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ABSTRACT
A directional antenna has been developed for the borehole radar
constructed during phase 2 of the Stripa project. The new antenna
can determine the azimuth of a strong reflector with an accuracy
of about 3° as confirmed during experiments in Stripa, although
the ratio of borehole diameter to wavelength is small, about
0.03. The antenna synthesizes the effect of a loop antenna
rotating in the borehole from four signals measured in turn by
a stationary antenna. These signals are also used to calculate
an electric dipole signal and a check sum which is used to
examine the function of the system.
The theory of directional antennas is reviewed and used to design
an antenna consisting of four parallel wires. The radiation
pattern of this antenna is calculated using transmission line
theory with due regard to polarization, which is of fundamental
importance for the analysis of directional data. Xn particular
the multipole expansion of the field is calculated to describe
the antenna radiation pattern. Various sources of error, e g the
effect of the borehole, are discussed and the methods of
calibrating the antenna are reviewed. The ambiguity inherent in
a loop antenna can be removed by taking the phase of the signal
into account.
Typical reflectors in rock, e g fracture zones and tunnels, may
be modelled as simple geometrical structures. The corresponding
analysis is described and exemplified on measurements from
Stripa. Radar data is nowadays usually analyzed directly on the
computer screen using the program RADINTER developed within the
•"tripa Project. An algorithm for automatic estimation of the
f^rameters of a reflector have been tested with some success. The
i Lat i on between measured radar data and external coordinates as
<e termined by rotational indicators is finally expressed in terms
ji Euler angles.
ieywords: Borehole radar, directional antenna, transmission line,
7polarization, fracture zones.
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1.

INTRODUCTION

1.1

PREVIOUS WORK
The borehole radar was developed during phase 2 of the
Stripa Project in order to locate fracture zones in
crystalline rock. The system has proved to be very
efficient for this purpose and accurate radar pictures
are routinely produced. Figure 1 shows a typical
example from the development work in Stripa where
fracture zones and boreholes extending from the site
are detected by the radar. The range can be measured
with good accuracy and it is possible to determine the
geometry of the site completely by measuring from a
few boreholes.
Because of the small diameter of the boreholes the
antennas used in this system are omnidirectional
electric dipole antennas. Such antennas can not
measure the az: truth of a reflector because they are
symmetric with respect to the borehole. As long as
both transmitter and receiver are located in the same
borehole there is no way of determining the direction.
The directional antenna has been developed to measure
the position of watercarrying fracture zones from a
single borehole. This problem is important when sites
are selected for nuclear waste storage; in particular
it would be very expensive to drill all the boreholes
required for a complete crosshole measurements of the
type performed in Stripa at the Crosshole site (Falk,
1985, Olsson et al., 1987a) and later at the SCV site
(Sandberg et al., 1989). The capability of the radar
to detect fracture zones has been thoroughly tested
and verified in Stripa during the SCV project and also
in many other measurements performed all over the
world.
The borehole radar has resistively loaded antennas
which can transmit and receive the short pulses
required to provide the time and range definition
(Olsson et al., 1985, 1992). The propagation time of
the reflected pulses gives accurate information about
the geometry of a site, especially about the location
of fracture zones, tunnels, boreholes and other
regular objects. Their geometry and location in space
can be determined by combining results from
measurements in different boreholes. Some of these
reflectors are seen in Figure 1 which is a radar
picture from Stripa obtained during the development of
the radar.
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Figure 1.1. Schematic drawing of the principles of
borehole radar. Compare with measurements from
borehole F3 in Stripa showing fracture zones A and C
and boreholes El and F1-F5 at 60 MHz.

The range is accurately determined in these pictures,
often to the order of 0.1-0.2 m, but because of their
axial symmetry radar antennas in a borehole can not
provide any information about the azimuth of a
reflector. That information can only be obtained by
combining data from several boreholes and this
involves an element of chance, since the reflectors
must be correctly identified in each picture. The work
in Stripa has illustrated the difficulty of this
problems, especially if the fracture zones have
reflection coefficient which are variable over the
surface (Olsson et al., 1987a). The directional
borehole antenna was developed to resolve this
difficulty and measure the azimuth of the targets
directly: experiments have shown that the radar
antenna can do this with an accuracy of about 3° (Falk
et al., 1989, Sandberg et al., 1991).
The experience from Stripa and other sites has shown
that the angle of intersection between a fracture zone
and a borehole can be determined with an accuracy of
l°-10°, depending on the orientation of the zone and
the borehole. The azimuth must be determined with
similar accuracy to determine the location of fracture
zones. The directional antenna can perform this
measurement from a single borehole, which is
indispensable if there is only one borehole available
or if the distance between the boreholes exceeds the
range of the radar. The maximum range is presently
200-300 meter in granite. This condition will often
make crosshole investigations impossible, especially
in deep boreholes (Olsson and Falk, 1989). The methods
previously used to orientate fracture zones have
combined radar data with geological information or
involved a series of crosshole measurements, using
both reflections and tomography to interpret the data.
These techniques were thoroughly investigated during
phase 2 of the Stripa project. They are fairly
accurate but require good knowledge about the area or
alternatively many boreholes for measurements
(Sandberg et al, 1991) . Comparison was also made with
seismic methods and with the hydraulic properties of
fracture zone measured during the Stripa Project
(Olsson et al., 1987b). A directional antenna would
simplify the interpretation and also speed up the
analysis and make it less costly.

1.2

THE BOREHOLE RADAR
The borehole radar constructed during phase 2 of the
Stripa project is shown in Figure 2 and a schematic
drawing of the present directional radar is given in
Figure 3. The transmitter and receiver antennas and
their electronics are enclosed in two borehole probes
which are supplied with electric energy from batteries
shown in the picture. The batteries can support the
equipment for about ten hours.
The probes communicate with the control unit through
optical fibers and this unit will average the data and
send it to the computer. The computer is a standard PC
which allows the user to use a wide selection of
programs. The optical fibers are very efficient
signal links with a data transmission rate of 1.2
Mbit/ sec. The fibers are hardly affected by external
conditions, which is important to maintain the
accuracy of the radar. Unlike electrical cables the
fibers will not support interfering electric waves
propagating along the borehole. The winch is an
important part of the equipment, which allows the
radar to be used down to 1 km with a cable containing
four optical fibers.
The most sensitive signals on the fibers are the trig
signals to the antennas. These signals must be
powerful enough to define the time very accurately.
Dirt on the fibre connections can easily reduce the
amplitude to a level where the trig signal is
incorrectly defined. The data is transported on a
third fibre and a fourth has been added in the
directional radar to tell the receiver when to switch
between the antenna ports. This fibre also carries
signals in the opposite direction with data from the
directional instruments which define the orientation
of the antenna in the borehole.
Figure 1.3 shows that the directional antenna has been
developed as an addition to the previously existing
borehole radar system. The main changes have been made
in the receiver antenna where four different signals
are measured in turn. Magnetometers and/or gravimeters
are used to measure the antenna orientation.

Figure 1.2. The borehole radar with antennas,
batteries, control unit, computer, cable winch.

TRANSMITTER

CONTROL UNIT

RECEIVER

Figure 1.3. Schematic drawing of the borehole radar
showing units added for the directional antenna.

The new equipment is built like the existing borehole
radar with a few additions for the new antenna. The
parameters are essentially the same as in the previous
system (Olsson et al., 1992):
- Frequency range

20-80 MHz

- Sampling time accuracy

200 psec

- Pulse repetition frequency

43 kHz

- Peak power

500 W

- Probe diameter

48 mm

- Least significant bit

1 uV

- A/D converter

16 bit

- Data transmission rate

1.2 Mbit/s

- Operating time

10 h

- Antenna weight

18 kg

- Control unit

14 kg

- Maximum temperature

90°

- Maximum depth

1 km
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2.

THEORY

2.1

BACKGROUND
Directional antennas were used already in the first
experiments performed with radio waves in 1887, when
Hertz employed loop antennas of a type frequently
found in modern radio location equipment to detect
radio waves. Radio antennas are always directive to
some extent because there are no spherically symmetric
solutions of Maxwell's equations. The symmetrical case
is, however, a useful idealization which is employed
to define the directivity and directive gain of an
antenna. Both these quantities are calculated relative
to a hypothetical isotropic antenna (Balanis, 1982).
The directivity tells how much of the power is focused
into the direction of maximum radiation. This number
is often used to describe the performance of a
directional antenna but it can obviously not give a
complete description. It will be seen that the
borehole antenna has very poor directivity, but this
does not prevent us from determining the position of a
reflector fairly accurately. The principles of
measurement are reviewed in the following section.
The maximum of the radiation pattern is often used to
direct radiation between a transmitter and a receiver.
In many applications other parts of the radiation
pattern are equally important, especially side lobes
and backlobes which pick up undesired signals.
Alternatively it may be important to create radiation
minima in directions where receivers or jammers are
located; this can oe done with modern group antennas.
The variations in directive gain were used to locate
ships communicating by radio already during the First
World War. The frequencies were low and directional
information was mainly obtained by comparing the
phases of waves incident on different antennas. This
type of antenna is called the Adcock antenna and the
same idea is useful for a borehole antenna which is
also restricted to small dimensions relative to the
wavelength.

