n the lower microwave frequencies and can
function independently of weather or sunlight level. In geophysical prospecting the
conductivity of the earth 1s important to measure the detailed structure of the ground. The
corrosion of bunied structures is due to an nterchange of current between the corroding
conductors and the environment. The current interchange is a result of potential
differences causing stray currents in the earth. Also, the probabilhity of a lightning strike
hitting a particular point depends, among other factors, on the conductivity of the earth

Hence, publications mn civil engimneering journals focus on soil conductivity at low
frequency

In 1934 Smuth and Rose [6] measured the dielectric constant of moist soil at =50 Hz and
concluded that &, = 100 000 at this frequency. Electrodes were used in the measurement,
For a long time dielectric constant measurements of moist soil samples were difficult to
make and the high values of the moist samples have been attributed to measurement
errors caused by electrochemical processes at the electrodes. Measurements [7] conducted
with an electrode 1n a specially designed sample holder were in the frequency range of
100 Hz - 1 MHz. The resistance of earth varies within extremely wide limits between |

and 10000 Q/m. The dielectric constant of dry so1l samples varies from 2 to 15 at 100 Hz
[7]. For samples with higher water content, the dielectric constant and the conductivity
increase over the measured frequencies [7]. The dielectric constant of moist sand
(w=2.34%), 15 reported to be significantly mgher at 0.1 Hz (~=1.65*100) while low at 5
MHz (g,=3.94) [8]. Measurement of the sand after heating and vacuum drying alters the
electrical properties of the sample significantly. In the frequency range of 0.3 - 1 3 GHz,
the real part of the dielectric constant 1s frequency independent, while £ decreases with
frequency between 0.3 and 0 5 GHz and is constant above 0.5 GHz. The dependence of €’
and € on soil texture composition (sand, silt and clay fractions) is a consequence of the

role played by bonded water.

10
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Much of the published work on dielectric constant measurements of soils and civil
enginecering has been related to road construction. In particular the measurement of
dielectric constant of base course aggregates in roads can be related to moisture content
[9,10]. Also the dielectric constant 1s related to the strength and deformation properties of
base coarse aggregates [9]. There appears to be a very good correlation between the
dielectnic properties and strength and deformation properties of all types of soils and
aggregates These results were based on DCP (Dynamic Cone Penetration) test and
resilient modulus measurements on various matenals ranging from iron ore graves to
granites. As the strength of a soil depends 1n part on nter-particle attractions [11]: it
would be expected, therefore, that the strength would also be influenced by the dielectric
constant. The dielectric constant will change with moisture content for various reasons
including the physiochemical properties of the soil, the proportion of solid, liquid and air
phases and also the structure and void ratio of the solid phase [11]. Thus the relationship
of dielectric constant of a soil sample to moisture content will be non-linear and
dependent on so1l type. It 1s investigated [12,13] to what extent the electrical properties of
soils could be used to characterise the mineralogy, state of packing and area of contact for
predicting engineentng  properties, explaming soill behaviour, and developing a
classification of soils based on both composition and environmental parameters.
Experiments carned out show that there is a strong relationship between dielectric
constant and clay mineralogy [12,13]. It 1s known that the cation-exchange capacity of
clays increases in the sequence’ kaolimite < 1llite < montmonllonite. This sequence 1s also
clearly shown when dielectnic constant 1s plotted against frequency. It 1s also investigated
how the dielectric constant 1s affected by different sand —clay mixtures, changes 1n water
content, and the effect of adding sodium chloride to the water within the soil, The sand-
clay mixtures showed a decrease in dielectric constant with increase in sand content. The
drelectric constant decreases with decreased water content The addition of sodium

chloride to the water decreases the dielectric constant.

24, Measurement techniques

Various methods for measuring the dielectric constant of materials have been proposed, in
which the sample is put into a sample holder [14-16] The disadvantage of using a sample
holder 1s that the preparation of the sample has to be done very carefully in order not to

disturb the sample density and to avoid any air gaps between the sample and the holder. In

11
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[17] a coaxial probe is used to measure the dielectric constant of so1l in the frequency
range of 03 - 1.3 GHz. In this method a semi-empirical model 1s used to predict the
complex dielectric constant of a sample. The model 1s shown to be valid for three types of
clay samples with various moisture contents. The method proposed by Athey [18] also e
makes use of a coaxial probe to measure the complex dielectric constant of high loss and
low loss materials. The complex dielectric constant is derived from the measured probe

impedance which makes this method more straightforward compared to [17].

2.4.1.Coaxial probe

For this study, the method proposed by Athey[18] was used The probe used was made of
a semi-nigid cable with a specific length. The open-ended probe capacitance was modelled
as a two parallel capacitance’s circuit to ground. These represent the transmission line
capacitance and the fringing field capacitance This fninging field capacitance,Cy, models
the reactive near-field, which was the electromagnetic field at the interface with air at the
probe end. When the probe was terminated with the sample, the relative dielectric
constant can be calculated from the reflection coefficient using the equation [18):
PR G W )
o jaZ,C(1+T) G , @.11)

where € 1s the complex relative dielectric constant,

~

r 15 the complex reflection coefficient,

Zy  is the transmission line impedance,

Ci 1s the fringing field capacitance and

Cp  1s the transmission line capacitance at the open end.
At frequencies below 2.0 GHz, Cg can be assumed to be negligible small and &, can be
found from the reflection coefficient, when Zg and C are known. The coaxial probe used
1n the measurement was a 3 6 mm diameter open-ended semi-rigid cable with a length of
0.049 m. The semi-rigid cable was a standard cable used in microwave measurements.

The probe was made by connecting a standard SMA {Semi Miniature-A) connector to one

end of the cable and then tnm the cable’s length The magnitude of T" at the point of
measurement also depends on the probe’s length Three probes were made with lengths
of 0049 m, 0.055 m and 0.106 m. The one with 0.049 m length gave the best results,

based on the measurement of distilled water and methanol, which were compared with

-
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published results. A probe with these dimensions was switable for measunng high-loss
materials at frequencies up to 2.0 GHz. The dimensions of the probe have to be small
compared to the wavelength, so the open end does not radiate out other than the fringing
field. The end of the probe was polished to get a slight tapered end to ensure good contact
with the sample, but also to increase the fringing field. The conductivity was calculated

from the dielectric loss factor.,

Calibration

Two vector analysers, the HP8410 and HP4195 were used to measure the reflection
coefficient. Before the measurement started, a ‘three standard’ error correction model was
used to mmprove the accuracy of two vector analysers. These standards were a
conventional matched load, an open/short circuit and the probe 1n contact with a known
dielectric. These standards were used as the outcome of these measurements could be
calculated and, therefore, the accuracy of the measurements could be determined. The
matched load was used to determine the directivity error. Then, the probe was connected
and the ‘probe-open’ and ‘probe-short’ were measured to find the source mismatch and
the frequency tracking errors. Initially, an open circuit capacitance was assumed. In the
calibration procedure this value was adjusted 1n order to find the smallest difference
between the measured and theoretical values of the dielectric constant of distilled water.
The theoretical values were calculated using the Debye equation for distilled water. For
our probe two values of the transmission line open-end capacity Cq, 0.0185 pF and
00215 pF, gave the smallest error, when using the HP8410 and HP4195 respectively The
comparison between the measured and predicted value is shown in Figure 23 The
dielectric constant of methanol was measured and compared with published data [9] as an
additional test 1n the calibration. The maximum error was under 4%. A reason for this
might have been the mismatch between the connector and the probe, as the magnitude of
the reflection shows a rippled pattern. The imaginary part of the dielectric constant of
distilled water shows an error at frequencies above 300 MHz, Therefore, the HP4195
ANA was used in the frequency range of 1.0 MHz to 300 MHz, taking a total of 200
measurement points The frequency range of 60 MHz to 2.0 GHz was covered by the
HP8410 ANA, taking 250 points. The dielectric constant of distilled water was measured

as a part of the calibration procedure, before every measurement. As movement of cables
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resulted 1n different measurement results, the probe was fixed in a clamp. The

measurement set-up was used on-site for field measurements.

2.4.2.Sample preparation

The samples used in the measurement are taken from various sttes or prepared in the
laboratory. The samples were kept 1n airtight containers to maintain their moisture content
constant. After the measurement the moisture content was established by measuring the
mass of the moist sample: placing it in an oven for 16 hours, and finally measuring the
mass of the dry sample. The gravimetric water content was calculated as:

w = mass H,O / mass dry sample (2.12)
Clay samples were prepared in the laboratory by mixing dry clay with distilled water to
create samples with various moisture content. The granular nature of dry samples makes 1t
difftcult to achieve a homogeneous density Vanations 1n dry density and, therefore, 1n
volumetric water content were unavoidable. At least three probe measurements were

taken from every sample and the average was taken as the final result.

2.5. Measurement results

The soil samples used were prepared from known materials with different gravimetric
moisture content. The samples were: Wyoming bentonite clay, keuper marl clay, English
China clay, Leighton Buzzard sand and river sand. The main difference between the
samples was that the particle size of clay was smaller than that of sand, which has an
effect on the binding forces between particles This interparticle attraction was the result
of two types of forces on soil particles that are related to its size: surface forces, like
Coulomb forces, are proportional to the surface area, whereas gravitational forces are
proportional to its particle volume. As particle size decreases, as with the clays, the
surface forces become more dominant. As with clays, electric charges dominate the
bonding of the particles, they were expected to be electromechamcally more active than
sands. Samples were prepared with a different moisture content. Due to the granular
nature of soils, the dielectric constant 1s also a function of the equilibrium void ratio at
different pressures in the sample. The pressure 1n the sample was very difficult to control,
resulting 1n a limited repeatability of the measurements Therefore, from the substantial
number of data some typical results have been selected to illustrate the dependence of the

complex dielectric constant on the frequency, soil type and moisture content.
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In figure 2.5, the plots for keuper marl and English China clay with moisture content of
approximately 20% are compared with plots of clay-loam [20] The lines for the dielectric
constant 1n figure 2.5 presents the Weighted Least Square of the measurement data The
dielectric constant of the samples with a very simlar moisture content differs in
magnitude, but show a similar curve. The dielectric behaviour of soils below 100 MHz
was aftrtbuted to the orientation polansation of the soil particles. Above 100 MHz, the
speed of the particle alignment was falling behind the electromagnetic wave polarisation
resulting in a decrease 1n the effective dielectric constant. At frequencies above 100 MHz,
the response of the sample to an incident electromagnetic wave was mainly iomc
polarisation. This explains the mcrease in conductivity at the higher frequencies, shown in
figure 2.5.

In these measurements, keuper marl shows the highest dielectric constant, which suggest
that the particle size of keuper marl was smaller than that of China clay and therefore the
particle alignment was slower as the Coulomb forces were stronger But the dielectric
constant of so1l also depends on so1l density {20]. Duning the measurements the density of
the samples was kept constant. Nevertheless, a smaller particle size may result in less air
gabs between them, resulting m a higher density, which will be measured as a higher
effective diclectric constant. Figures 2.5 shows that there is good agreement between the
measurements and the published data. Especially the trend of an increased dielectric
constant with decreasing frequency from 200 MHz down to 60 MHz was seen 1n all the
clay measurements The samples in figure 2.5 have stmilar moisture content. The line for
the conductivity 1s the average value of the measurement pomts. The conductivity
represents all loss 1n the dielectric. This may be caused by mugrating charge carners as
well as energy loss associated with the friction accompanying the orientation of dipoles.
Charge carriers 1n soils can be magnesium, calcium or sodium. Figures 2.6 shows the
measurement results for keuper marl samples with different moisture contents. When the
sample is wet, the water bonds with the so1l particles and changes 1ts dielectric behaviour.
The magnitude increases. The curve is steeper between 1.0 MHz and 400 MHz, when the
moisture content increases. More water molecules bond to the soil particles. The plots
show that the bonding of water makes the so1l electrical properties frequency dependent as
only relatively dry so1l show a fairly constant dielectric constant and conductivity. For all
the samples examined in the experiment, the dielectric constant increased with moisture

content. The dielectric constant of wet clay reached about 40 at 1.0 MHz, while its value
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is about 36 at higher frequencies. At 2.0 GHz the highest conductivity measured was 0.7
S/m. The measurement results of English China clay confirmed these observations. The
dielectnic constant of Bentomte was very high at low frequencies, being near 100 at 1
MHz, when the sample is wet. The conductivity increased with frequency.

The real part of the dielectnic constant of River sand was not frequency dependent.
Increasing the water content mcreases the dielectric constant also When the sand was wet
the imaginary part was frequency dependent, being near 50 at frequencies below 100
MHz. The conductivity increased with frequency, being near 0.02 S/m when the sample
was motist (w=20%). The plots of Leighton Buzzard sand show a very similar result. The
dielectric constant of dry samples, both clays and sands, vanes between 4 - 8, while the

conductivity was close to zero.

2.5.1.Relaxation model

Analysis of the graphs for moist so1l show a trend towards a relaxation curve as described
by one or two Debye relaxation models. The relaxation process of water 1s very close to
the one predicted by Debye and the contribution of water to the dielectric constant of
moist sol is significant. This suggests a major contribution of the relaxation process to
the dielectric constant Therefore, 1t was investigated what relaxation curve fits the data
by estimating €y and 7o and taking €.. from the measured data at 2 GHz,

As shown in figure 2.8 there was a good agreement between the measured data for the
keuper marl sample with a moisture of 21.3% and the relaxation curve. In this graph, the
relaxation process was modelled as one relaxation, as given by equation (2.9), with 7=
6*107'%, g5= 100 and e..= 26. At f= 2GHz, the relaxation model predicted € to reduce to
nil At this frequency the nature of the relaxation process changes, as 1onic polansation
becomes dominant. The relaxation time of water is Tuae= 0.25*%107% [1]. A relaxation
time longer than that of water suggest that the rotating umt involved in the relaxation
process was bigger than the water molecule, Figure 2.9 shows the measured data for
keuper marl with a moisture content of 11.3%. The curve fits the measured data only
when the dielectric constant was predicted using two relaxation processes For this sample
Tio = 5*10™%, £10 = 220, €1 = 5 and Ty = 1*10™'%, €59 = 28, €2.. = 13. Samples with
intermediate moisture content tend to be mnhomogeneous for particle size, Clay particles

clumped together where the moisture was, while other parts remam dry. A distribution 1n
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the sizes and shapes of the granules will tend to extend the losses over a large frequency
band. Therefore the relaxation was modelled with two relaxation processes. Finding a
relaxation curve to fit data of a relatively dry sample, as 1n figures 2.10 and 2.11 where
the moisture content of keuper marl 1s w=1.5% and w = 6 5% respectively, was difficult.
Between 1 MHz and 300 MHz the curve fits the measurement points in the graph The
discontinunty in the measured data above 300 MHz was caused by a measurement error.
Due to the granular nature of in particular these samples, the repeatability of the
measurement 1s reduced The dielectric constant bentonite clay was predicted with two
relaxation processes as 1s shown 1n figure 2.12, For this prediction 70 = 4*10s, £,0= 35,
Elw=4 and 1= 8*10'”3, €20 = 12, €2.. = 6. The moisture of the sample 15 9.6% Figure
2.13 shows the dielectric constant for China clay sample with a moisture content of
22.8%. This prediction was done with two relaxation processes with the parameters: Tp =

2*10°, £19= 150, £.= 3 and Tz0= 9*10"''s, £20= 17, £3.. = 10.

