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Abstract

Professor Iain Mason, of the University of Sydney, De Beers, and Reutech Radar
Systems sponsored the Radar Remote Sensing Group at UCT to develop a prototype,
CW, Stepped Frequency, Borehole, Tomographic Imaging System, proposed by Dr.
Alan Langman, of the University of Cape Town. The system is to demonstrate that
a coherent system can be achieved using DDS technology.

This dissertation involves a study of Cross-Borehole Tomography. The mathematical
physical models of the Radon Transform are reviewed. The entire Cross-Borehole
Tomographic process is simulated, based on these physical models of the Radon
Transform. The system specifications for the final design are based on the results
from the simulation. Finally, the final design is built, and tested.

The phase yields a better quality of image reconstruction when compared to am-
plitude, and hence a coherent system is a good choice. The system is frequency to
frequency coherent for the entire transmit frequency range, which satisfies the main

aim of this dissertation.
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Chapter 1

Introduction

1.1 Background

Professor Iain Mason, of the University of Sydney, De Beers, and Reutech Radar
Systems sponsored the Radar Remote Sensing Group! at UCT to develop a proto-
type, CW, Stepped Frequency, Borehole, Tomographic Imaging System, proposed
by Dr. Alan Langman, of the University of Cape Town. The system is to demon-
strate that a coherent system can be achieved using DDS technology. Most current
borehole radar systems pulse a resonant, damped antenna to achieve ultra wide
band (UWB) operation?. The Geosonde system developed by Mason at Oxford
and Sydney covers the band 20 to 80MHz?. A stepped frequency system is a more
flexible approach, possibly allowing for more efficient, automatically tuned antenna
structures. In addition, a coherent system allows for easy extraction of signal phase®.

The following user requirements were identified:

1. A prototype CW Stepped Frequency transceiver is to be designed.
2. The system must transmit in the frequency range: 500kHz - 5MHz.
3. The transmit power should be no more than 10dBm.

4. The system must utilise DDS, or Direct Digital Synthesis technology for the
synthesisers.

}This Group is headed by Prof. M. R. Inggs, and is part of the Electrical Engineering Dept.
?Information supplied by Prof. lain Mason.
3Information supplied by Prof. M. R. Inggs.
4Information supplied by Prof. M.R. Inggs.



5. The transmit, and receive modules need to operate in 47mm diameter bore-
holes to conform to drilling practice.

6. The system must be coherent.

1.2 Outline of dissertation
The dissertation consists of 7 main chapters of discussion:

1. The Introduction, which gives the background, and the outline of the disser-
tation.

2. A brief introduction into Cross-Borehole Tomography, and the image recon-
struction techniques that are used in this process.

3. The reviewing of the physical model of the Radon Transform.
4. A simulation of the Borehole Tomographic process.

5. The final design.

6. Test analysis of the design.

7. Conclusions, and recommendations based on the findings, and investigations
within the dissertation.

1.2.1 Introduction

The first chapter explains the background behind the dissertation, and gives a short,
but detailed summary of each of the main chapters of the dissertation.

1.2.2 Cross-Borehole Tomography

The second chapter explains the principle behind Cross-Borehole Tomography, and
looks a little deeper into the procedure involved [11, page 2]. The procedure involves
placing a transmitter, and a receiver in two different boreholes, and moving them
to different positions. At each position the receiver captures the phase, and the



amplitude information [11, 5, page 3]. This information is used in an inverse process
which results in image reconstruction of the subsurface {2].

This chapter discusses the environmental factors that need to be considered, when
designing a subsurface system [3], [5], [13]: Clay rich sediments within the borehole
can absorb the radar energy making propagation through the subsurface impossible
[3, page 11]. The use of low transmit frequencies are required to propagate through
the subsurface [5, page 3]. The system needs to be low powered due to the explosive
hazard of gases present within the subsurface. The quality of the measurements
taken at the receiver are severly limited by borehole geometry [3, page 10]. The
high temperatures within the borehole require some sort of cooling process for the
electronic hardware [5, page 7].