2.2

PICTURE FORMING SYSTEMS
High frequency radar was developed rapidly during the
thirties under the threat of approaching war. Under
military conditions it became crucial to determine
both the azimuth and the range to the target. The
resolution was improved by reducing the wavelength
when the magnetron had been invented and it became
possible to produce powerful beams within a narrow
sector. The main reason for moving on to higher
frequencies was the necessity of detecting small
targets, e g U-boat periscopes during the first period
of the war. In addition short waves can provide some
information about the structure of a target, which is
important for identification. The high frequencies
used in modern radar systems, 1-30 GHz, makes it
fairly easy to compress the radiated pulses into a
narrow beam and angular information on the order of
the beam width is obtained by rotating the antenna
mechanically or by using phase-shifters. The angular
resolution can be further improved by various methods
of scanning and beam forming.
Narrow beams can create a picture of the surroundings:
the pixel size is determined by the beam width, which
still is fairly large in most systems, usually on the
order of degrees. By increasing the frequency into the
mm-wave range one can obtain a resolution which is
sufficient to generate acceptable pictures. Special
techniques are required to achieve resolution
comparable to infrared and visible light which can
produce pictures containing thousands of independent
pixels. The pictures will of course require a
corresponding amount of analysis.
For a long time radar was mainly used to locate single
reflectors, but in modern applications it is often
necessary to locate and track several targets
simultaneously, e g with an artillery radar. This
requires information in a form which can be presented
as a picture of the surroundings. The best known
examples of extreme high resolution radar are
presently found in radio astronomy, IR lidars,
synthetic aperture radar (SAR), etc.
A picture should have an angular resolution which is
at least 1° in both directions in order to have a
sufficient number of pixels to be regarded as a
picture. Resolution on this scale is only possible if
the aperture of the system is many wavelengths wide,
because the angular resolution is nearly equal to the
ratio of wavelength to aperture width. For long
wavelengths this condition is very difficult to
satisfy in practice and much effort and considerable
ingenuity have been applied to achieve it. Radio
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astronomy antennas are already well known for their
size, but by combining several telescopes, sometimes
placed on different continents, one can increase the
aperture more than a thousand times and resolve
extremely small objects.
Similar techniques are presently applied from
satellites and aircraft using synthetic aperture radar
technique (SAR). A small antenna is moved along a
straight line and the signals radiated and received by
the antennas are combined to simulate the effect of a
large aperture extending over the whole track. With
this method one can in theory produce a resolution
equal to half the antenna aperture at any range and
modern systems are quite close to these values. A
ground resolution of 2 m can e g be obtained from an
aircraft at 12 km height (Madsen et al, 1991).
Synthetic radar measurements are in principle similar
to borehole measurements, where the antennas are moved
along a straight line (the borehole) and the data is
combined and interpreted in a radar picture as in
Figure 1.1. Although SAR interpretation has only been
attempted by migrating borehole radar pictures the
angular resolution obtained in the borehole plane is
excellent since the position and phase of the pulse
can be determined within a fraction of a wavelength
(Olsson et al, 1987a). Ambiguities are avoided by
comparing data from different points in the borehole.
The angular resolution produced in this way is on the
order of l°-5° depending on the geometry and the step
length used in the borehole. The step must be a small
fraction of the wavelength to produce maximum
resolution and avoid ambiguities. The time stability
of the radar, 0.2 nsec, is on the other hand
sufficient to measure these effects even at higher
frequencies than the 20 - 60 MHz presently used.
Radar antennas used to generate pictures are often
reflectors, an antenna type which was perfected after
1945. Feeds and reflectors can be designed to produce
a narrow beam with very low sidelobes and in addition
computer methods are available to sharpen the beam
further. Because of the size of the aperture reflector
antennas are best suited for microwaves and antenna
locations free from obstacles. Neither of these
criteria apply to the borehole radar: radio
frequencies in the range 20 - 100 MHz must be used to
penetrate the rock (Cook, 1975, Sandberg et al., 1991)
which corresponds to wavelengths several meters long
while the antennas are restricted to move in narrow
boreholes a few cm wide. The traditional methods for
obtaining directional information can thus only be
used in the direction of the borehole while angular
resolution in the azimuth must be produced by some
method which can not generate real pictures.
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The radar systems described so far often have a
circular aperture and the angular resolution is
symmetrical with respect to the axis: telescopes and
parabolic reflectors are typical examples. Ground
based radars represent an exception, since they often
have an unsymmetrical coverage with a narrow beam in
azimuth while the vertical lobe is wide; the antenna
will then be wider in the horizontal direction;
typical examples can be found in airports or on ships.
Sidelooking radars (SLAR) are also unsymmetrical with
a long antenna placed along the aircraft. This antenna
provides the resolution along the flight track, while
the range resolution is used to measure the second
coordinate accurately. This is possible since the
radar is used to detect targets on a flat surface, e g
the -sea. The sidelooking radar is also in some ways
similar to the borehole radar because it is
unsymmetrical, but in a borehole there are no
possibilities of restricting the reflections to a
single plane and one must use other methods to obtain
the azimuthal resolution.
2.3

BOREHOLE ANTENNAS
The general principles described in the previous
sections indicate that there are very limited
possibilities for obtaining azimuthal resolution with
a borehole radar and in particular one can not hope to
generate pictures in azimuth. There are, however,
other possibilities and presently active research is
going on in the field of directional radars and
antennas, particularly for military applications. The
reader is referred to the references for further
information about these developments where modern
signal processors have opened entirely new
possibilities (Miller et al., 1985, Jenkins, 1991).
We will first review some directional antennas of the
traditional beamforming type proposed for borehole
radar. In the oil industry tests have been performed
in wide boreholes at rather high frequencies,
typically 300 MHz, where the range will be small.
Lytle produced a wide but directed beam by placing the
current element eccentrically in a borehole or by
using a reflector to create a similar effect (Lytle,
1971; Lytle and Laine, 1978). The theory of an
eccentrically placed source has been developed by Wu
(Wu et al., 1975) and formulas for the radiation from
a displaced wire were calculated. Directed radar waves
have also been studied by Buettner using similar ideas
(Buettner, 1980). Experimental tests were performed by
Chang and Scott at Sandia Laboratories (Chang and
Scott, 1984). The experiments confirmed the existence
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of a beam which was about 30° wide in agreement with
theoretical estimates for a 15 cm borehole at 300 MHz.
The results are not applicable to the parameters of
the RAMAC radar and since a much higher resolution is
required one must find another solution which does not
involve beam forming.
The aim is to determine accurately the direction to a
reflector which has already been identified in the
radar picture. This problem is different from
generating a picture of several unknown targets and it
is well suited to the borehole radar pictures, where
there are usually only a few major reflectors. These
reflectors can be classified by their geometry into
typical models: planes, lines and point reflectors,
which correspond respectively to fracture zones,
tunnels and boreholes, and small inhomogeneities.
The construction of a directional antenna depends on
the possibility of measuring the phase difference
across the borehole when a wave is incident on the
borehole from a definite direction. This strategy has
traditionally been used in direction finding systems
when the wavelength is long but the importance of
having a single target when applying this method is
obvious. One can, however, also separate them
according to range and signal amplitude. In practice
the diameter of a borehole is 5 - 10 cm, while the
radar wavelength in granite exceeds 2 m. This ratio
will often appear in the further analysis.
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3.

GENERAL PRINCIPLES

3.1

ANALYTICAL FORMULATION
The principle cf a directional radar antenna can be
understood by observing that the diameter of c
borehole is much smaller than the wavelength of the
radar. The radiated field can be written as a
multipole expansion of fields produced by the antenna
currents (Landau and Lifshitz, 1975). The directional
antenna is defined by the first three terms of this
expansion. Independently of antenna design the signf1
will have the following form:
E(t) = A(t) + B(t) sin 4> + C(t) cos <{>
where $ is an angle describing the azimuth of the
antenna in the borehole or the position of an observer
measuring the radiation from the antenna. According to
the principle of reciprocity the radiation pattern is
the same whether the antenna is used as a transmitter
or receiver (Balanis, 1982) . The signal E(t) can be
interpreted both as a signal received by the antenna
and as a transmitted signal detected by another
antenna. The RAMAC directional antenna is used as a
receiver, but it is often simpler to consider a
transmitting antenna when the design is discussed in
general terms and we shall use whichever view is more
convenient at the moment.
The three terms, A(t), B(t), C(t), correspond to the
electric dipole and the magnetic dipole fields
respectively. These names are formal and related to
the multipole expansion of the antenna current, but
the terms can also be associated with structures in
the antenna design. The contributions from quadrupoles
and higher order multipoles can be neglected if the
diameter of the antenna is sufficiently small or if
those terms have been made small by design. The latter
is the case for the directional antenna as we shall
see later.
Directional information is obtained from the terms
D(t) and C(t) and in order to optimize the sensitivity
of the antenna these terms should be made large or at
least comparable with A(t), which represents a
background signal independent of azimuth. The term
A(t) will also contains radar reflections and can
interfere with the information in signals B(t) and
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C (t) . A few examples will explain the meaning of each
term.
3.1.1. Electric dipoles
An electric dipole, or Hertzian dipole, is the
simplest source of radiation. Its radiation pattern is
depicted in Figure 3.1. Its amplitude and polarization
are determined by the component of dipole moment
perpendicular to the line of propagation. If the
dipole is parallel to the axis of rotation the field
will be independent of azimuth because of the
symmetry. This signal corresponds to the term A(t),
which is often referred to as the electric dipole
term.
This name should not be taken too literally, because a
short dipole can also be oriented at right angles to
the borehole. The radiated field will then vary
sinusoidally as the dipole is rotated and thus
contributes to the terms B(t) and C(t). For the
purpose of analysis .\t is simplest to treat the
borehole antenna as if it were very long. The antenna
geometry is then twodimensional, with currents flowing
parallel to the borehole. Electric dipoles
perpendicular to the borehole will not be considered
and the terms B(t) and C(t), which occur in the
expansion, are more naturally described as magnetic
dipoles. In principle short electric dipoles can also
be used in borehole measurements, but such antennas
are rare because their radiation resistance is very
small and the antennas will be difficult to match to
signal sources.

Axis of symmetry

Equatorial plane

Figure 3.1. The power radiation pattern of a dipole.
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3.1.2. Small loops
Loop antennas are often used in commercial radio
receivers to locate radiation sources, i e as
directional antennas. The loop is moved until a
position has been found where the signal disappears:
the transmitter is then in a direction normal to the
loop. A loop with its plane perpendicular to the
borehole axis can not provide azimuthal information
and will thus contributes to the term A(t). For this
reason only loops with their normals perpendicular to
the borehole will be considered in the analysis.
The terms B(t) and C(t) correspond to signals received
by loops placed at right angles to each other. Their
normals are along the coordinate axes x and y
respectively, if z is directed along the borehole. The
signals B(t) and C(t) will be proportional to the loop
area and the current, i e to the magnetic moment. Any
signal in the expansion with such an angular
dependence is called a magnetic dipole, because it
behaves like a current loop if the antenna is rotated
in the borehole. We have not considered the variation
in the other direction (the polar angle), so the field
need not be similar to that of a loop in spite of this
name. An arbitrary antenna in a narrow borehole
behaves like a superposition of these three basic
antenna types to a fixed observer, who will only see
changes due to the rotation of the antenna. In the
present approximation this would be a sinusoidal
variation.
A magnetic dipole can be viewed as a pair of
oscillating magnetic charges, but its field is equally
well described by a small current loop. The electric
and magnetic dipoles are dual (Balanis, 1982) and the
field distribution of a magnetic dipole is obtained by
interchanging the electric and magnetic fields of the
electric dipole. The antenna directivity is the same
for electric and magnetic dipoles and for both
antennas the zeros of the radiation pattern lie along
the dipole axis (Figure 3.1).
The maxima are broad and poorly defined, but the
minima are sharp and can be used to locate a source of
radiation. There are two zeros in opposite directions
which will cause an ambiguity and additional
information is required to separate these two cases.
On the ground this problem can be solved by moving the
antenna about to determine at which point the normals
intersect, but this procedure is impossible in a
borehole. The solution of this problem will be
discussed later.
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3.1.3. Extended loops
The expansion
E(t) = A(t) + B(t) sin (j> + C(t) COS $
corresponds formally to the field of a narrow
twodimensional current distribution which does not
depend on the borehole depth; previously we have
tacitly assumed that the observer is in a fixed
position. The simplest method of describing these
three terms physically is as the field produced by
infinitely long current carrying wires. The first
term, A(t), is the field of a current in the center of
the borehole as shown in Figure 3.2. This model is
similar to the standard RAMAC dipole antenna; the
borehole diameter is much smaller than the antenna and
the wavelength (Olsson et al., 1987a). If the antenna
field is calculated close to the wire, e g in order to
calculate the effect of a borehole casing or an
eccentric placing of the antenna in the borehole, the
wire can be regarded as very long, but far from the
antenna the field resembles that of a short electric
dipole.
The directional information is contained in the terms
B(t) and C(t), which correspond to twodimensional
magnetic dipoles. Each dipole consists of a pair of
equal but opposite currents displaced from each other
a short distance as in Figure 3.2. The two current
loops are at right angles to each other and the
direction of a signal maximum or minimum can be
determined by comparing the two signals. In practice
this antenna system is constructed as a long wire loop
in order to produce a sufficiently high voltage. The
radiation resistance is then large enough to match the
antenna to a transmission line.
A common way of analyzing the field of this type of
antenna is to consider only the currents on the two
parallel wires in Figure 3.2. Each current element
radiates an electric field E proportional to the
current I,
E = const I cos (Jcr-oit) ,
where k is the wave number in the medium and (o the
angular frequency. If the distance d between the wires
is small compared with the wavelength the fields will
nearly compensate each other. The path difference in
the equatorial plane is approximately kd sin 6 and the
radiated field
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3