2.5.2.Site Survey

Environmental fa;ctors are uncertainties in the research of underground propagation.
Seldom 1t 1s known what is underground, what is the structure and type of the soil at a
given location. A thorough site survey was therefore undertaken at the location where the
underground propagation expenments were conducted. The distribution of the soil
dielectric constant and conductivity were determined so as to be able to estimate general
underground conditions.

Previous studies [21] show that the 24 hour average volumetnc water content can be
accurately found by sampling one hour before solar noon. Diurnal vanation depends
strongly on depth, irrigation times and other factors. The spatial soil moisture variability
decreases with depth [22]. Published results [21, 22] suggest that the number of samples
required to get accurate information on moisture decreases with depth, being 25 — 35
samples at d=1-2cm depth to 7-10 samples at d=30 cm in a field of 40 acres. In
conducting the site survey at Loughborough Umversity campus a hollow pipe was drilled
into the ground at 12 locations as shown in figure 2.15, to a depth of 2 m. Then the pipe
was pulled out of the ground and samples were taken from inside 1t through a side-slot.
The samples were virtually undisturbed. The samples were taken at locations that

correspond to depths of: 0.10, 0.25, 0.50, 0.75, 1.00, 1.25, 1.50, 1.75 and 2.00 m. Two

samples were taken at every depth and the average dielectric constant was taken as the
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final value for that depth and location. The arca of the site is 600 m” or 0.15 acre The
samples were taken between 11 am. and 3 p.m. on two consecutive days i1n March 1996.
The results for the site survey are 1llustrated in the form of contour graphs 1n figures 2.16

to 2 20, as listed m table 2.1.

Figure Parameter Range Frequency
2.16 c 0.34 S/m <6 <0.41 S/m 1 MHz
2.17 £ 31 <g<65 1 MHz
2.18 c 0.34S/m<0c<041 S/m 146 MHz
219 & 9<g <24 146 MHz
220 c 034 S/m<0<0.41S/m 300 MHz
221 & 3<e <20 300 MHz

Table 2.1 Range of the dielectric constant and conductivity as derived from the results of the site survey

The graphs show the soil electric properties 1n the vertical plane using results from
locations Al to A4, as shown on the map in figure 2 15. The results for the vertical plane
at locations B and C and the horizontal graphs for different depth are included in
Appendix A. At the start of the research 1t was anticipated that the soil consisted of
stratified layers of dielectric mediums. However, figures 2.16 to 2.21 show that this was
not correct for the site under investigation. The so1l structure here had a more circular
character, with the highest conductivity in its centre, as shown in figure 2,16, For all
graphs the conductivity varies between 0.34 S/m and 0.41 S/m. The relative dielectric
constant changes per frequencies, the range being the smallest at 300 MHz. This suggests
that the wave impedance for an electromagnetic wave travelling through the medium
changed less at 300 MHz, compared to the discontinuities at lower frequencies. Hence
less reflection and refraction was expected at this frequency. Many intrinsic and extrinsic
factors were responsible for this vanation because bulk density, soil texture and water
content have the same level of vanation [23]. These results (for a field considered to be
generally uniform) indicate the intninsic level of variability of soi1l water properties. The
distribution of the dielectric constant and conductivity are shown 1n figures 2.22 and 2.23.
At 1 MHz, 80% of the samples have a dielectric constant 1n the range of &, = 26 - 65 (a
variation of 39). At 146 MHz thisis e, = 5 - 26 (21) and at =300 MHz 80% of the
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samples are in the range of &, = 3 - 22 (19). The distrnibution of the relative dielectric
constant was narrower at the higher frequencies. This means that the propagation constant
varies less at higher frequencies, reducing the probability of reflections underground The
survey results were obtained at temperatures between 5°C and 20°C. Publications have
shown the temperature dependence of the electrical properties of water, as are shown in
figures 2.22 and 2.23. The conductivity shows a significant decrease at temperatures
above 30°C at rmcrowave frequencies It is therefore expected that the conductivity of
soils decrease with temperature because water plays an mmportant role mn 1ts electrical
properties. Measurements of moist so1l samples at 10 GHz [4] indicated a temperature
dependence of the dielectric constant and conductivity. The measurements were done in
the temperature range of -20°C and 25°C. Between -20°C and just below 0°C, both the er
and ¢ were fairly constant. For wet samples, €r and o increased sharply at 0°C, to level
out in the temperature range from just above 0°C to 25°C. The change at 0°C was more
apparent for wet samples. At subzero temperatures and also above 30°C, o measured was
lower than at 5°C - 20°C at which the samples m this study were measured. It 1s well
possible that in the 150 — 300 MHz frequency range the same process takes place,

resulting 1n a lower attenuation of the electromagnetic wave at these temperatures.

26. Conclusion

The coaxial probe used in the expenments was suitable for measuring the dielectric
constant of high loss and low loss soil samples in the frequency range of 1 MHz to 2 GHz.
The measurement system was portable, making 1t possible to conduct a survey on-site. No
sample preparation was necessary. The dielectric constant of dry soil was not frequency
dependent and was rated in between 4 - 8. Its conductivity was very low This applies
both to clays and sands. When the sample moisture was increased, its dielectric constant
increases, being disperse for clays, but fairly linear for sands. Wet samples exhibit a
higher dielectric conductivity, being dispersed for both sands and clays. Clays showed a
higher dielectric conductivity. The dielectric constant of soi1l may be as high as 50 at 1.0
MHz. Soil moisture content was an important factor of its dielectric behaviour, as was 1ts
grain size. A site survey had been conducted at the location where the underground
propagation measurements were undertaken. The dielectric constant and conductivity was

measured at |12 different locations and to a depth of 2 ms. The 1so-dielectric bars 1n the




DIELECTRIC CONSTANT OF SOILS AND ROCKS

graphs for the vertical plane show that the soil structure here had a circular character, with
the highest conductivity and highest dielectric constant in 1ts centre. The distribution of
the relative dielectric constant was narrower at the higher frequencies This suggests that
the wave mmpedance for an electromagnetic wave travelling through the medium changes
less at 300 MHz, compared to the changes at lower frequencies. Hence, less reflection and
refraction was expected at this frequency. The dielectric constant and conductivity of soil

was temperature dependent,
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Figure 2.1 Electric wave propagating 1n the x-direction
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3.Insulated Wire Antennas in a Lossy
Dielectric Medium

In applications where transmitter power 1s limited, the antenna efficiency may be a critical
parameter 1n determining the feasibility of a system In this chapter, the characteristics of
subsurface insulated linear antennas are investigated. Insulated antennas are used mn a
wide area of applications such as submarine communications, microwave hyper-thermal
treatment, telemetry and geophysical exploration. These experiments were part of a study
of an underground navigation system, using electromagnetic waves. The application 1s to
develop a system that 1s able to locate a micro-tunnel dnlling machine, used for laying
cables, underground. In principle, an antenna was mounted on the drill, transmutting an
electromagnetic wave through the ground. Both transmutter and receiver antennas were
positioned underground. The transmitter was powered by battery and therefore
transmission through sand, clay or rock has to be achieved using low power. As the signal
attenuation was high, the antenna electrical length may be a critical parameter in
determining the feasibility of the overall system. The aim of this work was to study the

effects of soil type and so1l moisture content on antenna design.

Many numencal computational codes exist for calculating the characteristics of wire
antennas Some of the numerical models for insulated antennas are valid for antennas in a
high loss dielectric only [1,2]. Transmission line theory can be applied to insulated
antennas in matter [3,4] by expansion of the wall thickness of the tubular metal shield of
the conventional coaxial Iine. This theory has shown to be valid for insulated antennas in
seawater (high loss) [3] and sand (low loss dielectric) [4]. In the measurements of antenna
charactenistics published [3,4], the soil constitutive parameters are fairly constant
functions of frequency. In the predictions the soil electrical parameters are assumed to be
constant. However, previous investigations show that this assumption 1s not correct for

sot1l samples [S]. The constitutive parameters of soils vary significantly with soil condition
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and frequency. In this study, the prediction of antenna impedance was based on the
measured soil constitutive parameters, which were used as input data into the computer
simulation program. The aim of this work was to study and predict the influence of soil
type and soil moisture content on subsurface antenna admittance and, in particular, on 1its

effective length.

3.1. Theoretical Formulation

The charge and current distnibution of a bare wire antenna in the ground was changed by
the ground constitutive parameters, making the antenna performance a function of the
ambient medium The current 1n the antenna element leaks nto the lossy dielectric and
that result in a high loss as well as a significant change in the current distrtbutton. When
using a matching network, a part of the impedance change can be compensated for, but
the loss 1n the matching network 1s a function of the antenna termmal 1mpedance. By
placing a dielectric sheath around the antenna element, the effect of the ambient medium
on the antenna characteristics can be reduced substantially. The current distribution in
dielectric 1nsulated antennas in highly conducting dielectric materials can be calculated
using transmisston line like equations [3,4]. The antennas are modelled as infinitely long,
perfectly conducting tubes in an insulating cylinder. When the cross section of the
msulation tube 1s sufficiently small, the wave will propagate in a TEM mode. The antenna
consists of a conducting wire of radius a, surrounded by two layers of dielectric insulation
with outer radii b and c¢. The dielectncs of the nsulation regions 2 and 3 have
wavenumbers ky=a(1o€2)""? and ki=eX|oes)"? respectively. The lossy ambient medium,
region 4, has a wavenumber k4=0)[p4(84+i64/(0)]”2 in which e=(g;’-ig;”)gp 15 the dielectne
constant, U=pp 1s the magnetic permeability and o=we,’g; is the conductivity of the
medium. The ambient medium and the insulation are assumed to be non-magnetic. The
wave number in the antenna element ki and the charactenistic impedance per m Z; can be

calculated using the equations [4]:

ko=(-z, ) z, =(z%, ]A (3.1.1)

with
zp =2 —iol+z°+ 2. y =g —ie; (3.1.2)

Here, z! is the internal impedance per unit length, defined by:
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zl = ’; _ixj‘ — rom JO[kla]
2 Ji[ka] (3.1.3)

in which rg=(ma2o{)! 1s the charactenstic resistance of the conductor. The seres

inductance per unit length is given by:

7=Hopb)
2 a’, (314)
and the series external impedance per umit length z€ is
1 Hyk,b
z"=r"—ix"’=lw‘u0 0[ u ] - (3 1.5)
27 \ kbH, [k b

The position of the antenna in a half space at a distance d from the boundary causes a
reflection of the radiated wave This wave creates a co-directional current in the antenna
element. This reflects the characteristic impedance and 1s included in the model as the

mutual impedance Z

1oopy [ Ho[2k,d] (3.16)
Zyy =hy — Xy, = o ka[k b]
PR LT
The shunt admittance is defined as follows.
127k
y, =g, —10, ey (3.1.7)
Wi, ln[b/a]

The current distribution of the open-ended Linear insulated cylindrical dipole antenna of
length 2h or monopole antenna of length h is well approximated by
1(z) = 1(0) oL 10 =4

sin[kzA] where Z, (3.1.8)
The charge per unit length along the antenna element 1s calculated from the continuity
equation [3]. The current and charge distribution of insulated monopole antennas in lake
water and in salt water, have been measured and shown to be in very good agreement with
the theory [7]. As the published measurements [7] and the calculated distributions of
charge are in good agreement and as the slope of these distributions also agrees, the entire
near field and far field can be calculated from the theoretical distribution of current A
Fortran computer programme based on [8] was used to calculate the field in the

dissipative medium.
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3.1.1. Theory Constraints

For the theory to be valid, the antenna ambient medium should satisfy the equations.

[k2| > 2J#2] k2| 2 2J«?| (3.1.1.1)
When the antenna 1s of finite length, this constraint can be wntten as:

AN (G 1.12)
This constraint means that the ambient medium 1s requtred to have a higher dielectric
constant and conducttvity than the insulating dielectric The wavenumber kg is at a

minimum for a given medium when its dielectric constant and conductivity are relatively

small, or at low frequencies.