The Radon Transform is defined. This transform forms the basis of all Tomography
[1, page 12, (2.5)].

This chapter explains three possible image reconstruction techniques that can be
used: Projection-Slice Theorem [2, page 202], Backprojection [2, page 205], and
Iterative Methods [11, page 2]. The University of Sydney utilises the Iterative
Methods technique when performing image reconstruction, which essentially involves
solving a system of linear equations [11].

1.2.3 Physical Model of the Radon Transform

The third chapter reviews the physical model of the Radon Transform concerning
bulk attenuation, and traveltime for both the continuous case, and the discrete case
[1], [11], [13], [14]. This physical model gives us an understanding of the mathemat-~
ical process involved. The reviewing yields an interesting result: the physical model
is derived from the electric field.

This chapter shows that the electrical properties situated in the subsurface (permit-
tivity, and conductivity) effect the amplitude, velocity, and phase of the EM wave
that travels through. This is the reason that an image can be obtained. This image
is a spatial distribution of the permittivity, and conductivity of the media, which is
mapped by the attenuation, and the velocity of the EM wave [2, page 1].

It is also shown mathematically that the traveltime is derived from the phase, and
that by utilising a stepped frequency system, the problem of phase ambiguities can
be solved. Finally, this chapter reviews the discrete physical model of the Radon



Transform concerning phase, and utilising a stepped frequency approach.

1.2.4 Simulation

The fourth chapter investigates a Cross-Borehole Tomographic Imaging simulation,
based on the discrete physical model of the Radon Transform covered in chapter
3. The entire process is simulated in Matlab. The phase, and the amplitude are
extracted by utilising IF sampling and then 1Q demodulation using an easy to im-
plement coherent demodulation technique [50, page 8]. The image reconstruction is

based on the Singular Value Decomposition technique [20].

This simulation played an important part in determining the ADC resolution, LNA
gain, and the frequency step size utilised for a given medium. The ADC resolution
utilised is 12 bit, because this yields a better quality of imnage reconstruction for both
the velocity, and attenuation maps compared to an ADC with 8 bit resolution. A
LNA with sufficient gain is needed in order to operate in both dry, and moist earth
conditions. The frequency step size utilised needs to be 2MHz or smaller, because
this yields an unambiguous path length of 50 metres or greater, while displaying high
quality image reconstruction. The unambiguous path length needs to be greater than
35.355 metres, which is the greatest path length in the simulated borehole geometry.

An explanation of Tomographic resolution is also given. The Tomographic resolution
is determined by the number of receive positions in the borehole, and the number of
pixels utilised in the imaging region. The greater the number of receive positions,
and pixels utilised, the better the quality of the reconstructed image.

The simulation compares the use of phase to the use of amplitude. An interesting
result is yielded: phase is more accurate than amplitude when it comes to image
reconstruction. This result can be clearly understood by looking at the error analysis
involved. Once again, the benefit of utilising phase instead of amplitude allows the
system to operate with a lower ADC resolution. The velocity reconstruction process

became distorted when the phase error was greater than 0.4 degrees.

1.2.5 Final Design

The fifth chapter covers the final design of the system. It briefly discusses three
possible architectures: heterodyne, homodyne, and RF Sampling. The heterodyne
system is utilised, mainly because the homodyne, and RF Sampling architectures

4



have problems associated with harmonics within the frequency band of interest [16,
page 18, 19, and 20]. The heterodyne system is also compact, and it is desirable to
have a compact system which can be utilised in 47mm diameter boreholes in order
to meet the demands of the user requirements statement®.

The system specifications are determined by the user requirements for the disser-
tation, general mathematical analysis of receiver systems, the results of the Matlab
simulation covered in the fourth chapter, and other simulations. The IF bandwidth
is 455kHz [25]. The system will operate in the transmit frequency range of 500kHz
to 5MHz, as specified by the user requirements statement®. The frequency step size
is 455kHz in order to satisfy the unambiguous path length requirement mentioned
in chapter 4, and to ensure the IF remains harmonic free’. The BPF, or receiver
bandwidth is 21kHz, which will eliminate the effect of the harmonic +45kHz away
from the IF band [25].