Figure 3.2. Radiating currents in a borehole
corresponding to electric and magnetic dipoles
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= 2 E kd sin 8
where 0 is the angle between the normal and the
direction to the field point. The factor kd is the
small parameter used in the multipole expansion: for 2
m wavelength and a 3 cm gap between the wires this
factor becomes
kd = 0.09
This parameter is small but not negligible. It
corresponds to a reduction by 20 dB in signal
strength, which means that there is no difficulty in
detecting the directional signal. The dynamical range
of the radar has been made much larger in order to
produce large range. In granite, where the attenuation
is 0.5 dB/m at 60 MHz the range would be reduced by 20
m by a 20 dB loss in signal strength while the total
range at the corresponding frequencies still is 60 70 m. There is consequently an ample margin and this
is further improved by the good quality of the
directional signal which makes it simple to identify
the reflected pulse.
The formula for the radiated field has an angular
dependence which agrees with our intuitive idea about
the principle of directional antennas, but it neglects
the fact that the currents form a closed loop even if
the antenna is very long. The currents near the
antenna ends contribute to the radiation field,
because they do not compensate each other. In fact
this field is similar in magnitude to the previously
calculated field, because the current in the end
segments is proportional to the current in the rest of
the loop. Compared with a standard half-wavelengt
dipole the field E#nd is reduced by a factor of order kd
because the end segments are that much shorter. The
long wires are on the order of a wavelength and the
radiated electric field E is similar to that of a
half-wavelength dipole,
E.nd = kd E cos 6.
Here the radiation pattern of the dipole has been
included. The two fields are similar in magnitude but
have different polarization, so there is no point in
comparing them further at this stage.
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Figure 3.3 Antenna approximated by current loops
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A better way of visualizing the field is to regard the
antenna as a series of magnetic dipoles. This is
achieved by closing the current loops as shown in
Figure 3.3. The radiated field is calculated by
integrating the magnetic dipole fields. The
polarization and radiation pattern of the extended
loop are in principle similar to that of a small loop
in the same plane. The coefficients B(t) and C(t) are
obtained by summing the contributions from each loop
and taking the phase factors into account. If the
antenna is shorter than a quarter wavelength B(t) and
C(t) will be nearly proportional to the product of the
loop surface and the current.
Both methods of calculating the antenna field
approximately are useful to visualize the function of
the directional antenna. At the final stage when
polarization is taken into account it is, however,
simpler to make an exact calculation since the antenna
current is well known for a transmission line.

3.2

TRANSMISSION LINE ANALYSIS
The first tests with a directional antenna were
performed with two parallel wires. These wires were
placed in a borehole and the voltage difference
measured with the radar equipment developed during
phase 2 of the Stripa Project. Signals were obtained
from a radar transmitter in a borehole some distance
away and the voltage between the wire ends was
measured for different orientations of the receiver
antenna. The signal strength varied when the antenna
was rotated and it was thus confirmed that a
directional antenna can in principle be constructed.
The measured signal was, however, not sinusoidal and
there remained many questions of design. In particular
the antenna must provide the signal quality achieved
with a resistively loaded, nondirectional electric
dipole in spite of the fact that the signal strength
had been reduced by about 25 dB.
The analysis of this experiment is simplified by the
fact that the wires in the borehole are so close
together in terms of wavelengths that transmission
line theory can be applied to calculate the currents
and voltages (Figure 3.4). This is a simplification
compared with the loaded dipole antenna, which was
designed with antenna programs based on the method of
moments (Harrington, 1990). The numerical results were
combined with many practical experiments in Stripa. In
contrast the currents and fields of the directional
antenna can be calculated fairly simply since
transmission line theory is well understood and
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formulas for many applications are readily available
in the literature (Matick, 1958).
A transmission line is characterized by two basic
parameters, its impedance and the velocity of wave
propagation. For a two-wire transmission line the line
impedance Z -s given by the formula
Zo In (d/a) /K n
Here n is the index of refraction of the medium, a is
the wire radius, d is the distance between the wires
and Zo = 377 ohm is the impedance of vacuum. The signal
velocity v on the line is
v = c/n
where c is the velocity of light and the medium is
assumed to be homogeneous and nonmagnetic.
During the experiments in Stripa the parameters were
typically d=30 mm, a=0.6 mm, n=2. The following values
are then obtained.
Z = 235 ohm
v = 0.15 m/nsec
One can vary the construction of the antenna but the
variation in line impedance between useful geometries
is in general small. The distance between the wires is
restricted by the borehole diameter and it only enters
the formula logarithmically. The geometry of the
transmission line can be modified but a comparison
with other tabulated configurations (Matick, 1958)
shows that only small changes are obtained. The
impedance is thus mainly determined by the index of
refraction. The small possibility of changing the line
impedance indicates that the line must be matched to
the receiver electronics with transformers. The
transmission line is matched at both ends to avoid
reflections which would produce ringing. This means
that the terminating load must be equal to Z at both
ends of the antenna in Figure 3.4. One of the
advantages of the directional antenna is that ringing
can be reduced to a minimum by matching the loads.
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Figure 3.4. A transmission line antenna.
In a transmission line the medium surrounding the
conductors should be homogeneous, because otherwise
transverse TEM wave propagating along the line will be
converted into modes with longitudinal components. The
antenna is, however, rather short and this effect can
be neglected which allows one to introduce variation
in dielectric properties over the antenna cross
section. The wave speed and impedance are mainly
determined by the medium closest to the wires, where
the electric field is concentrated. In the RAMAC
directional antenna this medium is a plastic with
index of refraction n-2 at tne radar frequencies. The
airfilled hole at the center of the antenna does not
affect the signal significantly. This has been
confirmed experimentally; both the wave speed and the
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impedance were measured in the laboratory with a
network analyzer and the previous calculations of the
paraT ?ters were confirmed in detail. It was also
checi d that the transmission line parameters are
unaffected if other dielectrics are inserted into the
center of the antenna.
During the first experiments in Stripa the impedance
and wave speed of the antenna were measured with an
oscilloscope. By measuring the voltage along the
transmission line one can determine the wavelength and
thus obtain the wave speed since the frequency is
known. The impedance was determined by varying the
load at the end of the line until the reflection
reached a minimum. If the transmission line ends in a
matched load,
Z, = Z
there will be no reflection from the antenna end in
Figure 3.4. The matching makes the antenna free from
ringing, a goal which can only be achieved
approximately for an omnidirectional loaded dipole
(Olsson et al, 1987a). Furthermore a matched
transmission line is free from ringing at all
frequencies and is consequently a broadband system,
unlike wire dipoles where multiple reflected waves on
the wire will produce resonances at certain
frequencies. The reflections are reduced by loading
the antenna with resistors, but the antenna
performance will then depend on the ratio of the
radiation impedance to the load impedances, i e the
antenna is affected by the surrounding medium. In
practice this is very inconvenient, because the
antenna must be rebuilt and equipped with new
resistors if the radar is moved to rock with different
electric properties.
The broadband properties of a matched transmission
line are important because of the large frequency
width of the radar pulse. In fact the bandwidth almost
equals the center frequency The pulse length is almost
as short as a wavelength as seen in Figure 3.5 and the
resolution is much better than a wavelength, since one
can see many details inside the pulse. The pulse
received by a transmission line will be sharp and free
from ringing and this partly compensates for the loss
in power.
The small amplitude of the field is a consequence of
using a transmission line, since the theory for a
transmission line is only valid if the antenna is
radiating a small part of its propagating power. The
matched line shown in Figure 3.4 will convert almost
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all its energy to heat in the matched load. The
radiated power (or the power transmitted to the
amplifier for a receiving antenna) is approximately
proportional to (kd)2, which is a small number as
indicated by the previous calculation, on the order of
1%. Transmission line antennas are used in many
special applications, especially on aircraft because
of their broadband properties and constant input
impedance in spite of their poor radiation efficiency
(Weeks, 1968).
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3.3

POLARIZATION AND ANTENNA PATTERNS

3.3.1

Direction finding
In order to interpret data from the directional
antenna it is necessary to take both the radiation
pattern and the polarization into account. The antenna
current is determined by the transmission line formula
and the radiated field can thus be calculated
directly, but it is more instructive to start with a
simple description to demonstrate the general
principles of the antenna. A short transmission line
has essentially the same antenna pattern as the loop
in Figure 3.1, if the pattern is modified to take into
account the phase difference between the current
elements. The electromotive force in a loop is
proportional to the magnetic flux through the loop and
the signal induced by a plane wave will thus be
proportional to the variable magnetic field H passing
through the antenna (Figure 3.6).
The basic problem of interpretation is that the signal
does not depend on the wave vector k. The directional
antenna can thus not determine the direction to a
source of radiation before the signal has been
analyzed according to the type of reflector. The wave
vector k of a plane wave is perpendicular to the
magnetic field, but this does not fix the direction of
k completely as shown in Figure 3.6. In fact the
induced signal will depend both on the direction and
the polarization of the wave. There is accordingly an
important element of interpretation in the analysis of
borehole radar data and serious errors may occur if
this is neglected. Fortunately the analysis is rather
straightforward.
When loop antennas are used to locate radio
transmitters on the ground they can be moved about in
order to determine the exact position of the
transmitter. In military application a system of
several receiving antennas in different places is
often used to speed up the direction finding. In
addition dual polarization systems are used or the
antenna rotated to obtain an unambiguous determination
of the direction of the wave vector. In a borehole the
antenna is strictly confined in its movements, since
it can only be pushed along the borehole and rotated
about its own axis. These limitations make it
necessary to have some idea about the polarization of
the incoming wave during the analysis.
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H

Figure 3.6. A loop antenna excited by an
electromagnetic wave.
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Fortunately the polarization can be easily predicted
for many targets of interest. The pulses reflected
from a plane fracture zone will for example be
linearly polarized with the electric field in the
plane of the incident and the reflected rays, if both
antennas are placed in the same borehole. This is
obvious since the transmitted electric field is
parallel to the electric dipole current, i e to the
borehole. If the loop is rotated until it is
perpendicular to this plane the antenna signal will be
zero regardless of the polar angle to the reflector
because the magnetic field does not intersect the loop
as shown in Figure 3.6.
Methods for calculating the direction to a reflector
will be described later. These methods require a
detailed knowledge of the radiation pattern and the
polarization of the antenna and we will give a short
derivation.
3.3.2