3.1.2.Antenna Effective Length

The effective height h, of an antenna 1s one of the parameters in measuring its
performance When an antenna has the same polarisation as the incident wave E(p,9,2),
the output voltage 1s. V = h, *E(p,¢,z) The effective length of antenna can be found by
multiplying 1its physical length with the normalised average current The effective length
of the receiver antenna 1s a function of angle of incident of the incoming wave and can be

calculated from the current distribution:

h

he — J' Sln[kl. (h - Z')] e-—:h\"cosm,]dzv
o sin[k, Al (3.1.2.1)
ZkLe—lhh cos[g,]
(242 — k(1 - cos[24, ])sin[ 4k, 1)
_ 2k, cos[hk, 1 -1k, smlhk, — ]tk sin[hk, +¢,]
(242 — k(1 - cos[24, 1)sm[ Ak, 1) (312.2)
In the directron of maximum field @(=0 the equation reduces to:
ek, —k; cos[k h]—iky sin[k, A]
(ki = k§)sinlk,A] (3.1.23)
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3.2. Experiments

3.2.1.Antennas used in Experiments

The antennas used in the experiment were monopole and dipole wire antennas The
antennas wires were made of aluminium and had a diameter of 5 mm. The conductivity of
aluminium was found 1n literature to be 3.0*107 S/m. The antenna feed point was an
alummium ning with an outside diameter of 37 mm, with 1n 1ts centre a 29 mm diameter
PVC ring that holds the antenna element 1n 1ts place. The relative dielectric constant of
the PVC was measured in the frequency range of 8 - 12 GHz using wavegwde reflection/
transmission technique and was found to be constant at 2.7. As publications show [ref. 1,
chapter 2] that the dielectric constant of PVC is fairly frequency independent, 1t was
assumed that the dielectric constant of the PVC used was 2.7 in the frequency band of
100-300 MHz A foam sheath with a radius of 17 mm was used as insulation around the
antenna element. This foam was measured to have a relative dielectric constant of 1 0,
using the same measurement technique. The PVC tube with a radius of 19 mm holds the
foam 1n place The monopole antenna element was a aluminium wire of length h and 2.5
mm radius, on a ground screen consisting of 6 equal spaced radial wires of 0.69 m length
and of 25 mm radius as shown in figure 3.1, These dimensions were used in the
simulations. When modelling the feed point as an infimte transmussion line, its
charactenstic impedance was calculated to be 50 Ohm, based on these radhi and dielectric
constant. The ground screen was defined in the model as 6 fintte wires of 0.719 m, instead
of using the nfimite ground screen option in Mininec. The 0.719 m length accounts for the
wire length plus the radius of the aluminium ring, holding 1t. Four monopole antennas
were made with in-air resonant frequencies of 125, 150,175 and 200 MHz. Figure 3.2
shows that the agreement between measurement and simulation in Mininec is very good
up to 200 MHz. The anti-resonance was measured at a higher frequency than expected.
This is due to the antenna feeding that was not included in the simulation. For antennas 1n
a lossy dielectric, if R is the radius of the ground plane and A, is the wavelength in air,

then if R/Aq > 0.2 the effect of the ground plane on the monopole admittance 1s neghgible
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[8]. At 300 MHz, R/Ag= 0 69 as R=0 69m and therefore in these experiments the effect of

the ground screen on the admittance 1s negligible.
3.2.2.Experimental Results

The problem of measuring and predicting the characteristics of antennas underground was
made difficult by the fact that in most cases the so1l was not homogeneous. Also the
granular properties of most soils makes 1t more complicated to position the antenna 1n the
ground without disturbing the soil density. Therefore to evaluate the expernimental
method, the admuttance of antennas submerged in an in-door water basin was predicted
and measured. The diclectric constant and conductivity of the water was measured in the

frequency range of 100 - 300 MHz using a coaxial probe and was used in the simulation.
3.2.3.Antennas Underwater

Figure 3 3 shows the comparison between measurement and prediction. The difference in
the magnitude of the admittance suggests a mismatch between the antenna and the feeder
or water leaking into the insulation. However when the antenna was deeper in the water,
the resonant frequency was measured to be slightly lower than predicted. The effect of the
distance between the antenna and the water-air boundary on antenna characteristics 1s
tllustrated 1n figure 3 4 which compares the complex admittance, defined as Y = G + 1B,
at 0.5 m deep with the same measurement at 0.1 m deep For both depths there was a good
agreement between theory and measurement. The radiated field reflects against the
ground-air boundary and generates an additional component of the antenna admittance.
The measurements ndicate that the radiation admittance changes with depth. The high
mput conductivity of the antenna at resonance makes the antenna at this particular
frequency a relative efficient radiator. In anti-resonance the reactance and susceptance
were zero, as in resonance, but the conductivity was near a mimimum. To achieve a high
efficiency the antenna was to be used at its resonance frequency. Therefore, a further

study examined the effect of a changing environment on the resonant frequency.




INSULATED WIRE ANTENNAS IN A LOSSY DIELECTRIC MEDIUM

3.2.4.S0il as Ambient medium

In this investigation, the soil constitutive parameters measured at the frequency range of
IMHz to 300 MHz were used for predicting the antenna characteristics. The coaxial probe
used mn the expenments was suitable for measunng the dielectric constant of high loss and
low loss soil samples. The measurement system was portable, making 1t possible to
conduct a survey on-site. No sample preparation was necessary. Figures 3.5 and 3.6 are
results from Keuper marl clay and Leighton Buzzard sand The dielectric constant of dry
soil was not frequency dependent and was in between 4 - 8. Its conductivity was very low

This applies both to clays and sands. When the sample moisture was increased, its
dielectric constant increased, being disperse for clays, but fairly linear for sands. Wet
samples exhibited a higher dielectric conductivity, being dispersed for both sands and
clays Clays showed a higher dielectric conductivity. The dielectric constant of so1l may
be as high as 50 at 1.0 MHz.

3.2.5.Antenna Admittance in Various Soil Types

Figure 3.7 shows the difference between the prediction using a constant € and © taken at
150 MHz and &, and ¢ measured. Around the resonant frequency, the prediction based on
the € and ¢ measured was in better agreement with the actual antenna admittance.
Therefore, the electnical properties of the antenna environment were measured instead of
estimated.

To position the antenna underground, a dnll was used with a diameter equal to that of the
antenna 1nsulation, 1n order to minimise any so1l disturbance. In all the measurements, the
antenna element with its dielectric shield was 1n the ground while the ground screen was
on the interface between ground and air. The antenna which was designed to resonate in
air at 150 MHz resonated, in moist soil, at 96 MHz as shown 1n figure 3.7. The agreement
between measurement and simulation was very good. The so1l type was determined to be
keuper marl mixed with a small quantity of sand and humus. Its moisture constant,
expressed as the mass of the water contained in the sample related to the sample mass, 1n
percentage, was measured to be 6 5%. Resonance occurs at h=0.25),,. Figure 3.9 shows
the resonance frequency of an antenna with length h=0.556 m, simulated with the ambient

medium data of keuper marl and river sand with various different moisture content. A
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higher moisture content of the soi1l resulted 1n a higher dielectric constant of the ambient
medium, but also a higher conductivity and therefore a higher loss. Increasing the
moisture content of the sample from 5% to 10 8% made the antenna resonant frequency
decrease from 96 MHz to 93 MHz respectively This was because the dielectric constant

increases making the wavelength shorter for a given frequency.

3.2.6.Antenna Effective Height

As shown 1n figure 3.13 the antenna effective length h. was dependent the ambient
medum of the antenna For antenna with a length of 0.441 m, as was used in the
experiments, |he|=0.041 m in relatively dry keuper marl clay, while (he|=0015 m m
motst clay at its resonant frequency, when h/A=0.25 At this frequency, the antenna was a
more effective radiator in dry soil greater than a factor of two. This was due to the loss n
the ambient medium that reduces the amphtude of the current propagating into the
antenna conductor When comparing the results 1n figure 3.10, a shorter antenna has a
relative greater effective length 1n a high loss medium. Measurements showed that the
predicted Q of the antenna increases with a higher so1l moisture content, resulting in more
energy stored 1n the antenna, decreasing its efficiency. It was calculated that the dielectric
sheath should have a dielectric constant close to 10 to achieve the optimum antenna

efficiency.
3.2.7.Radiated Field

The standard method for describing the antenna radiation pattern in air was not suitable 1n
a conducting medium [9] because the pattern was highly dependent upon the choice of the
origin of the co-ordinate system. This was due to high dissipation of energy in the
immediate vicinity of the antenna. For an antenna in air, part of the energy n the near
field was stored In a conductive medium a major part of this energy was dissipated. In
expermmental determination of the radiation pattern of antennas in arr it is customary to
rotate the transmitter antenna while using a fixed receiver. The minor change 1n distance
of the transmitter to the receiver antenna when 1t rotates becomes significant 1in a
conductive medium,. Figure 3.11 shows |E,| as a function of distance from the centre of the
antenna wire. The calculated field on the conductor was zero, increasing to 16 dB for dry

soil, and —8 dB for wet soil, at the insulation. The overall field strength for dry soil was 25
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dB below that of wet soil. In figures 3.12 and 3.13 the |Ez| was predicted for dry and moist
soil. For dry so1l a minimum was observed at 37° from the positive p-axis The overall

radiation pattern was more omnidirectional in the higher conductive medium of wet sozl.

3.3. Conclusion

A method was developed to predict the admittance of an insulated monopole antenna in
soil, using measured data of the ambient medium, The model was based on transmission
line like equations and can be applied to monopole and dipole wire antennas but was
tested for insulated monopole antennas 1n soil and water. The electrical properties of soil
and water samples were measured on-site using a coaxial probe. There was good
agreement between the predictions and the measurements of the antenna impedance. The
drelectric constant and conductivity of soils can vary per soil type, soil moisture content
and frequency used. An increase in the moisture content of the sample from 5% to 10.8%
made the antenna resonant frequency increase. This was because the dielectric constant
increases making the wavelength shorter for a given frequency. The insulated monopole
antenna had a higher effective length 1n a low loss dielectric. In companson with dry soil
as ambient medium, the dipole antenna 1n wet soil had a shorter effective length and 1its
radiation pattern was more omnidirectional. It was calculated that the dielectnc sheath

should have a dielectric constant close to 1.0 to achieve the optimum antenna efficiency
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Figure 3.7. Comparison of the antenna admittance predicted with an ambient medium having a
constant electrical properties Monopole antenna: h=0.556 m, a=2.5 mm, b=15 mm, c=17 Ambient
medium is soil type keuper marl with a moisture content of 6.5%, €=18 and 6=0.1 S/m (IMHz)
changing to £=14 and 6= 0.4 S/m (300 MHz).
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4.Underground Propagation

41. introduction

In companson with electromagnetic wave propagation 1n air, underground propagation 1s
limited by the high attenuation due to the conductivity of soils and rocks. Environmental
factors hke soil electrical properties and soil structure are seldom known, making the
prediction of underground propagation difficult In this study the range of depth of the
transmitter was in between 0 01 and 3 m while the receiver was at 0.05 m depth and hence
the air-ground boundary affected the mode of propagation

The research aimed to have a simulation model that predicted the path loss for an
electromagnetic wave propagating underground. Using the simulation model and the
results from extensive field trials, the feasibility of underground navigation using
electromagnetic waves was tnvestigated. The antenna characteristics and the soil structure
and electrical properties discussed 1n previous chapters were used here as an mput mto the
model.

This problem of underground propagation can be approached in two different ways. One
approach would be by using numencal algorithms to calculate closed form integral
equations of the problem. An example of this is the Numerical Electromagnetic Code
(NEC) version 3, developed at the Lawrence Livermore Laboratory [1]. NEC combines an
electrical field integral equation for wires and a magnetic field integral equation for
surfaces to model wire antennas in their environment. The equations are solved
numerically using the Method of Moments (MoM) method. The other approach would be
to derive approximate simple equations that represent the different polarisation of the
wave propagating underground [2]. In understanding and optimising underground

propagation, this second method allows the analysts of the wave components
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independently and therefore gives more information. The path loss and phase velocity
measured in the field tnials were compared with the predicted results. The mvestigation
into underground navigation using electromagnetic waves discussed in this chapter was
based on the results of experiments of underground and underwater electromagnetic wave

propagation

4.2 Background

The study of the propagation of electromagnetic waves in an imperfect dielectric is of
relevance to geophysical exploration, subsurface communication, terrestrial mobile
communication and medical imaging Some early publications [1,2] focus on
communication through the earth’s crust. The ground is assumed to consist of a flat layer
of dry rock of approximately constant thickness over the transmission path, surrounded on
both stdes by wet layers of mgher conductivity and a thickness greater than the skin depth.
The basement layer of granite rocks in the earth’s crust has a low conductivity If the
transmitting and receiving antennas can be placed within the basement granite, the
propagation attenuation is expected to be very low. Early publications on submarine
communications described experiments in which electromagnetic waves transmitted from
submarnnes submerged 6 m deep could be detected m air at a distance of 1 km [3].
Electromagnetic waves are highly attenuated in seawater, due to 1ts high conductivity,
except at low frequencies for which practical distances are in the near field. The sea can
be assumed to be a homogeneous dielectric and the propagation can be modelled as
occurring 1n a dielectnc halfspace with a dielectric constant and conductivity.
Measurements 1n a lake [4] at 144 MHz conclude that the path loss over 100 m 1s 50 dB.
The transmitter and recetver dipole antennas are positioned in the lake water, just below
the air-water boundary. The relative permittivity and conductivity of the lake water were
measured and found to be 81 and 0.06 S/m, respectively. This conductivity 1s very low
compared to that measured for soil samples 1n this study and the loss experienced in
underground propagation are therefore expected to be much higher. The lake water can be
assumed to be a homogeneous dielectric and, therefore, there were no reflections other
than at the boundary with the arr.

Other research has suggested the use of electromagnetic waves for holographic imaging of
underground objects [5,6]. The propagation velocity of electromagnetic waves in seil is an

essential parameter for reconstructing object images. The subject depth and the
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propagation velocity in sotl can be estimated, in principle, from any two transmitter-
receiver tracks The depth of the object is estimated from the time between transmission
and receptton of the radio burst, taking into account the distance between the transmtter
and recerver. Using many of different distances between transmitter and recerver results in
a high accuracy of the estimated velocity. The frequencies used are in the range 500 —
1000 MHz. The ground acts like a lowpass filter. Dipole antennas are used, laying on the
ground surface or sometimes buried up to a depth of 50 cm. A simlar system was
developed to find underground water in the desert [7]. Both the transmitting and receiving
antennas were on the ground surface. In order to ensure the minimum amount of
refraction and to avoid total reflection from various underground strata, the incident wave
should be as near to normal as possible. This means that the receiving and transmitting
antennas are positioned close to each other. Using the variable distance between
transmitter and receiver, water can be detected at depths in the range of 100 to 2000 m.
The frequencies used are in the between 300 Hz and 4 kHz. Simular techmques are used
to find geological faults [8)]. From the reflection from the air-ground boundary, the ground
intnnsic impedance 1s calculated. The so1l stratified structure can be predicted from the
impedance. The power of the reflected wave measured was lower than calculated with
ray-optics theory that was used to find the impedance. Propagation studies through dense
forest 1n which both the receiver and transmitter antenna are in the vegetation concluded
that for a constant antenna height the received field vanes inversely as the distance square
[9]. The presence of the vegetation causes a constant loss. The wave travels from the
transmitter antenna to the air-vegetation boundary and travels laterally along the
boundary. The frequencies of the measurements are in the range 1-100 MHz. These
results are relevant to terrestrial mobile communication, for example for Terrestnal
Trunked Radio (TETRA) 1n the 420 MHz frequency band

In seismology the lateral wave is usually called the head wave. Analogous to underground
electromagnetic wave propagation, 1n acoustics there 1s a transversal wave, which 1s the
direct wave, and the longitudinal wave, which 1s lateral wave. In the case of pulsed
radiation the lateral wave reaches the point of observation first. Effective methods of
seismic exploration are based on 1ts recording and analysis [10]. The different velocities
of the direct and lateral waves makes 1t possible to determine the epicentre of an

earthquake.
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43. Theory

The study of the propagation of electromagnetic waves along the boundaries of fimte
regions that may have irregularities, obstacles and discontinuities 1s made difficult by the
uncertainty of the soil structure and properties. In one possible situation the soil was dry
sand and its electrical behaviour could be approximated by a lossless homogeneous
dielectric halfspace. Another situation was when the soil consisted of stratified layers of
so1l types with various dielectric constants and conductivities. Here, the wave propagates
between the ground — boundary and any boundary between the strata of so1l To be able to
solve Maxwell’s equations for the boundary conditions in an inhomogencous medum, 1t
would be necessary to model the material on a microscopic level From the dielectric
constant and conductivity survey as reported in chapter 3, 1t became clear that the soil
structure was far too complicated to model on a microscopic level Hence the soil was
assumed to a homogeneous 1sotropic dielectric halfspace. On the day of the field

measurements, soil samples were taken and the dielectric constant was measured on site.