The master clock frequency is 58.24MHz, which is a multiple of the IF frequency,
and the sampling frequency [16, page 29]. The ADC will undersample the IF signal
at 202.222kHz, which results in a cost effective ADC [27]. The clock to the micro-
controller is 4.608 MHz, which results in zero baud rate error at 2400bps, according
to the baud rate simulation.

The transmit power is 9.9dBm =10dBm, as specified by the user requirements state-
ment. The ADC has a dynamic range of 72dB, which meets the requirements men-
tioned in chapter 4. The maximum LNA gain is 40dB in order to satisfy the re-
quirement of the simulated gain mentioned in chapter 4.

The receiver dynamic range is 110.96dB. The receiver dynamic range is fairly large,
but this is the ideal dynamic range, and in the real world the dynamic range is
likely to be lower than 100dB®. The compression-free dynamic range assumes that
the receiver only has a single signal at the input, and that it is a desired signal [46,
page 1]. It does not take into account interfering signals that are likely to lower the
overall dynamic range [46, page 1].

The entire system consumes a maximum power of 6.9W when run on %5 volts®. The
system will operate in the temperature range of 0°C to 70°C [24], [26], [27], {28],
[29], [32], [33], [34], [35], [37], [39], [40], [41], [42].

5Refer to section 1.1.

$Refer to section 1.1.

TRefer to section 5.3.2.

#Information supplied by RF Design Engineer, Paul Fourie, from Reutech Radar Systems.
¥Refer to Table 5.3.




The Control Module, Transmit Module, and Receive Module PCB dimensions are
152mm x 70mm, 203mm x 25mm, and 230mm x 29mm, respectively. The Con-
trol Module is not limited by size, but the Transmit Module, and Receive Module
are required to operate in the 47mm diameter boreholes, as mentioned in the user

requirements statement.

The fifth chapter covers the hardware, and the software implementation. The hard-
ware is implemented by four modules: Control Module, Transmit Module, Receive
Module, and the PC Module. The software is explained in detail by the flow dia-
grams in Appendix C.

Finally, this chapter explains the idea behind coherency, and how to implement
the system’s coherent control. It is important that the reference clock to both the
synthesisers be phase-locked with each other in order to establish a frequency to
frequency coherent system. The synthesisers need to be reset in order to. place
the synthesisers in the same phase, and state [24, page 5, and 11]. The frequency
update signal must be synchronised with the reference clock, sample clock, and
the synthesiser system clock frequency must be a multiple of the IF frequency, as
explained in section 5.5. The sampling must take place on the sample clock, as

shown in Figure 5.9.

1.2.6 Design and Test Analysis

The sixth chapter involves the test analysis of the final design. It concentrates on the
following areas of testing: the compression-free receiver dynamic range, transmitter
power, LNA gain, BPF harmonics, and ADC harmonics. Finally, this chapter tests

the overall system coherency.

The compression-free receiver dynamic range is measured to be 55.06dB, which is
55.9dB less than the ideal calculated value in section 5.3.7. There also appears to
be coupling of the 58.24MHz synthesiser clock signal, and the 9.2MHz harmonic of
the 4.608MHz microcontroller clock frequency onto the LNA input!?. This is caused

by the auto-routing of the boards due to time-constraints.

The transmitter power is measured to be within the user-requirements 10dBm!!
value for the entire transmit frequency range. The measured LNA gain corresponds
to the programmed LNA gain. However, when the gain is set to 40dB the output

10Refer to section 6.2.
11 Refer to section 1.1.



signal becomes distorted due to the above mentioned coupling.

The analysis of the BPF output, and input ADC harmonics shows that there is
coupling of the above mentioned clock signals, including the 9.707MHz system clock
signal. There is local oscillator feedthrough appearing. However, there is good sup-
pression of the coupled clock signals from the IF signal at the ADC input. The
9.707TMHz, 4.608MHz, 9.2MHz, and 58.24MHz clock signals are 45.5dB, 49.5dB,
44.5dB, and 41.5dB lower than the required IF signal, respectively. The local oscil-
lator feedthrough is 28dB lower that the required IF signal. The oscilloscope shows
that the ADC input IF signal appears to be fairly clean for the entire transmit

frequency range.