Polarization
The field radiated by a transmission line can be
calculated by summing the fields radiated from all
wires. This is a simple integration since the current
distribution on a transmission line is known.
In order to visualize the polarization one can also
treat the antenna as a series of small loops as
illustrated in Figure 3.4. This model is not quite
exact, but it illustrates the function of the antenna
in a simple manner. Let us assume that the antenna is
used as a transmitter and that the current is
approximated by a series of small loops carrying
currents I(z) at the radiated frequency. If the
wavelength is sufficiently long the opposing currents
on two neighboring loops will almost exactly
compensate each other.
The polarization of the radiated field is obvious
since the dipole moments of all loops are parallel and
the antenna acts essentially like a single magnetic
dipole. There is a radiation zero in a direction
normal to the loop plane and the field is everywhere
linearly polarized. The magnetic field will be
perpendicular to the line of propagation and parallel
to the projection of the dipole moment seen by the
observer. The electric field is finally perpendicular
to the direction of H and k in the far field zone. For
the radar antennas the far field begins after a few
meters, since the antennas are shorter than the
wavelength.
This magnetic loop model is better the smaller the
diameter of the antenna, because the current loops
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will then behave more like ideal dipoles. There are,
however, uncompensated currents inside the antenna
which also contribute to the field as shown in Figure
3.4. If the current in one loop is I(z) it will be
slightly different on the next loop,
I(z+Az) = I(z) + Al(z) .
If the step length Az is adjusted so that the loops
are quadratic the field radiated by the loop in the
equatorial plane is approximately given by
E = kd I(z) sin
because of compensation between the currents, while
the field radiated by the uncompensated currents Al(z)
is quadratic in the small parameter kd and
consequently smaller. This conclusion is based on the
assumption that the wavenumber k' of the antenna
current is on the order of the wavenumber k of the
radiated field in the rock. The difference in currents
is Al(z) = k'd I(z) and the antenna length provides
another factor kd since the field is computed for a
short current segment. Thus the field from the
uncompensated current is approximately given by
E = (kd)2 I(z) cos 4»
If the antenna is sufficiently narrow this quadratic
term can be neglected and the magnetic dipole provides
an excellent model of the antenna. On the other hand
the previous calculation has shown that kd = 0.1,
which is not a very small number, so in practice there
remains a fairly large correction term. For this
reason the field is best calculated by integrating the
antenna current directly. For an applied voltage V the
current is
I(z) = (V/Z) cos(k'z - cot)
according to transmission line theory. In order to
obtain the polarization pattern it is preferable to
calculate the electric field directly, which is a
straightforward calculation. It is, however,
unnecessary to write down these formulas because we
are only interested in the direction to the signal
minimum, which gives the azimuth of the target. This
direction is obtained by a symmetry argument.
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The directional antenna is a vertical loop excited by
a balanced voltage and similar to a transmission line.
It follows from symmetry that the radiated field
contains only a horizontal electric component in the
symmetry plane which passes between the two wires
perpendicular to the loop plane. In addition in the
plane of the loop the electric field must be polarized
in that plane.
Thus according to the principle of reciprocity no
voltage is induced in the balanced antenna mode
1) by a plane wave incident in the plane normal to the
loop, if it is polarized with the magnetic field
horizontally,
2) nor by a wave incident in the plane of the loop if
the magnetic field is vertical.
These are the two main cases where the signal will be
zero. It is interesting to notice that the signal can
be zero for two perpendicular directions of incidence
depending on the polarization, which emphasizes the
importance of analyzing the reflectors correctly.
The conclusions agree with our previous results for a
slim antenna modelled as a series of magnetic dipoles,
but with the important difference that this result is
exact. Thus the quadratic terms in kd correct the
error introduced by neglecting the finite size of the
current loops and do not change the position of the
minima, which are used in the analysis.

3.3.3

Radiation pattern
The symmetry argument has demonstrated that the field
produced by a transmission line antenna hé»s a simple
sinusoidal radiation field in the azimuthal direction.
The antenna pattern can be used to measure the
azimuthal direction to a reflector. On the other hand
the radiation pattern should be fairly constant in the
direction described by the polar angle. There must not
be any radiation lobes, 3ince a target which happens
to be located in a minimum can be missed altogether.
The risk is in fact small because the frequency
spectrum is broad and will smear out the lobes, but it
is still necessary to include the radiation pattern
into the analysis. In particular reflectors may be too
weak if they occur near a radiation minimum.
A typical example occurs for reflectors located close
to the zeroes of the electric dipole along the
borehole. These minima make it difficult to observe
fracture zones perpendicular to the borehole, since
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the specular reflection from the fracture zone is
produced by rays propagating nearly parallel to the
borehole. The radiation pattern of a transmission line
antenna has the advantage over the electric dipole
that all minima are moved by rotating the antenna.
This is useful, because all fracture zones can be
seen, even those at right angles to the borehole.
Measurements in Stripa have provided many examples of
fracture zones which were previously difficult to see
but are now clearly observed in the directional radar
data.
The radiation pattern in the polar direction can be
calculated from the current distribution, but it is
simpler to visualize the result if the loop model is
used. The antenna pattern is calculated by integrating
the contributions of all magnetic dipoles taking the
phase factors into account. The antenna is subdivided
into loops of equal size (Figure 3.4) with magnetic
moments proportional to the current I(z). For a single
frequency the current is a propagating sine wave if
the loads are matched to the impedance of the
transmission line. The array factor can be calculated
in explicit form by integration (Balanis, 1982) and
the corresponding amplitude and phase factors are
given by the expression
(sin x / x) exp ikx,
where

x = k 1 (cos 0 - k'/k) / 2,

In this expression 1 is the antenna length. The ratio
k'/k determines whether the antenna will be a slow
wave or fast wave structure, since it is the ratio of
wave speeds in rock and on the transmission line. The
directional antenna is a fast wave antenna, because
the refractive index of the plastic surrounding the
wires is smaller than that of rock. This is not
important in practice, however, because the antenna is
short and no antenna lobes are produced. This means
that the loops radiate almost in phase and the
difference between fast and slow waves becomes
irrelevant. The difference is important in antennas
which are many wavelengths long where it may be used
to produce radiation along the antenna structure
(Balanis, 1982) .
The effect of the array factor has been calculated in
Figure 3.7 as a function of normalized antenna length.
Lobes appear if the antenna is too long and there is
an asymmetry between the two directions, which for
longer antennas is transformed into a directed beam. A
suitable antenna length can be determined from the
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diagrams: for kl less than 3 there are no minima
although the asymmetry is apparent. The RAMAC antenna
is for practical reasons slightly less than 1 meter,
corresponding to kl = 2.5 at 60 MHz, which is the
central frequency most often used. The antenna is thus
half a wavelength long and sufficiently long to
produce strong signals. In other cases slightly
shorter antennas have been used without significant
power loss. Only when the antenna is very short will
the radiated power decrease rapidly, since it
proportional to I2 for small lengths.
The diagrams in Figures 3.7 and 3.6 demonstrate the
effect of the antenna length on amplitude and phase
for a ratio k'/k = 0.88. These parameters correspond
to conditions in granite. Significant effects on the
amplitude are only observed when kl>5. The phase
factor is of less importance; its main effect is to
distort a broadband pulse, if the phases of the
frequency components are too different. No problems in
this respect are expected with the directional antenna
unless it is used at considerably higher frequencies
than presently. Experimental measurements of the
radiation pattern are difficult to perform in rock;
they can be done in air by scaling the frequency to a
sufficiently low value. It is, however, simpler to
analyze the antenna theoretically and then check its
function in real radar measurements.
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antenna as a function of angle for different antenna
lengths, kl=0,1.8,3,5,10
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Figure 3.8. The antenna phase pattern for kl=0,1.8,3.
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4.

ANTENNA DESIGN

4.1

SYNTHETIC ANTENNAS
From a knowledge of the radiation field of a
transmission line one can start to design a
directional antenna. The simplest solution is
apparently to use the matched transmission line shown
in Figure 3.4 and to rotate it in the borehole.
Mechanical motion is, however, undesirable and leads
to many practical problems. Apart from the problems of
rotating the antenna mechanically energy must be
supplied and this can only be done from the batteries
which support the antenna electronics. This would
affect the measurement time. A power cable is more
efficient, but a metallic wire supports wave
propagation along the borehole and this will produce
undesired reflections from discontinuities in the
borehole.
Accordingly a stationary antenna was designed where
several antenna signals are measured in turn by a
single receiver. In this way one can synthesize the
effect of a rotating antenna. The multipole expansion
described above demonstrated that only two terms are
required to reproduce the signal of a loop antenna
which is being rotated in a borehole. The key data is
stored in the coefficients B(t) and C(t) from which
the required signal E' (t) can be calculated for
arbitrary azimuth ty.
There are some problems with this concept which can
not be neglected: a synthetic antenna must be
calibrated carefully because it is sensitive to
external conditions in a different way than a rotated
antenna. If a loop antenna is rotated through all
azimuths one can usually draw some conclusions about
the direction to a target even if the antenna is
imperfect and also estimate the errors affecting the
measurement. The quality of the antenna can be tested
a posteriori with a calibrating target. A synthetic
antenna must be calibrated in advance because there is
nothing in the signal which will reveal the presence
of an error in the construction. An important part of
the directional antenna program has consequently been
the development of calibration procedures.
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Figure 4.1. An antenna consisting of two perpendicular
loops.
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The simplest version of a stationary directional
antenna consists of two loops placed at right angles
to each other. The two signals which are registered
correspond to B(t) and C(t) in the previous formulas.
This configuration is shown in Figure 4.1. The two
loops have been extended to sections of transmission
lines in order to increase the input impedance. This
design is equivalent to the standard Adcock
configuration used in radio direction finding since
World War I. The antenna voltages are measured between
the wires at the diagonal corners of the square.
This method is used in a directional borehole antenna
constructed by Prakla-Seismos. Some results obtained
with this equipment have been published in a brochure
(Prakla-Seismos). The interpretation of the data is
complicated by the fact that the analysis is performed
trace by trace, which is an uncertain method unless
the reflectors appear as single peaks in the recorded
signal. This case almost never occurs in practice. One
reason for displaying the data in this form is
probably that part of the signal processing is
performed in the electronics as in the system
constructed by Flachenecker and Brose (Flachenecker
1985). This method is different from the RAMAC system
where all processing is performed digitally. After
Flachenecker's decease work on this antenna has been
continued by Brose, who reports in a private
communication on measurements performed in salt domes.
Recently Sato, who has been involved in work on
borehole radars in Germany (Sato and Thierbach, 1991)
has attempted to construct a directional radar system
in Japan (Sato 1990). There does not yet exist any
data on this system. A comparison has not shown any
published data which is comparable in quality with the
antenna developed within the Stripa project.
Measurements with this equipment have been performed
since 1988 (Falk et al., 1989) and the quality of the
results has been evaluated in detail (Sandberg et al.,
1991)
The problems of designing a directional antenna will
be considered below. The techniques used in the RAMAC
system are discussed since most of the theoretical
problems seem to have been addressed only by the
Stripa group.
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Figure 4.2 The synunetrical and unsymmetrical modes.
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4.1.1