4.3.1.Modes of Propagation

The properties and structure of what was underground allows for various modes of
propagation. A single dielectric interface supports a lateral wave while structures with
multiple boundaries support other field varieties, known as leaky waves The energy
shifting properties of leaky waves are much stronger than these of lateral waves, Within

the half space region the wave must satisfy the Helmholz equation:
(v +4%)p=0, (4.1)
where @ is any of the field components and k is the propagation constant in region 0 (air).

Given that the wave propagates 1n the x direction, the solutions appear in the form.

(Stratton)

¢=e:(kxx-kzz-cu) (4.2)

k]

where k, and k, satisfy the dispersion equation:

kz=,/k2-k,%, (43)

These boundary conditions satisfy for complex values k;, of k, which can be written as:
kp=B+ia. 44)
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The phase factor of the wave is k*sin{0), where the wave 1s incident or reflected at an
angle 0. There are a number of possible solutions that satisfy the boundary conditions
[11]. When the wavenumber k, is 1n between —k and k, then the wavenumber is real and ¢
18 a homogeneous wave. In the case that [k,| 1s larger than k, k, must be imaginary
therefore ¢ is an inhomogeneous wave. For discrete values of k, the continuity equation at
the boundary 1s satisfied and ¢ is a surface wave. A surface wave propagates along an
interface between two different media without radiation. This radiation is energy
converted from the surface wave field to some other form. The wave propagates along an
1dealised surface, which 1s a perfectly smooth and longitudinal straight interface [12]. The
surface is assumed to be smooth when any obstacle is smaller than 1/16 A.

When k,=kp, ¢ is a complex guided wave. In case of a single dielectric interface, this
guided wave 1s a lateral wave, while structures with multiple boundanes this will be a
leaky wave. When the medium is lossless, k 1s real and to satisfy equation (4 3), k; has to
be complex also, resulting in an evanescent mncident wave. Because of this decay, a
homogeneous (plane) wave cannot by 1tself excite a lateral wave. When vertically
polarised, an inhomogeneous wave suffers an exponential delay in the z direction and
therefore possesses a field structure with an evanescent distribution over the wavefront.
Therefore, a line source or point source can nevertheless excite a lateral wave 1n a lossless
medium.

The entire wave splits in two groups of waves in propagating along the boundary. In the
first group there are the usual incident wave, the corresponding reflected wave, and the
refracted wave, which are all exponentially decaying waves, as 1s shown 1n figure 4.1. In
the second group 1s the wave refracted and propagating along the boundary, and the lateral
wave. Each group propagates with 1ts own velocity and satisfies the boundary conditions
separately [10]. A way of analysing the propagation of surface waves and lateral waves 1s
by defining the surface impedance of the guiding structure in terms of field components,
The wave attenuation depends not only on the physical properties of the guiding structure,
but also on the nature of the field For a given structure there are two possible values for
this impedance, one depending on the transversal electric field and longitudinal magnetic
field and the other (for perpendicular surface waves) on the longitudinal electric field and
the transversal magnetic field. Once the surface impedance has been defined, the decay

factor of the surface wave can be related to it. This relation also depends on the surface
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geometry. The field must penetrate a finite distance into the guiding structure, because a
fimte volume 1s required for the storage of energy [12]. In general, an increase in the
reactance will reduce the effective spread of the surface wave field outside the surface,
and at the same time reduce 1ts phase velocity along the interface. Any increase in the
resistance tends to tilt the wavefront (represented by an equi-phase plane outside the
surface) forward, so that a larger proportion of the power is directed into the surface. This
results 1n increasing the value of the phase velocity in the direction of the interface. The
higher the reactance of the supporting surface the more closely is the dense part of the
field confined to the surface region and the smaller is the radiation arising from any slight

curvature 1n the direction of propagation.

4.3.2. Approximate Equations for the Lateral Wave

The first investigator to present a theory of ground-wave propagation over flat earth was
Somerfeld mn 1899 [13]. The wave he described is excited by a vertical dipole antenna
above earth. Zenneck, one of Sommerfeld’s students, gave the appropriate solution of
Maxwell’s equations for the inhomogeneous plane wave over a flat surface with fimte
losses, and thus 1s a surface wave In 1936, Norton published simphfied equations for the
lateral wave component of Sommerfield’s complicated solution [14]. Bafios [15] dentved
approximate equations for subsurface dipoles in seawater, In this model the wavenumber

Y2 and the sea water, region 4, has a wavenumber

i ar, region 0, is ke=0(llo€3)
ks=o[ps(e4H164/0)]" 2 in which e=(g,’-ig")gy is the dielectric constant, y=py 15 the
magnetic permeability and 6=we,” ey 1s the conductivity of the medium. The seawater is
assumed to be non-magnetic. The radial distance between the transmitter and receiver
dipoles is p, while the transmmtter and recerver are at depths d and z respectively. The
point of observation is specified in cylindrical co-ordinates (p,9, z) with region 4 defined
by z>0 and region 0 (air) by z<0. The positive x-axis lies along the axis of the dipole and

its origin cotncides with the origin of the cylindrical co-ordinates as is shown 1n figure

4.2. The source is a dipole normalised to have an unit electric moment (1 Al =1 Am). For

the near field the field components for distances in between: kgp <1< |k4 pl

4p = "‘*’2 ‘coi—¢e’(kop+k4(d+2)) (4.3)
2nky p

57
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i sin

E4¢ —_ 1y (0 (k0p+k4(d+z)) (4 6)
w3 p

k& cos koo+k

Eqy=- Xy 3’0 2(0 i{kgp+kg(d+z)) 47

2nky p
The field components for the mtermediate field, for distances ranging from:
(ko/k3 Jkor| < 1< kop

E4p _ laﬂoko COS@ ko ‘MO(’EJ et(k0p+k4 (a'+z)) (4.8)
ki P i 2/

Eqp=- Wpko s1nq0 [+ mko(l?] e:(k0p+k4(d+z)) (4.9)
27k} p? 2k4 ]

Eqy = 10¥10k0 COS(P kO 11 (p) (k0p+k4(d+z)) (4.10)
2mk; P k4 V 2

In comparing these equations for E4, the wave attenuation is proportional to 1/p* m the
near field and approximately 1/p in the intermediate field. The attenuation 1s expected to
reduce when the wave travels from the near to the intermediate field. Also in the near
field E4, shows the lowest attenuation. The attenuation as a function of depth of the
transmitter and recetver 1s exponential and has a major contribution to the overall
attenuation, as k4 is ligher for lossy matenial. The model as proposed by R.W.P. King has
shown to be accurate for propagation 1n sea and lake water [2]

The lateral-wave field of electric type has the following components in the earth or sea:

Eqgplp.802) = - a;’{"z cos(¢){k0g(p,k4,ko)e"‘ope"‘4(z+“') @11

4

\
{%;3 kan +(ﬂ][rk_;__3_3}m
S P Ap° 2p

\2( ,2 , 2( ,2
1 (z—d thj _31;4 _3_; e,k4,.1+(z+d] tk _3/;4 _% thary
2 n n n H " 2 o) ¥y




UNDERGROUND PROPAGATION

Espp.92)=- 20;02 Sm(¢){koh(9, kg kg )e 0Ptk (z+d) 4.12)
4

2 . 2 :
Lz A7 R I I S 7 S R IO O
2 # 2 "3 2~ 3
2 non T n

+l(z+dJ ik} 3ky S et [z+dJ ik} kg 3 1,(4,1}
— — -_ - - e
n AP 20 8} n An o} i}

k
Eis(p.ghz) = - 2";“’2 cos(¢){-,ff(p, ky kg )etk0Petka(z+d) @.13)
4

1 (pj[z—dj Ik;% 3k4 3 lk4r1
il N B - - €
21\n n n ?‘12 I‘13
2
+(£J[2+d] thi _3ka 3t kg ]}
nAn An W 8

In these equations f{p,k,.k,), g(p,k,.k,) and h(p,k, ,k,) are:

ky 1 K3 2
f(p,kn,kz);—z-—z-—[i) 7 F(p) (4 14)

. ‘ 1/2

lkz | i k;’( b4 ] -
gk hy) =2 ———— 22| 2| PR(p (4.15)
(p | 2) p p2 k2p3 k4 kzp ( )

1/2

2 2 lkg'( V3 ] -
W,k ky ) = —+ + e P F(p (4.16)
(p.k1 k) Pt kpd kip\kap (7)

With the Fresnel Integral equation:

F(P) =%(l+i)—C2(P)-182(P) 4.17)
where
f en
Cy(P)+iSy(P) = dt (4.18)
) \omt

The equation C,(P)+:1S;(P)can be written in the form of a series expansion of the

complex error function [16]. The parameters P, R and Z are:
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(R-2)? k3p
P R K 24} 2ky 0 @

In (4.11), (4 12) and (4.13) the radial distances r| and r; are given by:

r = w/,o"- +z2 ry = 1/,92 +d? (4.20)

The direct field 1s given by all terms with etkan , in which r, is the direct path and ky is

the complex wavenumber of the electromagnetic wave in the dielectric. The reflected

field is the sum of all terms with ¢*4’2 . The lateral wave field is given by all term with

k0P ks (2+d) Eron thyg equation, it becomes clear that the magnitude of the recerved
signal is exponentially attenuated with the depth of both the transmitting and receiving
antennas. When z and d are constant, the lateral wave attenuates exponentially with
distance p and with a wavenumber k0.

In region 4, when z 2 0 and [ks] >> |ko|* Equations {4.11) to (4.13) were tested for lake
water and seawater, whereby water, by its nature, can assumed to be homogeneous. In
these measurements, the properties of the dielectric are constant 1n time. Electromagnetic
wave propagation underground is made difficult by the uncertainty of the composition of
the so1l and its electrical properties. Additionally, weather causes the dielectric constant
and conductivity to change, making electromagnetic wave propagation underground
change with time and location. As discussed in chapter 3, an increase tn soil moisture
content increases the dielectnic constant and conductivity and, therefore, also the
wavenumber and the mode of propagation of the electromagnetic wave underground. This
means that the path of the strongest signal received also depends on environmental
conditions like the weather. Also, the path of the strongest signal vanes, as 1t is a function
of distance between the transmitter and recetver As part of this research, extensive field
trials were undertaken to measure the amplitude and phase of the received signal,
Equations (4.11) to (4.13) were used to simulate the field trials to evaluate their validity
for various conditions. The first measurements are on underwater propagation, as the
medium 1s homogenous and the environmental conditions for the experiment are easily
controlled. The electrical properties of the medium are measured on site at the day of the
measurements and used in the simulations. When the theoretical results are in good
agreement with the measurements, the propagation modes are analysed. Then the

environmental parameters were changed to study possible variations in phase and
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amplitude of the recerved wave. The aim of the study was to predict the displacement of
an underground transmitter, using one or more receiver antennas on the ground surface.
Related publications were on underground radar, which focus on applications where the
transmitting and receiving antennas are a few m above the target. A situation where the
transmitter is 3 m deep underground and with a radius up to 60 m away from the receiver
antenna is a different problem Soil aggregates, by their nature give a variation of
attenuation and wavelength change of electromagnetic waves travelling through them

Abrupt changes 1n dielectric constant or underground pipes or objects may result 1n wave
reflection. Reflections from underground pipes will greatly depend on the location and
orientation of the pipe relative to the wave polanisation Also the conductivity of their
matenal makes a difference to the reflection The data from the field trals are examined
for evidence of reflections on objects. In the prediction of underground wave propagation,
the so1l was assumed to be a semi-infinite homogeneous medium. The data from the
survey was used to find reahistic values for the & and ¢ used as input parameters 1n the
model The survey data was also used to explain the propagation measurements. An
important question in the study was the strength of the lateral wave and surface wave, if
present at all. It was expected that the irregular surface of the field where the trials were
taking place might obstruct such a mode of propagation.