Finally, the frequency to frequency coherency test for the entire transmit frequency
range showed that the system is indeed frequency to frequency coherent!?. The
transmit frequencies, 1.4656MHz, 2.3756MHz, 3.280MHz, 4.65MHz, and 5.105MHz,
all have a change in phase error of less than, or equal to 0.4 degrees, and are
therefore, within the desired accuracy in order to reconstruct a high quality velocity
map image'® . However, the transmit frequencies, 555kHz, 1.01MHz, 1.92MHz,
2.83MHz, and 3.74MHz, will have a change in phase error that will not always be
less than or equal to 0.4 degrees, and hence, distortion of the reconstructed velocity

map image can occur.

The utilisation of a 12 bit ADC should yield a maximum phase error of 0.027 degrees,
as mentioned in section 4.7.2. However, the actual phase error is greater than this.
This is probably due to inefficient PCB routing, and supply bypassing around the
ADC, and the rest of the system! [27, page 15].

1.2.7 Conclusions and Recommendations

The final, and seventh chapter gives the conclusions, and the recommendations
based on the findings, and investigations within the dissertation. The following

main conclusions are drawn:

e The phase yields a better quality of image reconstruction than amplitude, and
hence a coherent system is a good choice. The use of phase allows for a lower
system ADC Resolution, as proven in section 4.7.2.

12Refer to section 6.6.
13Refer to section 4.7.2.
HRefer to section 6.2.



e A heterodyne system is the system of choice, because harmonics are factored
out of the equation due to the BPF bandwidth, and the choice of transmit
frequencies [16, page 18, 19, and 20].

e No error checking is performed on the protocol used in the software, as men-
tioned in section 5.4.1. Therefore, error in data transmission can occur.

® The system’s compression-free dynamic range, LNA gain, BPF output, and
ADC input are all being effected by the undesirable coupling of the 58.24MHz
synthesiser clock signal, the 9.707MHz system clock signal, and the 4.608MHz
crystal frequency for the microcontroller, with its 9.2MHz harmonic!®. The
BPF output, and the ADC input are also experiencing local oscillator feedthrou-
gh, as mentioned in section 6.5. The local oscillator is being fed through,
because the output signal of the mixer is relatively small (< —6dBm) in am-
plitude, and therefore, the BPF (optimum input > 0dBm) has no effect [25,
page 6], [36, page 56].

e The system is frequency to frequency coherent for the entire transmit frequency
range, which satisfies the main aim of this dissertation?®,
e Finally, the system satisfies all the requirements of the user requirements state-

ment covered in section 1.1.
The following main recommendations can be made:

1. The software protocol must incorporate error checking in the future to guar-
antee the arrival of the data message. This will prevent timing problems from
occuring if a faster PC is utilised. A suggested protocol to use is TCP, or
transmission control protocol [49, page 78|.

2. The next prototype must utilise proper RF PCB routing methods, and must
incorporate a power, and ground plane in order to eliminate the coupling of
the above mentioned clock signals [47, page 455]. This will help to lower
the noise floor, and therefore, improve the system compression-free dynamic
range!”. The introduction of a ground plane helps to eliminate, or reduce
any potential difference in the grounds between the ADC, and the rest of the
analogue circuitry, which will appear as an error voltage in series with the

15Refer to sections 6.2, 6.4, and 6.5.
16Refer to section 6.6.
17Refer to equation 5.1.




ADC analog input signal [27, page 15]. This will improve the overall change
in phase accuracy.

3. The IF amplifier must be placed after the mixer, and the BPF must be placed
after the the IF amplifier. This will ensure that the BPF attenuates the local
oscillator feedthrough effectively [25, page 6].

4. The current systemn must utilise coherent integration in order to improve the
change in phase accuracy, so that the error is less than or equal to 0.4 de-
grees'® [18, page 144]. This will ensure that the velocity map image can be
reconstructed without distortion occuring.