Symmetrical and unsvrometrical modes
A transmission line supports the unsymmetrical wave
mode shown in Figure 4.2. This mode can be used to
locate the azimuth of a signal source but there is
also a symmetrical current mode, since an arbitrary
current can be separated inti a sum of these two
modes. The symmetrical mode radiates like an electric
dipole and thus contributes to the term A(t) in the
total signal E(t). The problem of eliminating this
balanced mode is well known in signal amplification
and it is particularly important in our case, where
the term A(t) in general is larger than B(t) and C(t)
by a factor 1/ka. The term A(t) can be reduced to a
comparable level only by careful design of the
electronics in order to balance the feed. The
symmetrical mode is, however, useful as a phase
reference to resolve the ambiguity of a directional
antenna and the signal A(t) has been retained at about
the same level as B(t) and C(t) .
An arbitrary antenna signal can be separated into a
sum of a symmetrical and an unsymmetrical mode as
shown in Figure 4.2. In order to measure them
separately it is in principle sufficient to rotate the
antenna half a turn and then add or subtract the two
signals. This method was used to measure the amplitude
of the symmetrical mode during the first measurements
in Stripa, where a transmitter was placed in another
borehole. The presence of the symmetrical mode was
noted immediately but since no moving parts should be
included in the antenna a different solution was
invented to separate the symmetrical and the
unsymmetrical mode.
The directional antenna finally designed consists of
four wires placed in a square as shown in Figure 4.3,
but unlike the previously mentioned systems four
different signals are measured by connecting the
receiver to each pair of wires in turn. The other
three antenna ports are meanwhile loaded with matched
impedances. This solution should be compared with the
method developed by Prakla-Seismos, where the wires
also are placed in a square, but only two signals are
measured across the diagonals. This method has the
advantage that the two loops in Figure 4.1 are
symmetrical with respect to the antenna port and the
unsymmetrical mode can consequently not excite any
voltage in the perpendicular loop. On the other hand
there is no way of separating a symmetrical mode. An
additional electric dipole antenna is used in that
system to obtain the phase information. There is also
no possibility of locating errors in either of the
antennas, since both signals are used to produce the
final result.
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Figure 4.3. The four-wire antenna,
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In the directional antenna developed within the Stripa
project the four signals are measured symmetrically.
The antenna is constructed to be as symmetrical as
possible and each of the four different signals E ^ t ) ,
E 2 (t), E,(t), E4 (t) is measured in the same way as in
the existing RAMAC system. This concept was proposed
by Lars Falk, the antenna electronics was developed by
Olof Fors lund and Lars Lundmark and test programs
written by Eric Sandberg and Olle Olsson. The antenna
was developed during several sessions in Stripa where
calibration tests were also performed. Later several
equipments have been built and most recent tests have
been performed in the Mala laboratory which includes
several boreholes.
During a radar measurement a single sample is measured
in each pulse. The pulses are produced with a pulse
repetition frequency of 40 kHz. The position of the
measured sample is moved consecutively for each new
pulse by a s :ort time interval. In this way the whole
signal trace is measured (Olsson et al., 1985, 1987a).
The measured signal Ej(t) consists of many samples,
usually 512, each with an amplitude measured with 15
bits accuracy corresponding to a dynamic range of 90
dB. These values contain both the directly propagated
pulse and all the reflected pulses. The measurement is
repeated a number of times (usually 128 or 256) to
reduce the noise by averaging the data.
In the directional antenna the receiver is switched to
the next antenna port and the whole procedure
repeated. The resulting record consists of four signal
traces measured at each antenna position. The symmetry
of the antenna is used to construct new signals which
are equivalent to those measured by an ideal
directional antenna. This construction depends on the
fact that the radius of the borehole is small compared
with the wavelength. The directional antenna has a
fourfold axis of symmetry, which means that the
antenna ports are identical as long as the antenna is
properly centered in the borehole. If the signal
measured by antenna port number 1 is given by the
formula
Ej(t) = A(t) + B(t) sin <J> + C(t) cos
then the signal measured by antenna port 2 must be the
same when the antenna has been rotated through 90° to
put it into the same position. Consequently
E2(t) = A(t) - B(t) cos 4> + C(t) sin
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because if ty + 90° is substituted into this formula
the signal measured by antenna 1 is recovered.
Rotating the antenna further under the condition that
all four antenna ports should measure the same signal
in the same position the following expressions are
obtained:
E3(t> = A(t) - B(t) sin ty - C(t) cos
E4(t) = A(t) + B(t) cos $

- C(t) sin

Clearly antennas 1 and 3 as well as 2 and 4 form pairs
where the directional components have changed sign
while A(t) is unchanged. These formulas can be used to
calculate A(t), B(t), C(t) and they are in fact
redundant because there are four measured signals. The
condition required for this inversion to be correct is
that there are only three signals of importance, A(t),
B(t), C(t), which means that the following terms in
the multipole expansion must be negligible. This
condition can be satisfied by a proper design of the
antenna- We have supposed that the antennas are
identical and this assumption is valid for the terms
B(t) and C(t) as long as the preamplifiers are
accurately calibrated. The term A(t), which is
produced by an unbalanced feed must also satisfy this
conditions. Extensive tests have shown that this
condition is valid for all antenna ports of the Stripa
antenna; some of the tests will be described below.
4.1.2

Signal transformation
The transformed signals are obtained by performing the
following linear operation on the four signals.

A(t) = (E x (t) + E 2 (t) + E 3 (t) + E 4 ( t ) ) / 4
B(t) = (sin <J> ( E ^ t J - E ^ t ) ) - cos * ( E 2 ( t ) - E 4 ( t ) ) / 2
C(t) = (cos ty ( E a ( t ) - E 3 ( t ) ) + s i n ty (E 2 (t)-E 4 (t) )/2
CHK(t) = (E x (t) - E 2 (t) + E 3 (t) - E 4 ( t ) ) / 4
The three first formulas are solutions for A, B, C in
their most symmetrical form in terms of the measured
signals, while the fourth signal is related to the
redundant information in the signals. This signal
defines a function called the checksum, which would be
zero if the previous assumptions were perfectly
satisfied. In practice this can never be exactly true
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but the checksum is always small if the antenna
functions well. The checksum indicates the quality of
the signals and in particular shows whether errors
have occurred during measurements or transport of the
equipment. This property is important in practice to
assure that the measurement time is used efficiently.
The linear transformation can be performed even if the
assumption that the antenna is narrow is invalid: then
the signals A(t), B(t), C(t), CHK(t) represent a
convenient symmetrical transformation of the raw data.
After transforming the signals one can reconstruct the
field measured by an ideal loop antenna orientated
like the loop numbered 1 in the original antenna by
removing the nondirectional component A(t)• The
desired signal is
= B(t) sin $

+ C(t) cos

This is the signal shown in directional radar
pictures. It is a function of antenna orientation,
azimuth, but it only contains two sets of data
represented by B(t) and C(t). The electric dipole
signal A(t) and the checksum CHK(t) are represented by
one set of data each. Thus the total output of the
directional antenna consists of four independent radar
pictures, which can be analyzed separately or
together.
It is sometimes useful to write the directional signal
as a function of the measured signals when the antenna
was oriented in a particular azimuth y. A simple
calculation shows that
= <cos(y-<|» (E^t) - E3(t)) +
y-<|>) (E2(t) - E4(t)))/2
The azimuth <t> used in these formulas must be related
to the real orientation of the antenna in the
borehole. In the RAMAC system this is done by defining
the azimuth positive for a clockwise rotation
performed by a person standing at the cable end of the
antenna. Antenna 1 is presently by definition directed
vertically downwards when <|>=0. The antenna ports are
arranged so that they follow in the numbered order
when the antenna is rotated in a positive direction, i
e the ports are ordered counterclockwise as shown in
Figure 4.4.
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Figure 4.4. The numbering of the antennas at the cable
end.

Figure 4.5. The definition of azimuth 9 in the first
Stripa equipment (left) and the azimuth <|> in present
radar systems (right) defined by the minimum signal. The
angle between the borehole and the fracture zone is a.
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In the test equipment originally used in Stripa the
antennas were numbered in the reverse order and the
azimuth 6 was defined as a counterclockwise rotation
with its zero 25° from the vertical as defined by the
directional indicator, Figure 4.5. This equipment does
not exist »ny more but all angles for radar data
measured in Stripa was defined in this manner. The
equipments built later have, however, been calibrated
for a clockwise rotation $ as shown in Figure 4.5. The
formulas presented so far are not affected by this
difference, which only appears when the results are
related to the external coordinates.

4.2

ANTENNA PATTERN

4.2.1

Radiated fields
The previous analysis was baaed on the small diameter
of the antenna and the borehole compared with the
wavelength. We will now consider how the real antenna
pattern is related to the model. In particular the
quadrupole terms may become important unless the
antenna is properly designed, since the small
parameter used in the multipole expansion is on the
order of kd=0.1.
The antenna pattern will be calculated for four very
long antenna wires placed in a homogeneous medium.
This assumption means that we suppose that the antenna
fits closely into the borehole and that the plastic
tube surrounding the wires has a dielectric
permittivity similar to that of rock. These
assumptions are fairly well satisfied in practice.
The Green's function for an oscillating charge or
current radiating electromagnetic waves in a
homogeneous medium has the form f(r) exp(ikr), where
the function f(r) is 1/r for a point charge and a
Bessel function for a radiating wire. The particular
form of f(r) is not of interest since the multipole
expansion of the field in the radiation zone only
affects the phase factor, exp(ikr). Here r is the
distance from the wire to the observer. We also
introduce the vector r0 between the obse- or and the
origin at the center of the square former by the four
wires. The vector b points from the center to the
wire. Treating all quantities as vectors
r = r0 - b
Expanding the exponential the phase factor is
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exp(ikr) = exp(ikr0) (1 - kb + (kb)z/2 + ... ).
Now if the antenna is balanced a current i flows in
one of the wires connected to the antenna port as
shown in Figure 4.6. In the other wire the opposite
current -i flows at vector position b'. The radiated
field is proportional to the current i and it starts
with a magnetic dipole term because the first term is
canceled between the two opposite currents. The
magnetic dipole term is thus
i exp(ikr0) ( - kb + kb') = - i exp(ikr0) kd
where d = b - b' is the vector connecting the two
wires, i e the side of the square. This is the dipole
term, which contributes to B(t) and C(t), since the
scalar product kd varies sinusoidally with azimuth.
The term will be zero for waves propagating normal to
the wire plane. The relation to the measured signals
B(t) and C(t) depends on the orientation of the
coordinate system.
The following term in the expansion contains the
quadratic terms
i exp(ikr0) ((kb)2 - <kb')2)/2
This expression will apparently contribute a fairly
large term, but in fact this term also cancels in our
antenna by design. In view of the antenna geometry
this term can be rewritten
i exp(ikr0) (kd) (kd') /2
where the vector d' = b + b' is the second side of the
square, perpendicular to d. In the expression for the
directional field expressed through the measured
signals,
EMt,»}» = (cos(\|M0 (E^t) - E3(t))
+ sin O H »

(E2(t) - E4(t))/2

these terms will disappear since opposite loops, e g 1
and 3, have opposite signs. Both d and d' change sign
at the opposite antenna port but this does not affect
the quadratic term. Thus, if the signals are measured
with exactly the same amplification, the quadratic
term will disappear from the calculated directional
signal. The cancellation depends sensitively on the
design of the antenna and the precision of the
preamplifiers.
Furthermore it is seen that the quadratic terms
contribute to the nondirectional terms:
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Figure 4.6. The currents on the directional antenna.