To analyse the modes of propagation that exist near the boundary between medium 0 (air)
and medium 4 (ground), first the reflection coefficient of a homogeneous plane wave
excited by a source (1) in air and (2) underground were calculated The plane wave
reflection coefficient of magnetic type, in which the electric field 1s perpendicular to the

plane of incidence, 18

cos(8) - y,,,(6)
cos(8) + y,,(8)°

fmr =|fmr[€_l¢’mr = 421)

where y.m 1s the normalised magnetic surface admittance given by,

2 3
Y(@)=n* -sm’*(8), n’ =[k—") =, —-’a—g“— (4.22)

kll L&

In equation (4.22) #n is the refraction index for both types of reflection coefficient. The
plane wave reflection coefficient of electric type, in which the electric field is parallel to
the plane of incidence, is

cos(@)-z.,(6)

cos(9)+ z, (9) ! (423)

fo=|fole® =

61
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where z,, is the normalised electric surface impedance given by:

z, (9) = _—__vnz—smz(ﬁ) (4.24)

2 3
n

Figure 4.3 shows the magmtude of £, and f, for a homogeneous plane wave in ar,
reflected on the ground. Medium 4 1s so1l and was assumed to be a homogenous isotropic
medium. The soil characteristics vary from relatively dry sand and clay aggregate soil
with a gravimetric moisture content of w = 63 % to wet soil with w = 22.7%. The
conductivity varied between ¢ = 0 02 S/m and 0.17 S/m. Figure 4.4 shows the magnitude
of f., and f,, as a function of conductivity. The magnitude of f., was at a deep minimum
when the angle of incidence is near /2. When medium 4 (ground) had the hmghest
conductivity and dielectric constant, the reflection coefficient was the lowest. This
suggested the highest absorption of energy caused by currents at the surface. From
geometric optics, the Brewster angle 1s the critical angle of incidence ¢, when there is no
reflection or transmission and the wave 1s refracted and propagates along the surface.
When the medium below the surface is lossless the angle of incidence ¢, is real. For a
lossy dielectric like the soils in figure 4.3, the plane homogeneous wave can no longer
experience zero reflection and the angle of incidence 1s known as the pseudo-Brewster
angle for which fi; 1s a mummum In these circumstances, the wave cannot be regarded as
a characteristic mode of the surface [12]. Only an inhomogeneous wave 1s capable of
satisfying the requirements of a pure mode supported by a lossy surface. The Zenneck
surface wave 1s an inhomogeneous plane wave in air incident on a flat surface at the
Brewster angle. Graphs of f. and fj,; for a homogeneous plane wave i1 medium 4
(underground) reflected against the boundary with medium 0 (air) are shown n figure 4.5

The magmtude for f.r shows the deepest mimimum for the so1l with the low conductivity.
This mimimum moves closer to zero when the conductivity increases The differences 1n
f.r and fin for a given angle of incidence 1s less significant than in figure 4.3. Overall, the
reflection coefficients are high indicating that little energy 1s transmitted into medium 0
(air) or refracted along the surface when the angle of incidence is at the Brewster angle,
The conditions under which the lateral surface wave exists are an inhomogeneous wave
incident on the boundary with an angle of incidence that is near the Brewster angle. A
lateral wave is a bundle of rays or a beam of bounded extend incident at the boundary at
an angle ¢, close to ¢, A lateral wave is absent if the incident field 1s a homogeneous

plane wave, so that the finite width of the incident field is essential in producing a lateral
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wave The lateral wave manifests itself by (a) producing a lateral shift of the bounded
reflected wave and (b) excrting a weak field that accompanies the reflected field. Neither

of these two effects 1s accounted for by geometnic optics [17].

Experiments have confirmed the validity of equations (4.11) to (4.13) by R.W.P. King
when medium 4 is lake water. A comparison between these and the approximate
equations for the near field and intermediate field derived by Baiios are shown in figure
4.6. Between 0 3 m and 3 m distance the agreement between both approximations 1s good.
At close range and far distances the differences are large. Equations (4 11) and (4 13)
have been shown to be in very good agreement with numerical solutions of the

Sommerfeld integral equations [2]. Hence they will be used 1n the rest of this chapter.

44.  Equipment for Field Trials

4.4.1.Frequencies used

At the start of the field trials the modes of propagation excited by a transmitter
underground were difficult to predict. The rough terrain surface and the uncertainty of
what is underground made the excitation of surface waves unlikely. The use of HF or
lower frequencies would make the size of effective antennas impractical for field tnals.
From the measurements of soil dielectric constant and conductivity that were used to
predict the plane wave attenuation it was clear that transmisston on frequencies above 500
MHz results in a very high attenuation. Partly from the predictions and partly from the

practical concerns, it was decided to use frequencies in the range of 100 to 300 MHz.

4.4.2.Antennas Used

Unlike a conventional antenna in awr, with parameters that are independent of the
electromagnetic environment, reflections from the conducting surrounding media
impinging upon an antenna underground can degrade such parameters as gain, bandwidth,
sidelobe level. Also the absorption and storage of energy in medium 4 changes the
antenna pattern. As was concluded in chapter 3, the positioning of a dielectric loaded
dipole 1n a conductive medium resulted m a limited gain increase but also in

desensitisation. In order to create a large electrical moment, 1t was possible to increase the
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current to compensate for a small electrical length, but only up to the current carrying
capacity of the conductor and the available power. It was evidently desirable to have as
larger effective length as possible and to use mimmum power. Therefore, dielectric loaded
antennas were used with a length matched for the frequency and environmental
parameters As 1n the field tnals, the circumstances in which the antennas were used
varied greatly, dielectric loaded monopoles or dielectric loaded dipole antennas without a
balun were used. The characteristics of the antennas were predicted after the field trials
and fed into the simulation. Samples of the soil at the site were taken on the day of the

trials and their characteristics measured on-stte and in the laboratory

4.5. Underwater Propagation Experiments

Experiments of underwater propagation were conducted 1n the basin 1n the Underwater
Acoustics Laboratory at Loughborough University. The aim of the experiments was to
measure electromagnetic wave propagation in a homogeneous half-space with a smooth
plane boundary, as 1s assumed on the simulation model Interference from reflections was
very small, as the attenuation of the electromagnetic wave in water is sigmficant. The
measurements were done in the centre of the basin, away from the walls. The dielectric
constant and conductivity of water were measured to be €,= 76 4 and ¢ = 00145 S/m
respectively. Two bare dipole antennas were used with a physical length of 0.75 m. The
power fed nto the transmitter antenna was 24 dBm. The measurement set-up 1s described
in Appendix C. Both the transmutter and receiver antennas were submerged 1n the water to
a depth of 0.02 m. The distance between them was vaned between 0 10 and 2.00 m.
Figure 4.7 shows the measured amplitude of the received signal, compared with the
predicted signal, while figure 4.8 shows the phase. The agreement was very good except
for distances smaller than 0.30 m, where the predicted power level was higher, The
attenuation between 0.10 and 0.30 m was exponential and hence very sensitive to small
errors 1n measurement of the distance between the antennas or the antenna horizontal
ahignment The 1/p attenuation was charactenistic of the direct wave. The phase of the
received signal is shown in figure 4.8. Between 0 10 and 3.50 m the phase was nearly
linear indicating a pure direct wave. The wavelength seen was the wavelength in water,
which was 0 69 m, as calculated from the electrical properties of water. Between 3.5 and

8 m the lateral wave takes over from the direct wave, until after 8 m the lateral wave
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becomes dominant The amplitude of the reflected wave was very small. As the antennas

were very close to the water surface, there is no reflected field,

4.6.  Underground Propagation Experiments

The measurements of underwater propagation have confirmed the validity of the theory in
a situation where the medrum 1n which the source was located was homogeneous and
could be assumed to be a half-space. The study of the propagation of electromagnetic
waves underground along the boundanes of finite regions that may have wrregularities,
obstacles and discontinuities was expected to result in greater differences between the
prediction and the actual experiment In this study the discontinuties were not included n
the propagation simulation model, but any unexpected irregulanities 1n the measurement
were examined qualitatively. Studies of the dielectric constant and conductivity of soils in
Chapter 2 have shown that the path loss of a plane electromagnetic wave underground
was on average 15 dB/m for moist soils Plane wave transmisston over distances larger
than 10 m m moist so1l was therefore not feasible. This clearly suggested that the analyses
of the underground propagation measurements should be focussed on lateral wave
propagation near the air-ground boundary. In the extensive field experiments conducted
as part of this study both the transmufter and receiver antennas were within 2 m from the
arr — ground boundary. The measurements were done 1n a field on the campus of
Loughborough University. For a distance of 30 m a pipe was laid underground, using a
micro tunnelling machine The maximum depth of the pipe was 1.5 m. The depth and
location of the underground pipe was estimated from a location system, based on the
magnetic field excited from a coil n the dnll By finding the strongest signal, the location
of the dnll was found. Then the depth of the drill was estimated, using the strength of the
magnetic field. This location system requires the receiver to be above the drill, which may
not be possible in many applications. Examples are the dnlling under a nver or railway
line. The plastic pipe has an inner diameter of 48.5 mm and a thickness of 6 mm. A
diagram of the site and pictures are included in Appendix B. The pipe functions as a
micro tunnel through which the transmitter was moved. The aim of the project was to
estimate the underground displacement of the transmitter by measuring the amplitude and
phase at the receiver antenna(s). There was a frequency spectrum because the oscillation
died out 1n a fimte time. The damped oscillations of the soils and water particles produced

a narrow band of frequencies. In all the measurements, a dielectric loaded dipole antenna
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underground was used as the transmutter antenna. In the experiments where the receiver
antenna was underground, a dielectric loaded dipole antenna was used. For one

experiment a monopole 1n medium 0 (air) was used as a receiver antenna.

In order to achteve a higher accuracy 1n locating the underground transmitter the phase of

proved more difficult as the phase measurements were more sensitive to errors as shght
movements were detected As in the previous measurement, the transmitter was moved
through the pipe on campus at Loughborough University, and measurements were taken at
steps of 0.10 m The receiver antenna was positioned at various locations underground
and, for one measurement, at 0.5 m height above ground The measurement of both
amplitude and phase started 1n December 1995 and lasted until July 1996 As this period
included three of the annual seasons, the weather conditions during the measurements
varied between a temperature of —5 degrees Celsius and snow, to +26 degrees C. and
sunshine. These variations were reflected 1n the moisture of the soil. As the sol electrical
properties were measured at the start of each field tnal, the changes 1n environmental
parameters were included 1n the simulations. Equations (4 11) to (4.13) were used to
predict underground wave propagation. The equations were derived for dipole antennas

with a uniform current distribution.

4.6.1.Field Trial 1, Receiver Antenna Underground

the recerved signal was measured, in addition to the amplitude. These measurements ‘
The location of an underground transmitter by means of measuring the received amplhitude
only has shown to give results that compared well with the simulations At the start and
end of the measurements, when the transmtter was near position 0 and 30 m
displacement, there was a difference between the average power measured and predicted.
The radial field component E4o(p,9,z) was measured due to a horizontal dipole at various
locations in the pipe underground. Figure 4.9 shows the magnitude of the received signal
when the receiver antenna was located in position A3 (see appendix C). In this position
the receiver antenna was 2.5 m away from the starting position of the transmitter and |
aligned perpendicular to the transmitter antenna. The starting position of the transmitter

was 2 m behind the transceiver. Figure 4.9 shows a maximum at 2 m displacement when

the distance between the transmitter and receiver is a mimimum. The measurements were

done at f = 146.5 MHz. The receiver antenna was a dielectric loaded dipole antenna at
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0.02 m depth underground while the transmitter was moved through the pipe in steps of
0.10 m. The dielectric constant and conductivity of the soil were measured to be € = 15
and ¢ = 0.012 S/m. The antenna efficiency h, was predicted from the antenna physical
dimension, 1ts depth and the soil electrical properties. From this, he = -0.0074 + 0.1315j,
From the wavenumber of the soil k4, the wavelength underground was A4 = 0.52 m. The
wavelength 1n air was Ag= 2.0 m. There was a good agreement between the measured and
predicted amplitude. In the short distance when the displacement was 1n between the start
and 6 m, the prediction shows the mterference of the direct and the lateral waves. The
interference pattern measured was different from the prediction, but the amplitude
variation was 1n the same order of magmtude The differences were attributed to the
mnhomogeneous soil and inaccuracies 1n the measurement of distances. At displacement
distances greater than 6 m, the prediction showed no npple Figure 4.11 shows the
prediction of the direct wave Esp, girect, the reflected wave Esp, refectea and the lateral wave
Eap, tateral of the total field Es, for 1dentical conditions as the measurements 1n figure 4.9,
but for a dipole normalised to have an unit electric moment (I Al = 1 Am). Analyses of
figure 4.11 shows that the lateral wave component E4p, 1aerat Was stronger at every pont in
the measurement When the transmitter and receiver were separated at a short distance,
Eap,laterar 15 still approximately 11 dB above Eq4p giee While the magnitude of Eap reficoted 18
insignificant. The mimimum of E4p renectea at approximately 2 m displacement was because
at this point the transmutter and receiver antennas alignment was perpendicular. Between
6 and 10 m displacement, the lateral wave component was 20 dB stronger than the direct
wave and approximately 40 dB stronger than the reflected wave. The lateral wave was
significantly stronger than the direct wave and the interference pattern seen at closer
distances disappear after 6 m displacement. Overall the npple of the amplitude at
distances greater than 6 m corresponded to two wavelengths: A/2=0.26 m and A/2=1.00 m.
For example, between 16 and 18 m displacement the wavelength of the ripple was
approximately 0 26 m, suggesting a standing wave underground This pattern was seen on
various locations evenly distributed over the graph. From this observation 1t is likely that
the standing waves were caused by discontinuities underground or on the ground surface
at vanous locations, 1n the form of rocks or metal objects. Between 10 and 14 m

displacement the nipple has higher amphitude and its wavelength of approximately of 2 0

m was of that in air. The propagation path of the lateral wave starts at the transmitter,




UNDERGROUND PROPAGATION

travels to the ground — air boundary, then followed the ground surface and travels back
into the ground to the recerver antenna. When 1t propagated along the surface in air, the
wavelength Ajyeral ~ Ao = 2 0 m, Reflections of the lateral wave on the surface were caused
by wrregulanties on the surface or objects, like the car with equipment used in the field
tnials, that reflected the wave.

Between 4 and 10 m displacement the phase was nearly linear indicating an almost pure
travelling wave, as shown 1n figure 4,10, The measured wavelength A was approximately
1.5 m. Between 3 2 m and 4.3 m displacement, A = 1.1 m, between 4.3 and 5.7 m, A = 1.4
m, between 57 and 7.2 m A =15 m and between 7.2 m and 9.3 m A = 1.9 m. This
increase m A was due to the fact that while the transmitter moves away from the recerver,
1t also descends deeper into the ground, making the distance the wave travels underground
longer. As ks > ko the wavelength increased as a result. The measured phase gives
information on the increase in distance between transmitter and receiver, but also on the
change 1n depth of the transmutter If measurements were done at two or more frequencies,
which would mean two phase measurements with the transmutter 1n the same position, 1t
would be possible to distinguish the change of depth of the transmitter from the
displacement 1n the x-plane.