5. Finally, a fully-functional system that can be used in the field should be de-
signed. This involves designing the transmit, and receive antenna. Special
emphasis must be placed on the fibre optics involved, because the cables can
become snagged, and break loose in the borehole.!®

18R efer to section 4.7.2, and 6.6.
BInformation supplied by Prof. Iain Mason.



Chapter 2

Cross-Borehole Tomography

2.1 Introduction

This chapter, briefly, discusses the Cross-Borehole Electromagnetic Imaging tech-
nique. The technique’s advantages, uses, and the implementation are mainly dis-

cussed.

The environmental factors that effect the propagation of the EM waves are looked
at in detail. A Tomographic image is defined.

Finally, the Radon Transform, which forms the basis of all tomography is defined,
and three image reconstruction techniques are investigated: Projection-Slice Theo-

rem, Backprojection, and Iterative Methods.

2.2 Cross-Borehole Electromagnetic Imaging

There are many techniques which can be used to implement Borehole Tomography.
For example, there is Electrical Resistance Tomography, which images the resistivity
of the subsurface image. Electrical Resistance Tomography has an advantage over
electromagnetic imaging in that fewer boreholes are required [4]. This dissertation
will use the technique called Cross-Borehole Electromagnetic Imaging [11, page 2.

This process produces an image of the attenuation or the velocity of the electro-
magnetic waves sent through the subsurface [11, page 1]. This technique results
in fast performance, large area coverage, and its implementation is inexpensive [7],
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[10]. This method has been widely used for non-invasive detection of underground
metallic and chemical waste forms, such as chromium [10].

The cross-borehole process can be seen in Figure 2.1. The transmitter is placed
in position P1 while the receiver is moved from Pl to Pn. The transmitter is
then moved to P2 and the receiver is moved from P1 to Pn again. This process
is repeated until the transmitter has covered every position. At each position, the
receiver captures the phase (traveltime) or amplitude information [11], [5, page 3].
The information is used in an inverse process which results in target reconstruction
[2].
Tx Rx

Rock Strata

S9J18N 63

Pn .

47 mm ~{—— 25 Metres ——

Figure 2.1: The Cross-Borehole Technique with Dimensions

2.3 Environmental Factors

Tomographic images are mappings of the permittivity and conductivity of the target
media, which are related to the attenuation and the velocity of the EM wave |2, page
1]. The following properties of the media effect the propagation of the EM waves
and gives important information towards the system design:

1. The dielectric constant or relative permittivity of the subsurface material, for
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example, water has a higher dielectric constant than air. The imaginary part
of the dielectric constant or the loss tangent will effect the attenuation of
the wave and the real part of the permittivity will effect the velocity of the
wave [13, page 30]. The presence of small amounts of clay-rich sediments in
drilling fluids can have the effect of absorbing all the radar energy, and hence,
propagation through the subsurface would be impossible |3, page 11].

2. Low frequencies need to be used, because the propagation distance through-
the-earth for high frequencies is severly limited [5, page 3]. Operating at high
frequencies means that the attenuation depends on the conductivity as well
as the permittivity of the medium, but at lower frequencies attenuation is
independent of permittivity and dependent on conductivity which accounts
for ionic losses/conductivity losses [5, page 3].

3. The system needs to be low-powered, because of the possible explosive hazard
of gases situated in the subsurface!. Therefore, an issue of safety needs to be

considered.

4. The borehole results obtained are severly limited by the hole geometry. The
deeper the borehole the greater the ray coverage, and hence, the better the
quality of the radar measurements [3, page 10|.

5. Hardware enclosures - electronics will be placed in the borehole which means
that the components must be able to withstand the extreme temperatures
and the moisture in the boreholes. For example, watertight bakelite contain-
ers filled with transformer oil can be used to dissipate the heat so that the
electronics can survive under extreme temperature conditions [5, page 7).

2.4 Image Reconstruction Techniques

In order to obtain an image of the attenuation or velocity of the EM wave throu