A (t) = (E^t) + E2(t) + E3(t) + E4(t))/4
CHK(t) = (E^t) - E2(t) + E3(t) - E4(t))/4,
The dipole field A(t) will have radiation lobes which
are slightly modified by the quadratic term, which
depend on the direction of the incident wave. This is
not very important, however, because the amplitude of
the electric dipole, A(t), is not used to analyze any
effect requiring great accuracy, e g to determine the
coefficient of reflection. In practice the main
contribution to A(t) comes from the symmetrical
antenna mode, which is excited relative to the metal
screen surrounding the electronics. The quadratic
terms can only be observed in the checksum, CKH(t),
since this signal by design is close to zero
amplitude. In fact the measured checksum amplitude
agrees very well with the estimate amplitude, which is
one order of magnitude below the directional and the
dipole signal, since kd«0.1.
The cubic terms in the expansion are easily
calculated, but they will not be written down since
these terms are two orders of magnitude smaller than
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the magnetic dipole term and only contribute a small
correction to the radiation pattern. The zero of this
term is also in a direction normal to the wire plane;
this is a consequence of the general symmetry of the
antenna.
It has thus been shown that the radiation field of the
fourwire antenna corresponds closely to the model
developed for a slim antenna and that the four
measured signals can be used to simulate the effect of
rotating an antenna in the borehole.
4.2.2. Secondary currents
The antenna current will also excite currents on the
secondary wires, e g on wires 3 and 4 if the main
current is induced by a voltage on the port between 1
and 2 (Figure 4.6). The field radiated by these
currents must be taken into account in the radiation
field. It is interesting to notice that this becomes
unnecessary if the voltage is applied across the
diagonal since no secondary currents are then excited
because of symmetry.
The secondary currents can be calculated from the
equations for two coupled transmission lines, which
may be found in the literature on directional couplers
(Matick, 1958). The antenna solution is not similar to
that case, because in a directional coupler the
secondary current is designed to propagate only in one
direction. In the antenna we require that there should
be minimal reflections on both lines in order to avoid
ringing in the radiated field.
For a single frequency the equations form a linear
system with four unknowns, e g the complex currents or
voltages propagating forwards and backwards on each
transmission line. A program was written to solve this
system and the antenna currents were calculated for
many cases during the design of the antenna in order
to investigate the effect of a mismatch or differences
between the antenna ports.
The coupling is fairly weak in the antenna design
presently used and one can neglect the coupling back
to the primary line. This is illustrated by the exact
solution in Figure 4.7 which shows that the secondary
currents are very small. The coupling constant K is
easily calculated for the four wires if it can be
assumed that the medium is homogeneous. The
directional antenna is in fact inhomogeneous because
of the plastic tube surrounding the antenna wires, but
the effects of neglecting this are small. If the wire
radius a is small the inductive and capacitive
coupling are both (Matick, 1958)
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K = In 2 / 2 In (d/a) = 0.089
for the parameters used in the Stripa antenna.
The exact equations (Matick, 1958, Eq. 7-121, a
printing error must be corrected) confirms that the
solution for the voltages in the weak coupling limit
is

v2 = R v,
V2' = - exp(2ik'l) K V1
V/ = - K2 Vx
The primes indicate reflected voltages. The secondary
currents are an order of magnitude smaller than the
primary current, but since the current propagates in
both directions it will contribute to the ringing of
the radiated field. The reflected current on the
primary line is negligible as seen in Figure 4.7.,
where it falls on the axis while the secondary
currents are of equal magnitude.
The fields radiated by the secondary currents can be
added directly to the previously calculated fields if
the antenna is used as a radiating system. The
secondary fields are calculated as before: it is only
necessary to change the signs of the vectors b and b'
and there is consequently a contribution to the
magnetic dipole field which is an order of magnitude
smaller than the primary field and contains some
ringing. The zero of the radiation pattern is,
however, in the same direction as before and we
conclude that the directional radiation is not
affected in a significant way by the secondary
currents.
4.3

ANTENNA CALIBRATION

4.3.1

Calibrating antenna ports
According to the previous formulas the four antenna
ports must be identical if the antenna is to act as a
directional antenna. The required calibration can be
performed with almost any signal source, in fact the
more irregular the signal is the better. The antenna
must reproduce the result of an ideal directional
antenna independently of how it is orientated. The
simplest test is to use a fixed transmitter and rotate
the receiver into different positions. When the signal
is calculated for a certain azimuth the results should
be independent of antenna orientation while the dipole
term is constant.
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Figure 4.8 Comparison of the directional signals at
the four antenna ports. Crosshole test in Stripa.
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Figure 4.11. Calibration of directional signals in the
laboratory.
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Figure 4,12. Calibration of dipole signals in the
laboratory.
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During the first experiments each antenna was checked
separately and the calibration data was analyzed in a
slightly different way: after rotating the receiver
into different positions the experimental data was
fitted to the theoretical signal of each antenna by
least squares, assuming that the signal has the form
A(t) + B(t) sin $

+ C(t) cos

for antenna 1, etc. This computer program is included
in the BASIC measurement software and it also provides
a convenient estimate of the relative error of each
term. The calibrations in Stripa were performed with
the antennas in two different boreholes. The pulse
propagating between the antennas was recorded and a
least squares fit was calculated as shown in Figures
4.8 — 4.10. The dipole and directional components are
compared for all four antennas. The signals are
clearly very similar, in particular the electric
dipole signals are almost identical.
An even more effective test can be performed in the
laboratory, where the pulse are multiple reflected by
the walls. The scattering provides details for
comparing the pulses and as long as the conditions are
stationary the pulse is accurately repeated each time
it is transmitted. In the laboratory tests shown in
Figures 4.11 and 4.12 the transmitter antenna was
nominally a 20 MHz dipole antenna when used in rock,
but in air the radiated frequency is transposed to 50
MHz because of the reduced dielectric constant of the
surroundings. The antenna is ringing because the
resistive loading does not work under these
conditions, but most of the ringing is created by
scattering from walls.
The antenna signals for the directional antenna are
very similar according to Figure 4.11, where they are
displayed as mirror images. The dipoles in Figure 4.12
agree even better. This result indicates that the
antenna will function since the four antenna ports
have been made almost identical. In reality conditions
are even better than suggested by this calibration
because a signal trace is never used alone in the
analysis. All samples within a reflected pulse are
compared over the picture, which makes it fairly
simple to identify regular reflectors.
Initially the dipole component in Figure 4.12 was
designed to have the same amplitude as the directional
signal, while the checksum is smaller by an order of
magnitude. Recently the dipole has been reduced to
half this value by modifying the feed. It might be
desirable to reduce the dipole further by balancing
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the system but in practice it is more important that
the four dipoles are similar. The electric dipole term
A(t) is not a random phenomenon but is caused by an
imbalance relative to the metal tube shielding the
electronics, which will produce a symmetrical mode on
the antenna. The resulting dipole antenna is not
resistively loaded and will ring much more than the
standard RAMAC antennas which are loaded according to
the Wu-King formula (Wu and King, 1965; Falk, 1991).
The signal is consequently not very well adapted for
measuring the phase though this has been done in a
number of cases.
4.3.2

Forced rotation
The most effective method of calibrating the
directional antenna is to check that it produces the
same result independently of the orientation of the
antenna in the borehole. Such an experiment has
recently been performed and is demonstrated in Figures
4.13 - 4.15. The antenna cable was rotated while the
antenna was lowered into the laboratory borehole.
Figure 4.13 shows the result for the first 75 meters
of the borehole. The radar picture has been
synthesized and plotted for azimuth 105°. Several
fracture zones intersect the borehole; their
orientation can be determined by combining the azimuth
from directional data and the angle of intersection.
The data plotted above the picture shows the angle of
rotation of the probe as it is being moved along the
borehole. The antenna was forced to turn clockwise by
applying a torque to the cable. The plot indicates
that the probe had a tendency to lock in two
positions, 145° and 260°, and then move rather quickly
between them. The antenna made nine complete
revolutions but the only effect of this in the
directional radar pictures is that the ringing near
the borehole varies in phase with the rotation of the
antenna; the reflectors are depicted as clearly as if
the probe were motionless. Figure 4.14 shows that the
antenna works equally well for azimuth 30°.
The analysis of the reflections is thus not affected
by the rotation of the antenna which can be used in
any position. The ringing near the borehole is caused
by the wave propagating directly between the
transmitter and receiver antennas, which are located 2
m apart. This wave does not vary with direction like a
wave incident on the borehole and it will thus disturb
the computer generated picture.This is an interesting
case showing how the direct wave can be separated from
the incident waves. The dipole signal in Figure 4.15
is as expected unaffected by the rotation.
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Figure 4.13. Forced rotation of the antenna for
azimuth 105° with the rotation angle displayed.
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Figure 4.15. Forced rotation: the dipole term.
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5.

DATA ANALYSIS

Data measured with a directional radar antenna is more
complicated to analyze than traditional borehole radar
measurements. Special care is required to convert the
azimuth to the geometrical orientation of a reflector.
The theory of the analysis is described in this
section. For practical work it is simplest to use the
program RADINTER (RADar INTERpretation) written by Bo
Hesselström and designed for interpretation of radar
data. This program is simple to use and practically
selfexplanatory. It has now superseded all computer
programs previously developed for directional
analysis. The manual on RADINTER (Bo Hesselström,
1990) provides additional information.
5.1

DATA PROCESSING
Borehole radar data does not require much processing
because the large bandwidth allows the system to
register the signal faithfully. The initial processing
to remove minor effects can be performed in the field
with the RAMAC measurement software (Sandberg and
Olsson, 1990) .
1. Receiver noise
The thermal noise is negligible in the radar and there
is virtually no interference from radio stations when
the receiver has been moved more than 40 m into the
rock. Thus the main source of noise is the receiver
itself. Receiver noise is usually reduced by measuring
every sample several times, usually 128 or 256 times.
This averaging, or stacking, takes some time which may
be selected to maintain a convenient rate of radar
movement in the borehole, often about 30 seconds at
each position. The sampled data is averaged in the
control unit and transmitted to the computer. This
data is nearly free from receiver noise.
The data quality is more affected by inaccuracies in
the time definition of the samples. If such errors
occur stacking can quickly reduce the amplitude,
especially where the pulse is varying rapidly. Tests
have shown that the timing accuracy of the system on a
short scale is about 0.2 nanoseconds, which is
sufficient to stack most pulses efficiently. Poor
timing is often caused by low signal amplitudes in the
optical fibers. On a longer time scale the timing
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accuracy is about 1 nanosecond: this is important in
tomographic experiments where the pulse arrival times
are compared for rays which have been measured with a
time interval of several hours.
2. DC drift
The most common source of error caused by the
electronics is a slow drift in dc signal level. This
drift becomes more rapid when the batteries are
running down, which provides one method for checking
the state of the batteries. The dc drift can be
removed by subtracting from each sample the dc level
measured in each trace before the pulse has arrived.
3. Moving average
A borehole radar picture is often dominated by the
pulse propagated directly from the transmitter to the
receiver. This pulse has nearly the same shape in each
trace and a moving average filter can be applied to
emphasize sloping reflectors. In this operation an
average formed of some ten neighboring traces is
subtracted from each trace in order to remove signals
with constant position and amplitude. The direct pulse
is often much stronger than the reflected signals and
the moving average subtraction will thus boost
reflections close to the first arrival.
4. Bandpass filters
A bandpass filter may be applied to remove remaining
noise. Signals outside the bandwidth of the instrument
can only contain meaningless noise and it is
particularly useful to remove the high frequencies.
The maximum frequency of the receiver has been
constantly increased during the development of the
radar by introducing more advanced samplers and the
highest useful frequency is now well over 100 MHz.
It is sometimes also useful to remove low frequencies,
especially in data from the first radar equipments
which contained slow oscillations in signal level.
Such oscillations are annoying when data is printed in
radar plots and small peaks must be located. The
receiver electronics has now been improved and the low
frequency oscillations are small, so the data can
often be presented without bandpass filtering.
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5. Signal trånsformation
The signals measured by a directional antenna are
separated into four signals by the linear
transformation previously described: two directional
signals, the dipole signal and the checksum The
filtering operations are linear and it does not matter
whether the filtering is performed before or after the
signal separation. The following Figures 5.1 - 5.4
show examples of directional radar data separated into
four pictures, which can be regarded as independent
measurements. The same reflectors are seen in the
electric dipole and the two directional pictures,
while the checksum only contains noise and weak traces
of the same objects.
It is obvious that the directional signals produce
sharper pictures than the dipole signal, which tends
to ring. This is due to the fact that the dipole
signal produced by the directional antenna is more
resonant than the dipole antenna in the standard RAMAC
equipment. The electric dipole signal is caused by an
imbalance in the antenna feeds which leads to a small
voltage between the antenna and the section with the
electronics. The wires act like an electric dipole
antenna without loading and will thus be resonant.
The directional antenna components are by design very
broadband and will produce sharp pictures of most
reflecting targets. The identification of weak
reflectors is simplified by the fact that there are
three independent radar pictures in which the
reflector should be seen. The reflectors can, however,
have rather different amplitudes in the three pictures
depending on orientation and the radiation pattern of
each antenna.
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Figure 5.1. Radar measurement in borehole F4 for
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azimuth 124°, near the minimum of zone C.
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5.2

ANALYSIS OF AZIMUTH
The directional information is contained in the two
directional signals B(t) and C(t), which represent
independent radar pictures. The human eye can not
determine the correct azimuth of a reflector from data
displayed in this way. Several methods have been
tested and the three most effective are described
below.