The pure travelling wave stopped at 10 m displacement. This was the point at which the
magnitude showed a standing wave pattern with a wavelength that approximates Aq. This
suggests that the phase measurements were sensitive to the obstructions in the
propagation path in air. After 10 m displacement, the measured period of the phase
change follows the prediction, but the range of phase variation was less than predicted.
Here the received signal consisted of two mterfenng vectors, in which one vector rotated
as a result of the displacement of the transmitter and the other vector was fairly static.
From observations during the measurements this was seen on the vector display of the
HP8410 Vector Analyser. Taking into account any possible errors tn the measurement of
the transmitter displacement, the phase measurements showed a fairly good agreement
with the predictions.

Figure 4.12 shows the total fields of E,(p,9,z), Eo(p,9.z) and, for comparison again,
Ex(p,,z) for a horizontal dipole normalised to have an unit electric moment (I Al = 1
Am)}. The normalisation shifted the graph of Ey(p,,z) approximately 20 dB down. At
short distances, the relative magmitude of E,{p,(,z) and E(p,,z) 1s larger than Ex(p,,z).



UNDERGROUND PROPAGATION

The power level of E¢(p,9,z) falls off very rapidly when the distance between transmutter
and recerver mcreased The magnitude of E,(p,9,z) is approximately 10 dB stronger than
Ex{(p,9,z) up to 25 m displacement. As the wave 1s circular polarised, E.(p,9,z) shows a
ripple that increases with distance. This ripple 1s not seen on the predictrons of Ey(p,9,2),
as the p-vector was aligned with the Pointing vector. At longer distances Ey(p,0,2) 1s
stronger than E,(p,9,z) Because in the field trials the available power 1n the transmitter
was limited, Ep(p,¢,z) was measured to achieve underground transmisston over at least 30

m.

4.6.2.Field Trial 2, Receiver Antenna Underground

This field tnal was done at the same site as trial 1. Also the antennas and equipment used
were the same. The receiver antennas was located 2.5 m from the starting point at the
beginning of the pipe, at position A2 1n appendix C. Compared to field trial 1, the antenna
15 5 m. closer to the pipe. The antenna was aligned parallel to the pipe and therefore ¢ =0
at the start of the measurement The dielectnic constant and conductivity of the medium 4
(so1l) were measured to be €= 15 and 6= 0.012 S/m. The power fed into the transmitter
antenna was measured to be 43.6 dBm (23 W). The radial field component E4o(p,9,z) was
measured due to a horizontal dipole at vartous locations 1n the pipe underground. Figure
4.13 shows the magnitude of E4,(p,p,z) The graph shows that at the start Eq5(p,@,z) was
approximately 14 dB stronger than at field trial 1, because the receiver antenna was 5 m
closer to the transmitter. Because of the shorter distance, the contribution of Egp,
arec{P59,Z) to the total field was larger, which manifested itself 1n an interference pattern
of Egp, aineet(P,9,2) and Esp, 1erat{P54,2) up to 6 m displacement. The prediction showed that
the mterference pattern stops after 6 m displacement. There was a good agreement
between the measured average power and the prediction. When the distance between
transmutter and receiver increased, the measurement showed a ripple. The nature of the
ripple suggested a standing wave pattern with approximate wavelengths of A4 = 0.52 m
and A= 2.0 m. This was caused by reflections 1n air, for example between 12 m and 14 m
displacement, when Apppe = Ao, or reflection from discontinuities underground, for
example between 20 and 21 m displacement, when Ayppic = Aq. Between 26m and 28m the
ripple was caused by reflections both in air and underground. Both the measurements in

field trials 1 and 2 showed a strong reflection in air at approximately 11 m displacement.



UNDERGROUND PROPAGATION

Figure 4.14 shows the phase of E4(p,¢,z). At intervals the agreement between
measurement and prediction was good, but overall the assumption of the medum to be a
homogeneous half space was not correct The reflections that were also visible in the
measurement of the magnitude, gave a sigmficant change in phase 1f E4,(p,¢,z). Between
11 m and 23 m displacement, the standing wave pattern, largely caused by reflections of
the lateral wave component E4p. raterat(p,9,z) 1n atr, dommated the measured phase. Its
component dominated the phase Between 16 m and 18 m displacement, the display of the
HP8410 Vector Analyser showed a static vector R at approximately —3/2 @ rad, while on
top of this vector, a phase vector P rotated around (O,R) when the transmitter was moved,

describing a circle with (0,R) as 1ts onigin

4.6.3.Field Trial 3, Receiver Antenna Underground

This field tnal was done with the same equipment as field trials 1 and 2. The frequency
used was 145 MHz. The soi1l dielectric constant and conductivity were measured to be g~
20 and 6= 0.17 S/m. The receiver antenna was aligned parallel to the pipe, 18 m from the
start, 2.5 m from the pipe, as is drawn 1n Appendix C, position B2. The conductivity of
the soil is higher than 1n previous field trials and the predicted magnitude of E4y(p,9,2) in
figure 4.15, showed no sign of interference between Esp, aireet(P.9,2) and Esp, tateratl( P, 9,2).
The direct wave Eap, qirect(p,9,2) 1s highly attenuated m wet soil. Figure 4.15 shows that
there was a good agreement between the measurement and the prediction. The wavelength
of the ripple on the magnitude of E4x(p,¢,z) is near A4 and most reflections were caused
by irregularities underground. At 18 m displacement, E4,(p,9,z) showed a local maximum
as the transmitter was near the receiver. For this field trial, there was httle agreement
between the measured and predicted phase, as is shown in figure 4.16. Between 12m and
17 m displacement the phase was constant —1 6 & rad, until at 17 m it changed abruptly to
+1.6 wrad. Sensitivity of the phase to nterference both underground and on the ground

surface were also apparent 1n the previous field trials.

4.6.4.Field Trial 4, Receiver Antenna Underground

Field trial 4 was done with 1.5 W signal generator and a 7 W amplifier. The power fed
into the transmitter antenna was measured to be 38.5 dBm (7 W). The measurements were

done at a frequency of 146 MHz. The receiver antenna was positioned 2.5 m from the
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pipe at 4 m from the start at a depth of 0.02 m It was aligned parallel to the pipe. The
dielectric constant and conductivity of the medium 4 (so1l) were measured to be £= 20
and 6= 0.012 S8/m. The transmutter was moved in the pipe in 1 m steps and at every step
the amplitude and phase of the received signal were recorded. Figure 4 17 shows a good
agreement between the predicted and measured magnitude of Ean(p,@,z). At 4 m
displacement, the direct wave, Eqp, girect(p,9,Z), was 25 dB lower than the lateral wave, Esp,
ataral(P,§,2). Nevertheless, it caused an interference pattern that dimimshed after 8 m
displacement. The mintmum seen at 12 m displacement was similar 1 as was seen n
figures 4.9 and 4.13. This suggested an irregularity underground near the ground surface
at this position. The measured phase of E4p(p,9,z) mn figure 4 18, shows that after 12 m

displacement the phase varation is within % & rad, similar to that in figures 4.10 and 4.14.

4.6.5.Field Trial 5, Phase Measurement

This field tnal was focussed on the phase measurement. The equipment used was the
same as 1n all previous trials. The dielectnc loaded dipole receiver antenna was located 1
m away from the pipe, and 7 m from the start position, at 0.04 m depth. The relative
dielectric constant and conductivity of the soil were measured to be £4,= 18 and 65= 0.055
S/m. The power fed into the transmitter antenna was measured to be 43.6 dBm (23 W)
The measured and predicted phase of E4p(p,p,z) is shown in figure 4.19. Between 6 m and
14 m displacement the direct wave Esp, diect(p,@,z) dominates the phase of E4(p,¢,2). In
this range the transmitter was within approximately 8 m distance from the receiver. The
relatively low conductivity of the soil allows Egp, dwect(p.9,z) to dominate over Eyp
laterat{P,9,2). When the relative dielectric constant and conductivity of medium 4 (soil) was
taken the same as n field trials 2 and 3, €4= 18 and o4= 0.17 S/m, the simulation
predicted that the phase of E4(p,9,z) was solely the phase of Eap, taerat(p,9,2). This
measurement stopped after 17 m displacement, because the signal was lost. After Eqp,
diree(P,9,z) dimimshes at 15 m displacement, E4p, 1yerni(p.9,z) did not take over as the
strongest signal. This was probably caused by an obstruction on the surface or
underground. At 5 m displacement, the magnitude of Es4p, 1ucru(p,9.2) shows a local
minimum, reducing the received power strength from —33 dBm to —56 dBm. Then E,,,

dret(P,9,2) increased to —34 dBm, as the transmitter was moved closer to the receiver

E4
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antenna. The obstruction of the lateral wave was probably caused by the car with

measurement equipment.

4.6.6.Scattering

Scattertng of lateral electromagnetic waves was studied 1n a tank with salt water (medium
4) {19]. The objects were: an air square well made of foam, a water square well which
was a Styrofoam enclosed casing filled with salt water and metal cylinder. The lateral
wave due to a submerged horizontal dipole was studied. Metal cylinders were positioned
perpendicular and transversal to the direction of propagation, submerged and partially
submerged 1n the salt water. Scattering by completely submerged metal cylinders was too
weak to provide an observable scattering pattern. Partial submerged metal cylinders
resulted 1n a sigmficant reflection 1n front of the obstacles. The same experiments were
done with wells of Styrofoam enclosed casings with air. Partial submerged wells caused
similar results as the partially submerged metal cylinders. When deeper submerged, no
standing wave pattern was observed, while the propagating amplitude increased above the
expected level. Down field from all the obstacles the curve goes through a mimimum but
after half a wavelength (in air) returns to a power level analogous to that predicted
theoretically for an unbounded, unperturbed propagating lateral wave. The localisation of
effects to the vicinity of the scattered 1s of fundamental importance to propagation studies
of lateral waves The qualitative features of the incident wave were preserved download
form the obstacles. In the field tnals in this study, it was observed that the magnitude of
Eap(p,9,z) was preserved after a reflection underground, but the phase was distorted. An
example 1s the measured phase of E4y(p,9,2) 1n figure 4.14, which shows that after 12 m
displacement the phase variation 1s within % 7w rad, similar to that in figure 4.10,
However, the magnitude of E4y(p,9,z) follows the prediction after 12 m displacement 1n
figures 4.9, 4.13 and 4.17. Scattering from completely submerged cylinders was too weak
to provide an observable scattering pattern [19]. Scattering from a partially submerged
metal object resulted in a reflected and transmitted interference wave pattern. In the field
trials reflections of the lateral wave from metal objects on the surface were clearly seen in
figures 4.10 and figure 4.14, when Ay =ho The effects of obstacles and discontinuities

in medium 4 (soil) are very small, relative to the reflection seen from objects in medium 0

(air).
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4.6.7.Field Trial 6, Receiver Antenna in Air

A measurement was done where the receiver antenna in medium 0 (air) at 0.5 m above the
ground 1n which the receiver antenna was a bare monopole antenna tilted downwards, in
the z-¢ plane at an angle of 45 deg with the positive y-axis. Dielectric loading of the
recelver antenna was not necessary as the antenna was 1n air, The antenna was trimmed to

resonate at f = 145 MHz, the frequency at which the measurements were done. The total

field measured was Eg ;4,0 (p, o, z) = \j Eg,z ( p,¢,z) + Eg’ ¢( P, ¢,z) . The receiver antenna

was located at a distance of 3 m from the pipe and 17 m from the start of the pipe. The
amplitude of Eoiap,9,z) was measured when the transmitter was in the prpe
underground at 14 locations. The measured soil relative dielectric constant was g, = 30
and the conductivity 6 = 0 09 S/m. The power fed into the antenna was 33.1 dBm. Figure
4.20 shows the measured and predicted Egomi(p,9,z) [18]. When the transmmtter
displacement is 17 m and therefore below the receiver antenna, the amplitude of
Eo total(P,¢,2) shows a local maximum. Although at this point the absolute distance 1s
shortest, the propagation loss is relatively high, due to the depth of the transmutter. This
illustrates that the highest attenuation was in the propagation between the transmutter and
the boundary with air The rapid increase 1n recerved power between 23 m and 24 m
displacement indicated a fast surfacing of the transmutter. There was a good agreement
between measurement and prediction, except at 8 m displacement. Any reflections against
the rregularities on the surface, or against the car with equipment is expected to be the
cause of this. The wavelength of any reflections cannot be determined because of the
limited number of measurement points. Figure 4.21 shows the predicted phase of
Eotoal(P,9,2). The graph is partly symmetrical with a vertical line at 17 m displacement as
the axis. This represents the decrease and, after 17 m, increase in propagation distance.,
The transmitter started to submerge faster after 4 m displacement. Hence, the irregularity
in the phase seen in the figure. This measurement showed a strong correlation between the
amplhitude of the received signal and the depth of the transmitter. The phase was a
measure of the length of the propagation path. The discontinuities at 5 m and 20 m
displacement were caused by the functions used to estimate the depth. This was done

using 3 different exponential functions, where function 1 ranged from 0 to 5 m, function 2
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from 5 to 20 m and function 3 from 20 to 30 m. The depth function 1s shown 1n figure C2
in appendix C.

4,6.8.Field Trial 7, Two Receiver Antennas

In the use of electromagnetic waves for the underground location of a transmitter, the
accuracy was improved by using two receiver antennas were used simultaneously. The
recelver antennas were positioned 4 m away from the pipe, at the starting posttion The
amplitude of E4p(p,9,z) was measured with the axis of the dipole antennas parallel to the
direction of the transmitter antenna The receiver antennas were dialectically loaded
dipoles, located at a depth of 0.02 m. The power fed into the transmitter antenna was 31.7
dBm. The so1l electrical properties were measured to be. €= 15 and 6 = 0.017 S/m. The
frequency was 145 MHz. The magnitude of E4,(p,¢,z) at both receiver antennas, shown in
figure 4.22, was very similar. The difference between the prediction and measurement
indicate that the soil is not as homogenous as was assumed Some of the variations in
E4o(p,¢,z) were not predicted, but nevertheless were consistent in both measurements. For
example E4o(p,,z) is higher than predicted between displacement distances 20 m and 22
m for both measurements. The limited number of measurement points does not give much
information on the wavelength of a possible standing wave The ripple had an amplitude
of approximately 5 dB. The difference in powers received at both antennas is shown in
figure 4.23. Antenna d2 received no signal when the transmitter was at 12 m
displacement. As the transmutter moves in the pipe between antennas dl and d2, any
differences in received amplitude of E4y(p,¢,z) was expected to be an error caused be
irregulanties in medium 4 (the soil) or on the surface. The maximum error was -9.10 dB,
at 22 m displacement. From the predicted signal, this error relates to approximately 7 m
displacement of the transmitter. The average difference between the power levels received
at antennas d1 and d2, which is the median error, 1s —0.84 dB which confirms that the
transmitter was 1n the middle. As was seen in field trials 1 and 2, reflections 1n medium 4
(underground) and medium 0 (air) cause standing wave pattern with wavelengths
corresponding to A 4 and Ao. Hence the average error was less than | dB. This corresponds
to approximately 2 m honzontal displacement or approximately 0.5 m change in depth.
The alternating nature of positive and negative errors in figure 4.9 indicates that the error

was caused by the ripple. Its maximum and mimmum on antenna d1 were 2 m delayed on
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antenna d2. Taking the average of two measurement point reduces the error in locating the

transmutter and will result 1n an accuracy closer to medium error.