5.2.1. Printing radar pictures
During the first experiments the analysis was
performed by printing a series of pictures for
different azimuths of the rotated signal
EMt,*})) = B(t) sin 4> + C(t) cos <(>
This is antenna 1 without the dipole term A(t). The
signal in each picture is that of an ideal magnetic
dipole antenna rotated through different angles in the
borehole. All pictures are produced in a batch process
with a RAMAC program. This method is simple but it
works well and is also the only procedure which can be
illustrated in a written report. The human eye is an
effective line detector and the printing method has
also the advantage that it leaves the user with a set
of pictures which were used in the analysis. The
computer is quicker but inpractice the operator is
often left without a record of how the azimuth was
determined.
At first candidate reflectors are identified in all
three pictures containing information. When a fracture
zone has been detected the point of intersection with
the borehole is recorded and the angle of intersection
in the picture. From the calibrated wave velocity in
rock (Eriksson, 1989) the real angle of intersection
with the borehole can be calculated. Reflectors are
classifie-' according to their reflection amplitude and
their extension in range according to some simple
scale.
The azimuth of a reflector is determined by locating
the picture where the signal amplitude is zero, i e
where the reflector disappears. Pictures are usually
printed in steps of 5° or 10°, which is the precision
typically provided by the directional antenna. The
best results are obtained if the whole reflector is
taken into account rather than short sections of high
amplitudes. These can be misleading and sometimes
caused by independent scatterers in approximately the
same azimuth.

69
The accuracy or the directional antenna was determined
by locating wellknown reflectors, e g fracture zone C
in the Crosshole site and also boreholes extending
from the same site. Fracture zone C has been carefully
investigated during previous experiments in Stripa and
its position has been determined in many ways: its
intersections with the seven boreholes extending from
the east wall in the Crosshole site in Figure 5.5 have
been located by inspection of the drill cores and by
geophysical logging of the boreholes. The results
agree closely with a series of radar and seismic
measurements performed during stage 2 of the Stripa
project as shown in Figure 5.6 (Olsson et al., 1987a,
1987b).
The tomographic measurements performed with radar are
of particular interest because they show many internal
features of a fracture zone, for instance areas where
the thickness of the zone varies. Such areas are
observed in zone C and serve to modify the idea that a
fracture zone is a simple plane. In fact zone C seems
to split up into two zones within the investigated
volume. Similar effects are observed in zone K which
is subparallel to zone C. Zone K almost disappears in
some areas which made it difficult to identify at
first; in fact it was originally identified in the
seismic data (Falk et al., 1985, Cosma, 1987).
Internal variations are not conspicuous in radar
reflection measurements. The experiments in Stripa
have shown that the surface is undulating with small
amplitude, but for most purposes the fracture zones
can be regarded as plane. This simplifies the
interpretation which can be restricted to determine
the geometrical parameters of this plane.
Pictures of zone C zooming in on the minimum at 125°
are shown in Figure 5.7. The middle picture is clearly
closest to the minimum. Clutter caused by other
scatterers limits the precision rather than the
properties of the antenna. There are also variations
in the orientation of the fracture zone itself. A
careful study of these and other pictures shows that
the azimuth can be determined with a precision of
approximately ± 3°. Zone C is exceptionally strong and
well defined and often the azimuth of fracture zones
can be determined only to within 5" or 10". This
accuracy makes it pointless to refine the data
processing, since most of the difficulties are caused
by clutter and irregularities in the reflection rather
than by limitations of the antenna. Assuming a
perfectly plane reflector the signal strength 3° from
the minimum is sin 3°= 0.05 of the maximum amplitude,
which means that there are no problems with the
dynamic range of the receiver.
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Figure 5.5. The east wall of the Crosshole site in
Stripa with seven boreholes: El, Fl - F6.
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F3

Figure 5.6. The orientation of the Cl zone in a Wulff
plot determined from radar angles (above) and borehole
intersections (below).
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Figure 5.7. Throe radar pictures near the minimum of
zone C.
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Figure 5.8. The orientation of fracture zone C
measured by the directional antenna. The curves
indicate possible orientations for the measured
azimuth 9=120* and borehole intersection a=55*. The
ring shows the previously determined position.
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The azimuth and the angle of intersection can be used
to plot the possible solutions for the plane in a
stereographic plot. This is done with the program
CROSPLOT which has been provided with an additional
program for plotting azimuthal data. The orientation
of the normal of zone C in Figure 5.8 is determined in
the Wulff plot as the intersection of two curves: the
first curve indicates the direction of normals of
planes forming an angel of intersection with the
borehole of 55° and the other with an azimuth
corresponding to a minimum at 125° (see Figure 4.5).
The data determines the complete position of the
fracture zone apart from the fact that there are two
points of intersection between the curves. This
ambiguity corresponds to the opposite zeros of the
antenna pattern. It can be resolved by comparing with
the phase of the dipole antenna as described below.
The precision of this measurement is comparable with
the scatter in data produced by other methods which
have been used to determine the orientation of the C
zone as seen in Figure 5.6. Thus one can not hope to
improve the present accuracy which seems to be
determined by natural variations in the fracture zone.
A detailed comparison of methods was also made during
the SCV experiment in Stripa. The only prominent
fracture zone in this area is zone H, which was
located in radar measurements performed in all
available boreholes. The orientation of this fracture
zone was determined in several ways in order to
compare the different methods (Sandberg et al., 1989,
1991).
The orientation of a fracture zone can be determined
by measurements from a single borehole with help of
the directional antenna as shown in Figure 5.9. One
can also collect the candidate solutions from
different measurements by using either the points of
intersection as in Figure 5.10, the angles of
intersection in Figure 5.11, the azimuths as shown in
Figure 5.12 or the crosshole reflections where the
antennas are moved in separate boreholes, Figure 5.13.
These figures indicate that the points of intersection
with the boreholes provide the most exact results as
already observed previously during the Stripa project.
The azimuths and crosshole reflections give lower
accuracy but for all methods the scatter is of
comparable magnitude.
The advantage of the directional antenna is that the
fracture zone can be identified in a single
measurement: methods combining data from different
boreholes may easily confuse the fracture zones. In
many cases only a single borehole is available and
then the directional antenna is indispensable.
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.'C2 e =120

Figure 5.9. The orientation of the H zone obtained
from radar angle and azimuth in a single borehole. The
ring indicates the final orientation.
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Figure 5.10. The orientation of the H zone determined
by its points of intersection with the boreholes.
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Figure 5.11. The orientation of the H zone determined
from its radar angles with the boreholes.
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Figure 5.12. The orientation of the H zone determined
by radar azimuths measured from different boreholes.
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Figure 5.13. The orientation of the H zone determined
from crosshole reflection experiments.
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5.2.2. Computer analysis
The program RADINTER was developed as an extension of
methods previously applied to radar pictures on paper.
In order to determine the shape of a reflection
accurately a coordinate board was used to compare the
curve with the theoretical model by a least squares
fit. This method allows the user much greater freedom
than purely graphical methods. The quality of the fit
can be determined statistically and one can calculate
quantities which require accurate data, e g the wave
velocity in the rock which is obtained from crosshole
measurements (Eriksson, 1987).
These methods proved convenient and have been
implemented in a computer program RADINTER written by
Bo Hesselstöm. The program allows the user to plot any
section of the radar picture on the screen either in
colour or black and white. The latter choice is less
spectacular but works better in practice because the
eye is often nil led by colour changes. The amplitude
levels can be selected freely which is important if
there remains a slow drift in the d c level.
The user can also introduce theoretical models of
reflectors into the picture and move them with the
mouse until they fit as closely ca possible with the
measured reflections. Figure 5.14 shows a reflection
modelled by a point reflector. The theoretical curve
is plotted as a white hyperbola in the picture and was
moved to coincide with the reflection. The range and
depth of the point reflector are printed on the screen
and may be saved.
Similarly a reflection from a plane reflector can be
modelled as the two lines in Figure 5.15. A plane is
an excellent model of a fracture zone and the angle
and depth of intersection with the borehole are also
presented on the screen. The user can create a library
containing the parameters of •»11 reflections in a
radar map. Pop-up menus are used to select which
models should be saved in the library.
The azimuth to a reflector is determined by rotating
the picture as shown in Figure 5.16. As the cursor is
moved the reflectors vary in amplitude and it is easy
to determine the azimuth of the minimum. The azimuth
can also be changed by steps of ± 90° to pass directly
from minimum to maximum or to show B(t) and C(t),
which are the signals at 90° and 0° respectively for
antenna 1. This option is used to determine the phase
of the directional signal relative to the dipole. The
dipole and the checksum signals can be displayed for
comparison as shown in Figures 5.18 and 5.19.
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Figure 5.14. A point reflector analyzed with RADINTER.
The model is introduced as a white curve with the
mouse.
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Figure 5.15. A fracture zone analysed w*iti.! RADINTER.
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reflection by moving the mouse.
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Figure 5.17. Changing t h e azimuth in RADINTER.
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Figure 5.18. The dipole field in RADINTER.
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Figure 5.19. The checksum shown in RADINTER.
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The rotation of the directional signal is accomplished
by storing data computed for different azimuths. A 386
computer is required to make the presentation smooth,
but the method is very effective and all radar data is
presently processed with this program. Its performance
is not different in quality from the results obtained
with the printed radar pictures, but it allows much
more freedom in handling the data and is consequently
quicker. Data that earlier required a few days of
analysis can be handled in a matter of hours. The
program is easy to use and there exists a detailed
manual (Hesselström, 1990).
5.2.3. Automatic determination
The human eye is an effective instrument for detecting
lines and curves in a picture and it would be
difficult to device an instrument which is a better
line detector. The eye needs a plotted picture and
fluctuations in amplitude levels can in some cases
conceal weak structures. The use of moving average or
low frequency filters to solve this problem has
already been discussed. It would hardly be useful to
device automatic line detectors since the users are
often only interested in a few strong reflectors. This
is not to say that this is the correct or best way of
analyzing data: it is quite probable that future work
will contain a comprehensive analysis of all
reflections.
The eye is adapted to analyze a single picture but it
is not equipped to retrieve the combined information
in two or more pictures as produced by the directional
antenna. This problem was partly solved in the program
RADINTER by displaying data as a function of azimuth
successively in time or Iry producing a series of
pictures which can be regarded as separating them in
space.
This is not the optimum solution, since all
information is contained in two pictures, e g B(t) and
C(t). The rest of the pictures in the series are
linearly dependent transformations of this set of
pictures. Unlike the eye the computer can locate the
minimum of a reflector automatically by combining data
from both pictures. An algorithm was devised for this
purpose by Lars Falk and a test program written by Bo
Hesselström.
The idea of the algorithm is briefly described below,
but it must first be pointed out that the most natural
idea, to calculate the azimuth as arctg(B/C) for every
pixel does not work in practice. Even inside the
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reflection there are oscillation and it is very
difficult to find suitable points in both pictures.
Envelope detection has been tested to remove the
oscillations but with less success than might have
been expected. In fact the eye gets used to the shape
of the pulse and the phase information is useful to
characterize the reflector (Sundqvist, 1985).
These observations indicate that information from the
whole reflection is needed. In the test program an
area in the picture is selected which contains a
linear reflector: the eye is thus still used as a line
detector and to guide the cursor along a suitable
curve. The algorithm calculates an average for all
pixels inside this area.
Line detection
The reflections of greatest interest for borehole
radar are lines, which are characterized by a strong
gradient in amplitude perpendicular to the line. This
description is convenient because it makes it
unnecessary to calculate the envelope, etc. As long as
the pulse shape is stable from trace to trace the
gradient is at right angles to the line.
If the amplitude is denoted by g and n is an arbitrary
unit vector in the plane a line is characterized by
the fact that the function
f(n) = (n grad g ) 2
has a maximum when n is normal to the line. It is
assumed that a single line is included in the area
defined by the observer. In the program this function
is calculated over the selected area and then averaged
to obtain the function value per pixel. To simplify
the programming a Cartesian coordinate system is used
with the axis orientated along the borehole and the
traces.
The function f(n) can be expressed in terms of the
angle P between n and the borehole. The gradients
along the x- and y-axis are approximated by pixel
differences and f(n) has the general form