47.  Optimum Frequency

To transmit an electromagnetic wave underground using low power, 1t was essential to
use the optimum frequency, 1f there was one. Chapter 2 has shown that the conductivity of
so1l increases with frequency and hence the attenuation at high frequencies 1s mgh The
lateral wave mode of propagation made finding an optimum frequency more complex.
The mode and the path of propagation of the strongest signal depends on the constitutive
parameters, €; and o, of the soil. Figure 4.24 shows the magnitude of Esp, direct(P,9,2), Esp,
tateralP5@,Z) and Eap, remectea(p,9,z) due to a horizontal dipole at a depth of 1.0 m as a
function of frequency. The position of the observer was 0 05 m underground and at a
radius of 1.0 m The soil type was keuper marl with a moisture content of 6.5 %. At the
frequency of 145 MHz, the relative dielectric constant and conductivity of the soil were
£4~14 6 and 6=0 0084 as is shown m figure 2.6 in Chapter 2. Figure 4 24 shows that at
10 MHz, when £~22 and 6= 0 01 S/m, the magnitude of Esp, qirect(P,P52), Edp, taterai(P,9:2)
and Eap, reflecicd(Ps9,2) was relatively gh, increasing to a maximum at 200 MHz. At 300
MHz the magnitude falls off sharply, this decrease being more rapidly for Esp, qirect(p,9,2)
and Eap, rencciea(p,9,2). The figure shows a local mimmum at 5 GHz. This minimum for
Eap, taterat(p,¢,z) was at least 60 dB stronger than for Esp girect(p,9,2) and Esp, reficered(P,9,2)-
Hence, at the higher frequencies, the lateral wave, Esp taerai(p,9,z), was sigmficantly
stronger. Note that at 100 MHz the direct wave was the strongest because 1t travels the
shortest path and the conductivity of the sotl was relatively low. When the soil has a
higher moisture content, the path loss of Es, amrudP.9,z) was higher than that of Egp,
lerai(P,9,2) and the advantage of a shorter propagation path was eliminated as 1s shown in
figure 4 25 The moisture content of medium 4 w=11.3%. The conductivity of the soil o=
0.08 S/m at 10 MHz ncreasing to 6= 0.0! S/m at 10 GHz. The magnitudes of both E4,,
direet(Py9,2) and Esp renorca(P,9,2) are insigmficant. This shows that the lateral wave, Eqp,
Lerl(P.9,2), is the only mode of propagation in wet soils 1n given conditions. The knee-
curve 1n figure 4.25 shows a maximum at 200 MHz. Figures 4.24 and 4.25 show a clear
optimum range of frequencies of 100 MHz to 300 MHz. The soil acts like a lowpass filter

with a cut-off frequency of 300 MHz for the current simulations As the magnitude of the
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direct wave has shown to be very sensitive for soil conditions, the results illustrate the
importance of the depth of the transmitter and receiver antennas, because for the lateral
wave Egp tateral(P,9,2), the 1imtial path from the transmrtter 1n medmum 4 (soil) to the
boundary with medium O (air) has an attenuation similar to the direct wave Eap
arect(PsP,Z). Figures 4.26 and 4.27 show the same simulations for different depths and
radial distances. The position of the observer is 0.05 m underground with radial distances
of 0 1 m, 0.5 m, 1.0 m, 10 m, and 50 m. The graphs for d = 1.0 m, when the transmitter 1s
10 m deep underground, show a local maximum at approximately 200 MHz. The
wavelength decreases with frequency and therefore the radial distance from the
transmitter antenna to the border between the near- and the far-field decreases with
frequency. Figure 4.26 shows three distinctive regions. At frequencies below 200 MHz
the point of observation is in the reactive near-field of the antenna. Between 200 MHz and
2 GHz, 1t was n the mtermediate field the rapid decrease of Eq4p, (p,9,z) was due to
exponential attenuation. The far-field started at approximately 2 GHz The interference
patterns of Eap, 1aterai(P,9,2)+ E4p, direct(p,9,2), for d=0.1 m resemble those for d=1.0 m. At
the higher frequencies soi1l behaves more like a good conductor and the attenuation was
very high when the transmutter is 1.0 m deep. When d=0 1 m, the received power was
approximately independent of frequency This clearly suggested that the major attenuation
was when the lateral wave propagates in medium 4 between transmitter and the boundary
with medium 0 (air). From figures 4 24 to 4 27 1t was apparent that the best frequency to
use 18 1n the range of 100 MHz to 300 MHz.

48.  Underground Navigation

The field trials have shown a clear potential for measuring the displacement of an
electromagnetic wave transmitter underground It was shown that an electromagnetic
wave was received from a transmitter that was up to 1.5 m deep underground and at a
distance of up to 30 m away from the receiver. For the majority of environmental
conditions, the strongest signal received was the lateral wave, except for very short
distances where the direct wave was dominant, In not all field trials propagation of
Esp(p,p,z) was achieved over a distance of 30 m. This was due to irregulanties

underground and on the ground surface. Using more than one receiver antenna would
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increase the possibility of a signal reception significantly. Also the theory suggested that
E4: (p,9,z) was stronger than E4(p,¢,z) at distances less than 20 m, as 1s shown in figure
4.12. The use of a vertical antenna, for example a vertical electric monopole antenna, will
further increase the probability of receiving a signal. Any algonthm that calculates the
transmitter displacement should be based on the prediction of the propagation of the
lateral electromagnetic wave The difference between the predicted and measured signal
strength was the expected error m predicting the displacement of an underground
transmutter. The field trials show a good agreement between the prediction and
measurement. Accurate knowledge of the dielectric constant €4, and conductivity 64 have
been shown crucial in predicting the modes of propagation, Their estimation at the field
trials was therefore important for the accuracy in calculating the displacement of the
transmitter. Therefore any commercial system should include a coaxial probe for
determining the constitutive parameters of the soil on-site. Alternatively, the dielectric
constant and conductivity could be calculated by transmitting at more than one frequency
at the start of the trial when both the transmutter and receiver are at a fixed position

In paragraph 4.4.2.3, where two receiver antennas were used to locate the transmitter
antenna, The median error was -0 84 dB, which 1n the worst case corresponded to
approximately 2 m honizontal displacement or 0.5 m change of depth of the transmitter.
The worst case s when the power of received signal changes very slowly with
displacement of the transmitter, and hence the function displacement — received power 1s
a nearly flat Iine. This 1s the case between 22 m and 26 m displacement in figure 4.22

Figure 4.28 shows the predicted magnitude of E4(p.¢.z) in the XZ-plane, due to a
horizontal dipole normalised to have an unit electric moment (I Al = 1 Am), at (0,0,0.1) in
Orthogonal co-ordinates, The dielectric constant and conductivity of the soil are £4,=15
and 04=0.012 S/m. The magnitude is shown from 3 m deep to 3 m above the ground. At
the transmitter dipole, a depth of 0.1 m, the magnitude was at a maximum. When the
graph was followed from z = 3 m underground to z = -3 m 1n air at x = 0, the decrease of
Esp(p.p,z) with distance was significant. The mterference of the direct wave and lateral
wave was seen underground near the transmitter, but not in air as the direct wave is
reflected against the boundary and propagates back underground. As the lateral wave
propagates along the surface 1n air, there was a sharp increase tn power at the boundary

between medium 4 (soil) and medium O (air) The phase of Esp(p,9,2) in figure 4.29 15 for
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the same prediction as figure 4.28 and shows that the wavelength 1n air was
approximately A9, while underground the wavelength was much smaller. In a system
where the phase 15 used for estimating the displacement of an underground transmatter,
the sampling rate should be higher when the receiver antenna 1s underground. Figure 4.30
shows E4p(p,¢,2) in the z-plane (horizontal) when z = -1 m (1 m above ground). The
transmitter antenna was a horizontal dipole at (0 0,1). At observation point (0 0-1) the
magnitude of E4,(p,¢,z) was at a minimum. The lateral wave travels to the boundary at
the Brewster angle and hence the cone shaped minimum around the location of the
transmitter antenna As the transmitter was 1 m deep 1t was expected that the magnitude
of the refracted wave 1 air would be very low. The top rim of the cone was created by the
lateral wave incident on the boundary at the Brewster angle Figure 4.31 shows the phase
of E4x(p,,z) for the simulation 1n figure 4.30. Next the result from this simulation were
viewed at z = 1.0 m, underground. The magmtude and phase of Ea,(p,9,z) were shown 1n
figure 4 32.and 4 33 respectively. In the area were the cone was seen 1n figure 4.30, the
magmtude shows an interference of the lateral and direct waves underground. Away from
the transmutter, the magmtude is more flat, compared with Es(p,9,2) 1n air (figure 4.30)

The field trials have shown that reflections were an important cause of error. An example
18 figure 4.9, where the nipple caused by reflections is a major cause of error in the
measured magnitude of E4(p,¢,z). As the wavelengths of the standing wave were known,
intelligent signal processing could eliminate this error. An improvement n accuracy of
locating the transmitter would be achieved by averaging the measurement points over a
mimmum distance equal to Ap, while taking measurements at intervals where the
transmitter has moved over a distance that 1s a fraction of Ay. When disregarding the
npple caused by reflections, the results of field tnal 2 show a maximum difference
between prediction and measurement of 6 dB, shown in figure 4.13. This corresponds to
approxmmately 3 m horizontal displacement at this location As the lateral wave
propagated most of its path in air along the boundary between medium 4 (soil) and
medium 0 (air), reflection in underground were expected to be limited. Previous studies
[19] have shown a metal object on the ground causes reflections of the lateral wave, but
the qualitative features of the incident wave were preserved away from the obstacle. In the
field trials in this study, 1t was observed that the magnitude of Esp(p,9,z) was preserved

after a reflection underground, but the phase was distorted. The use of more than one
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recerver antenna will limt the errors in estimating the displacement of an underground
transmutter caused by reflections. Tracing the movement of the transmitter using the phase
of Eap(p.9,z) proved to be more difficult. The phase was more sensitive to reflections
caused by irregularities underground and on the ground surface. However, good phase
information was obtained during intervals in the measurements. Hence phase information
when available, can be used to enhance the accuracy of estimating the movement of the
transmutter.

In civil engineertng, remote steered micro-tunnelling machines are used for laying pipes
or cables underground. This makes it possible to lay pipes or cables under a road, canal or
railway, without the necessanly of digging a trench. The social cost of digging trenches in
cities 15 significant. Hence, there 1s a growing interest n trenchless technology. A problem
with this system 1s the uncertainty of where 1t 1s underground. Obstacles underground can
divert the tunnelling machine and sometimes this 1s unnoticed by the driver. An
application of the system described in this thesis 1s to mount a transmitter on the dnll.

It 1s recommended that a commercial system should consist of four antennas placed in
holes in the ground, 1n two pairs on either side of the transport route. The depth to which
the antennas should be placed should mitially be the same as the depth of the proposed
drilling operation, although with experience of the techmque this is likely to prove
unnecessary Three receivers should be positioned accordingly and a transmitter should
imtially be placed in the fourth hole to ensure that signal reception at that depth is
possible. If no signal 1s received, then an obstruction or other adverse condition is present.
Adjustment of the depth, erther by raising or lowering the proposed lme of operation
could be examined by raising or lowering the transmtter/receivers until signals are
received. Transmission across the other diagonal should be assured by swapping over the
recerver and transmitter on one side of the transport route. Analysis of the signals
(receved at known separations directly across the line of the mole’s path) wall assist with
subsequent analysis of the drillhead location. In addition samples of sol taken from the
four receiver location holes will allow soi1l classification, measurement of water content,
and determination of dielectnc constant. (This can be done either directly using the
equipment developed herein or mdirectly from the soil classification and water content
measurements in conjunction with the dielectric constant measurement database compiled
as a result of this project.) These data together will permit an accurate model to be

generated for subsequent location analysis.




UNDERGROUND PROPAGATION

With all four recervers in position, the steerable dnll should be positioned at the start of
the proposed crossing, 1ts location measured and the signals at the antennas recorded
Height control should be effected using an accurate tiltmeter. (An investigation of the
possibilities of using the same technique to monitor the change in depth proved that
measurements would be relatively imprecise due to the onentation of the antennas and
although a possible development for the future was not practical from the data recorded in
this study ) The progress of the dnllhead should be tracked by halting the operation after
every 1 m advanced {or less as requred) and allowing a short signal from the transmatter
to be recorded without vibration caused by the mole. The progressive advance of the drill
would be tracked by the signals received and adjustments to the steering made
accordingly.

If the signal transmisston prior to commencing driving was unacceptably poor, then the
technique should be deemed to be unsuitable at that location. An mvestigation of the
reason why would be recommended 1 such a case to ensure that no obstacles exist. If
signal transmission were lost during a drive, then reversion to overhead location would be
necessary. However, neither of these scenarios appears likely from the research data. The
relatively long wavelength chosen means that only large underground pipes or services
would be likely to cause a major discontimuty in the dielectric constant, a large steel pipe
bemng the worst case High voltage cables or other services would not unduly affect signal
transmission. It is consequently only major discrepancies 1n water content of the soil that
would result in problems, and such changes are unlikely at one location under a transport
route (excepting possibly a burted niver channel). In any case this would be revealed by
the testing prior to drilling on the site. Also the dominant mode of propagation 1s the
lateral wave, which travels most of its path along the ground surface, mimmising the
possibility of reflections underground.

The accuracy of the system 1n a so1l of unknown properties using pairs of antennas spaced
60m apart and using three received signals to locate a transmitter of unknown initial
position is expected to be significantly better than 4 m (1 e.= 2 m). Increasing the signals
from three to four will make a further improvement, Knowing the location of the
transmitter prior to drilling will improve subsequent location considerably, as will prior
testing across the site since this will serve to calibrate the analytical techniques Use of

phase information, when available, has been shown to produce an accuracy of within 200
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mm {(Le. =100 mm), and this was demonstrated in the field trials on campus at

Loughborough University.

Experiments on the effect of obstacles in and above seawater were taken in a model
lithosphere. Metal cylinders were positioned perpendicular and transversal to the direction
of propagation, submerged and partially submerged in the salt water. Scattering by
completely submerged metal cylinders was too weak to provide an observable scattering
pattern, Partial submerged metal cylinders resulted in a sigmificant reflection in front of
the obstacles. The same experiments were done with wells of Styrofoam enclosed casings
with arr. Partial submerged wells caused simlar results as the partially submerged metal
cylinders. When deeper submerged, no standing wave pattern was observed, while the
propagating amplitude increased above the expected level. Downfield from all the
obstacles the curve goes through a minimum but after half a wavelength (in air) returns to
a power level analogous to that predicted theoretically for an unbounded, unperturbed
propagating lateral wave. The localisation of effects to the vicinity of the scatterer is of
fundamental importance to propagation studies of lateral waves.

Instead of using a constant wave (CW), 1t was considered to transmut short pulses. The
spectrum of the d-function 1s dominated by high frequencies. The pulse of the dipole in a
homogeneous single medium follows the far field behaviour of the steady state and this is

the direct field with high attenuation.

49, Conclusion

The field tnals have shown that propagation of an electromagnetic wave from a
transmitter underground to a receiver underground is possible over a distance of 30 m and
to a depth of 1.5 m. Also, when the receiver was placed at 0.5 m above the ground, an
electromagnetic wave was received from the same transmitter. When underground,
dielectnic loaded dipole antennas were used. In one field trial, a horizontal monopole
antenna was used. The antenna impedance was measured, which was used 1in simulation
together with antenna dimensions and position to calculate the antenna efficiency in the
given environment. The dielectric constant g and conductivity ¢ were measured at the

field tnals. A simulation model was used to predict the electromagnetic wave propagation
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from the source underground, using the measured g and ¢. The simulation outcome
compared well with the measured results. The difference between the measured and
predicted results was mainly because of a ripple. The average measured recerved power 1s
close to the one predicted. The ripple showed two different standing wave patterns. The
wavelength of the ripple was either that of the wave in air or underground. This was
caused by reflection due to irregulanties underground or on the ground surface. Although
reflection against objects on the ground surface causes a deep mmmimum at close distance,
once past the object, the incident wave regains 1ts characteristics. The simulation model
included the analyses of the modes of propagation. It predicted that the lateral wave was
the strongest mode of propagation in the majority of the field tnals Only at short
distances was the direct wave dominant. The field tnals confirmed these findings, as
examples of direct waves and lateral waves were seen in the measurements. The lateral
wave starts at the source underground, travels to the boundary, follows the air-ground
boundary and then propagates back into the ground to the receiver antenna. As the wave
travels a sigmficant part of its path in awr, 1t is less susceptible to rregularities
underground. Measurement of the phase has shown it to be sensitive to errors caused by
reflections. This is the reason why information of the phase was not always available
duning the field trials The field trials have shown the possibility of using electromagnetic
wave to track a moving transmitter underground. A possible application 1s the tracking a
micro-tunnelling machines, used for laying pipes or cables under through roads. The
micro-tunnelling drill using 1n Civil Engineening can be steered by the dnver, but its
position underground is not known. Mounting a transmitter on the dnll-head would allow
its movements to be calculated from the magmitude and phase of the electromagnetic
wave at the recelver antennas. Any system that estimated the underground displacement

of the transmitter should have 2 or more receiver antennas. Field trials have shown an

accuracy of such a system of approximately 2 m.
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5.Conclusions and Further Work

The work described in this thesis 1s concerned with the feasibility of a system that is able
to transmit an electromagnetic wave from a source underground, receive it at a distance of
up to 30 m, and calculate the displacement of the transmitter from the phase and
magnitude of the received signal. This study has concluded that in principle such a system
1s feasible, but more work 1s necessary to achieve a higher confidence level of 1its

performance.

51.  Summary

A coaxial probe for the measurement of the dielectric constant of soil samples was used
on-site durng the field trials, enabling the estimation of environmental parameters for the
prediction of the antenna characteristics and underground electromagnetic wave
propagation. The coaxial probe used 1n the experiments was suitable for measuring the
drelectric constant of high loss and low loss soil samples 1n the frequency range of | MHz
to 2 GHz. Soil moisture content was shown to be an important factor of its dielectric
behaviour as is 1ts gramn size. Wet samples exhibit a higher dielectnc conductivity, bemng
dispersed for both sands and clays. Clays showed a higher dielectric conductivity. A site
survey has been conducted at the location where the underground propagation
measurements were undertaken. The dielectric constant and conductivity was measured at
12 different locations and to a depth of 2 m. The distribution of the relative dielectric
constant was narrower at the higher frequencies. This suggest that the wave impedance for
a electromagnetic wave travelling through the medium changes less at 300 MHz, as
compared to the changes at lower frequencies. Hence less reflection and refraction was
expected at this frequency, but a higher overall attenuation due to the increased
conductivity of the soil. The dielectric constant and conductivity of soils were temperature

dependent.
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A method has been developed to predict the admuttance of nsulated monopole antennas
in soil, using measured data of the ambient medium, The model was based on
transmusston line like equations and can be applied to monopole and dipole wire antennas
but was tested for insulated monopole antennas in soil and water. There was good
agreement between the predictions and the measurements of the antenna impedance. An
increase in the moisture constant of the soil from 5% to 10.8% resulted 1n an increase of
the antenna resonant frequency. This was because the dielectric constant increased
making the wavelength shorter for a given frequency The insulated monopole antenna
had a longer effective length 1in a low loss dielectric. In comparison with dry soil as
ambient medium, the dipole antenna 1n wet soil had a shorter effective length and 1ts
radiation pattern was more omnidirectional. It was calculated that the dielectric sheath

should have a dielectric constant close to 1.0 to achieve the optimum antenna efficiency

The field trials have shown that propagation of an electromagnetic wave from a
transmutter underground to a receirver underground was possible over a distance of 30 m
and to a depth of 1.5 m. Also when the recerver was placed at 0.5 m above the ground, an
electromagnetic wave was received from the same transmitter. A simulation model was
used to predict the electromagnetic wave propagation from the source underground, using
the measured €, and 6. The difference between the measured and predicted results were
mainly because of a ripple which showed two different standing wave patterns The
wavelength of the ripple was either that of the wave in air or underground. This was
caused by reflection due to wrregulanties underground or on the ground surface. Although
reflection against objects on the ground surface causes a deep minimum at close distance,
once passed the object, the incident wave regains 1ts characteristics. The simulation
predicted that the lateral wave was the strongest mode of propagation in the majonty of
the field trials. Only at short distances was the direct wave dominant. The field trials
confirmed these findings. The lateral wave starts at the source underground, travels to the
boundary, follows the air-ground boundary and then propagates back into the ground to
the recetver antenna. As the wave travels a significant part of its path in air, 1t 15 less
susceptible to irregulanties underground. Measurement of the phase has shown it to be
sensitive to errors caused by reflections. The field trials have shown the possibility of
using electromagnetic waves to track a moving transmitter underground. A possible

apphication 1s the tracking of a micro-tunnelling machine, used for laying pipes or cables.
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Mounting a transmitter on the drill-head would allow its movements to be calculated from
the magnitude and phase of the electromagnetic wave at the receiver antennas. Any
system that estimated the underground displacement of the transmutter should have 2 or
more receiver antennas. Field tnals have shown an accuracy of such a system of

approximately 2 m.

5.2.  Sponsor Problems

The research project described in this thesis started 1n 1993 as a link project between the
Department of Trade and Industry (DT1) and PTE Ltd, which 1s contractor which takes on
‘trenchless’ pipelaymng orders The input of PTE Ltd would be the sponsorship of
equipment and the help m providing access to digging trials. The plan was to develop a

prototype, which could be tested 1n these trials.

However, after 14 months of work, PTE Ltd. went into receivership The new company
that took over PTE’s business was not able to continue the financial sponsoring of the
project. Nevertheless, it was able to provide assistance n laying a 30 m and a 20 m pipe

under the campus at Loughborough Unmiversity. The project was continued with a very
limited budgq@

53. Recommendations for Further Work

The research discussed in this thesis has given an understanding of the problems

encountered when an electromagnetic signal 1s transmitted underground.

The stmulations predict that, as 1s shown m figure 4.10, the magnitude of E (p,9,z) is the
strongest signal at distances up to approximately 20 m from the transmitter. The
probability of receiving E,(p,9,z) 1s therefore higher than receiving Eo(p,,z). It would be

an enhancement of the system if E {p,,z) could be measured also in the field tnals.

The measurements have shown standing waves that suggest reflection underground and

on the ground surface. A further investigation of reflections of both E,(p,p,z) and
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Ec(p.9,z) by objects on the ground would give a better understanding why in some

mstances 1n the field tnals a signal was not received.

The surprising result of the lateral wave being the strongest mode of propagation, despite
the very rough terrain surface, with vegetation and a tree, creates the opportumty to design
and test antennas specifically for the reception of lateral waves. An example is the
Beverage antenna, which is a wire antenna with a matched load, positioned 1n a horizontal
position above the ground The Beverage antenna has shown to be efficient in transmitting
an electromagnetic wave into the ground. Also, 1its location above surface makes 1t

sensitive to lateral waves.

There is an increased nterest 1n intelligent highways in the U.S A. The intelligence comes
from sensors in the road surface that can help navigate a car. Dielectric loaded antennas
could be used in road surfaces to detect traffic or could be used for commumcation.

Communication with cars using lateral electromagnetic waves could be very efficient.

Currently mobtle phone coverage 1s not provided in the London Underground. Use of
conventtonal Microcell 1s difficult because the short delay times of the bounced wave, As
for indoor measurement, the correlation between the arrival times is very high., One
solution could be to use antennas embedded in the wall. The lateral wave created by 1t
will propagate along the wall and attenuate very rapidly further away from 1t, reducing

reflections.
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Survey Results
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Figure A1 Top view of the site of the field tnals. The numbers Al to C4 indicate

the locations where the samples were taken.
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B. Co-ordinate systems

An Orthogonal co-ordinate system is used to express the positions of the transmitter and
recerver antennas, while a cylindncal co-ordinate system is supenmposed over 1t to
calculate the lengths of the propagation paths and of the polarisation of the antennas and
electromagnetic waves, The z-axis of the orthogonal co-ordinate system coincides with

the axis of the cyhinder 1n the cylindnical co-ordinate system.

Medium O

Medum 4

Y (] P

Figure C1.1 Cylindrical co-ordinate system on top of the orthogonal co-ordinate system Note
that the positive z-axis 15 pointing downwards into medium 4
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Figure C2 Cylindrical co-ordinate system on top of the orthogonal co-ordinate system Note
that the positive z-axts 1s pointing downwards into medium 4
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@ Lateral wave

Figure C3 Modes of propagation of the electromagnetic wave underground
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C. Field Trials

* _Start measurements
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12.5 underground pipe
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Figure C1 Top view of the trials site
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Figure C2 Depth of the transmitter as a function of the horizontal location.
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Mixer
Vector Analyser

Spectrum Analyser

. v i . ;
) 4 R - 2T Receiver Antenna,
» o (underground)

Figure C3 Car with equipment at field trials

Oscillator Amplifier

Reference Signal (Phase)

]
1 t
—D@!

Mixer

Figure C4 Schematic diagram of the test equipment

@ L |> | ; |4 Transmitter Antenna

[ | 4— Reference Antenna

Electromagnetic
Vector AnalyserSpectrum Analyser Wave Propagation

| 14— Receiver Antenna

The field where the underground measurements were undertaken was at the back of the
campus of Loughborough University. The picture in figure C3 was taken in December
1995. In the summer, the grass in the field grows to a height of approximately Im. The
ground surface was irregular. Field trials 1,2 and 3 were taken in the summer of 1996.
Problems in conducting the field trials included access to mains power supply and
interference between instruments. A 60 m long cable was used to get to the mains supply
from the nearest building. Inductors (acting as chokes) were included in the long DC
power supply wires to the transmitter underground to reduce interference. The Printed
Circuit Board (PCB) of the RF oscillator had to be resized to allow it to fit into the 9 cm

diameter pipe.
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Transmitter Antenna

Figure C5 Transmitter Antenna (first version), Amplifier and Oscillator.

%
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Medium 4: soil

‘?S.\W\ e -e—Medium 3: pipe

«Medium 2: air

S \\‘Q\ TR «Medium 3: pipe
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Figure C6 Improved version of the transmitter antenna. The dipole antenna is hold in place by a polystyrene
structure. The relative dielectric constant of the polystyrene was measured to be 1.1. The loose wire from
the feeder is to balance the current input.

The picture in figure C5 shows the transmitter antenna used in the initial measurements.
The problem with this antenna was that it acted like an eccentrically dielectric loaded
dipole, which had a high gain pointing downwards in the positive z-direction. The antenna
shown in figure C6 was used in the trials reported in this thesis. It was positioned in the
middle of the pipe, making it nearly omnidirectional in the azimuth plane. It was
modelled as a dielectric loaded wire antenna with the air surrounding it and the pipe
medium acting as its dielectric sheath. Using this model, its impedance and effective

length were calculated.
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D. Underwater Measurements

Transmitter (dipole)

Vector Analyser

Figure D1 Underwater measurement in the basin at Loughborough University

Underwater measurements were undertaken in the basin at Loughborough University. The
power used was low, to minimise reflection against the basin boundaries.
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Figure D2 Drawing with dimensions of the 1.8 m deep basin at Loughborough University.
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E. Underground Antenna Measurements

Network Analyser

Figure E.1 Measurement of input impedance of dielectric loaded monopole antenna

125



F. Complex Dielectric Constant
Measurements

Network Analyser
Probe holder

Coaxial probe

Samples

Figure C5.1 Experiment for complex dielectric constant measurement
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