f (n) = A cos2 P + B sin2 P + 2 C sin P cos p,
where the coefficients are sums of pixel differences
over the area.
The maximum of this function is easy to find. Formally
the problem is equivalent to calculating the degree
and direction of polarization in partially polarized
light (Born and Wolf, 1970). Rewriting the formula
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f(n) = (A+B)/2 + (A-B) cos 2p/2 + C sin 20
it is obvious that h=(A+B)/2 is a background term
unaffected by the direction of n. The maximum of f(n)
occurs when
2fJ = arctg 2C/(A-B)
A measure of the contrast between the line and the
background is defined by the expression
<f-x -f^,)/2h = sqrt((A-B) 2 + (2C)2)/(A+B)
These expressions are apparently of little value since
the eye is a better line indicator than most
algorithms. The point is that the computer can apply
this procedure to a linear combination of two
pictures. The amplitude in the rotated picture is
determined by the amplitudes g' and g'' of the
original pictures by the formula,
g (<|>) = cos <|> g' + sin <|> g ''
The coefficients A, B, C can be calculated as before
but there is now a contribution from the
crosscorrelation between the two pictures because the
same reflector appears in both pictures. Otherwise
there will be no crosscorrelation; this might happen
if g' and g'' belong to independent pictures or if
they have been displaced a few pixels relative to each
other. The previous expressions can be used to find
the maximum or minimum contrast of a reflector. The
equation in terms of <t> can be solved analytically,
since it is cubic, but it is preferable to calculate
the contrast fjr a few angles and then find the
minimum by iteration.
Figure 5.20 shows the computer screen with the
selected area and the calculated contrast values. By
changing the area one can check whether the minimum
azimuth is stable. Experiments have shown that it is
possible to calculate the minimum angle in this way
directly from the data. On the other hand there was no
indication that the results are better those obtained
when the eye is used. In a few cases we found stable
differences of about 10° between the azimuth predicted
by the eye and the computer. No explanation has been
found for this phenomenon.
The algorithm will probably be of most use if a quick
determination of the azimuth is required but it was
principally investigated to evaluate which methods are
useful when the radar pictures become more
complicated. The problem of treating interrelated data
from separate sources is well known from the
geometrical interpretation of the sites.
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and contrast values computed for twelve azimuths.

_

89
5.3

AMBIGUITIES IN AZIMUTH
There is an ambiguity in the directional signal
related to the two zeros of the radiation pattern of a
magnetic dipole. This ambiguity has a special form for
waves reflected from fracture zones which are
polarized with their electric field in plane of the
borehole. We have already seen that these waves
produce zero signals when they are incident along the
symmetry plane of the antenna loop. There is thus a
plane defined by zero ?...enna signal and the ambiguity
is resolved by detenn'. xng to which halfplane the
minimum belongs.
This problem is J .-.ved by noticing that antenna
pattern reverser sign when it is rotated by 180°, i e
there is a c ~-.j.ete phase shift by 180° between
opposite di• jtions, Figure 5.21. This information can
be utiliz' ,: >.f a phase reference is available. The
electric .pole signal A(t) can be used for this
purpos
1*he dipole antenna does not have the
bandwi_:ch of the directional antenna and it is not
alwa^ s easy to compare the phases correctly but for
zone C in Figure 5.1 it is simple. The dipole has a
central maximum (black color) which is easy to see in
spite of the ringing. If it is difficult to observe
the maximum amplitude the measurement program can plot
each trace separately on the screen and the cursor is
then used to obtain the maximum amplitude.
The minimum of the directional signal occurs for an
azimuth 125°. Figure 5.1 shows that for 60° the
reflection from zone C has a central minimum (white
color) which means that the signal is out of phase
with the electric dipole for azimuths below 125°; it
is consequently in phase for azimuth above the
minimum. Calibrations have shown that the azimuth has
this phrase relation for the Stripa antenna. Thus the
correct azimuth is 125° and not 305°. This phase rule
is illustrated in Figure 4.5 and it is also valid for
other radar antennas. The interpretation program
RADINTER allows the user to click directly from the
minimum to the maximum to check the phase quickly.
The result agrees with our knowledge about zone C.
This zone is steep and passes above and to the right
of borehole F4 in agreement with the calculated
azimuth. The offset angle 60 = 25° in Figure 4.5. The
discussion is, however, only true above the point of
intersection at 110 m depth. After this point the
directional signal changes sign since the reflection
point is now on the opposite side. This effect is
observed as soon as a fracture zone intersects the
borehole; it is of course genuine since the azimuth
has changed by 180°.
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Figure 5.21. Antenna pattern and the phases of the
dipole lobes.
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It is not always easy to determine the phase,
especially if the fracture zone is nearly
perpendicular to the borehole and the dipole signal is
weak. It is often simpler to use the fact that the
phase change is the same for reflectors of similar
type. At a fracture zone a wave is reflected with a
change of phase because the impedance of the fracture
zone is less than in the surrounding rock. This is due
to the increase in dielectric constant caused by water
in the fracture zone. An airfilled tunnel will on the
other hand reflect the pulse without a phase shift.
All fracture zones are similar in this respect and
thus in Figure 5.1 zone A must be within the same
antenna lobe as zone C while zone S (the zone passing
through the Crosshole Site) is in the opposite lobe.
Zones S and A are in fact subparallel but the signals
will have opposite phases because opposite sections of
the zones are reflecting; for zone A the reflection
takes place before the intersection with borehole F4
and for S after. This example shows that the ambiguity
in the directional antenna can often be resolved
without an external phase reference.
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6.

DIRECTIONAL RADAR ANALYSIS

6.1

REFLECTOR GEOMETRY
The analysis of borehole radar data depends on the
identification of a few typical reflectors, whose
geometry can be modelled in a simple manner. The
limited resolution and the few available antenna
configurations makes it impossible to invert data to
produce a real picture. Inversion of wave data is
common in optics but it can only be performed for a
few radar systems with large data collecting
capability, e g synthetic aperture radar (SAR). In
order to interpret radar pictures one must introduce
some a priori knowledge. For borehole radar this is
done by defining models of typical reflectors found in
rock. Fortunately these models are similar to the most
interesting reflectors in rock.
The goal of the borehole radar development within the
Stripa Project has been to locate fracture zones in
crystalline rock. All measurements performed since the
first successful experiments with the radar in 1984
have confirmed that fracture zones are easy to detect
and identify in radar pictures (Olsson et al., 1985,
Sandberg et al., 1991). Inhomogeneties and boundaries
between different rock types are much more difficult
to discover because of their irregular structure. Manmade objects, like boreholes and tunnels, are also
easy to discover because of their regular geometry.
The three reflectors types most commonly found in
borehole radar applications are points, planes and
lines. These geometries produce radar reflections
which are easy to identify in radar pictures.The
identification of the reflector type is the first step
of an analysis, followed by a geometrical
interpretation and finally the directional data is
introduced. The directional information can thus be
used only after the reflector has been classified
because of the polarization dependence. We will now
describe the three reflector types considered when
analysing Stripa data.

6.1.1

Point reflectors
Point reflectors represent the simplest type of
scatterer. They are often found in pictures produced

93
with ground penetrating radar and are created by
objects smaller than the wavelength, which can not be
resolved by the radar. Point reflectors are less
common in borehole radar applications because rock is
usually homogeneous on the scale of a wavelength. The
same curve is produced in the radar picture by a line
reflector, if the borehole with the antennas is
perpendicular to the reflecting line which may be a
tunnel or a waterfilled borehole. Radar pictures from
the Crosshole site in Stripa contain examples produced
by a tunnel passing almost at right angle to some of
the boreholes.
In the literature the reflection from a point
reflector is often called a hyperbola but this is in
general incorrect as we shall show. If the transmitter
and receiver are separerated by a fixed distance 2c,
the coordinate of the midpoint is x and the point
reflector is at a distance d from the borehole as
shown in Figure 6.1 the total distance propagated by
"_he reflected pulse is
12 = (d2 + (x-c)2)* + (d2 + (x+c)V
The wave velocity in rock is constant within a few
percent as shown in many experiments performed during
the Stripa project. The velocity distribution has been
investigated in detail in tomography measurements and
during the analysis of other crosshole data (Eriksson,
1989). The measured difference in propagation time
between the direct pulse and the reflected pulse, A,
is thus proportional to the distance
Al = 11 + 12 - 2c
The figure obtained when plotting this distance as a
function of borehole position x is a fourth-degree
curve. It reduces to a second-degree hyperbola only if
c=0. This approximation is always valid at large range
where the distance c becomes negligible. The point
reflector will then asymptotically look like a
hyperbola. For ground radar the term is only valid if
the transmitter and the receiver use the same antenna
because the range is usually small.
The polarization of the wave will depend on the
structure of the point scatterer. Small objects
without structure will reflect each linear component
with the same amplitude but they reverse the direction
of rotation of circularly polarized waves. Scattering
by boreholes must be analyzed separately.
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Figure 6.1 Geometry for scattering from a point
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6.1.2.

Reflecting planes
Fracture zones are the scatterers of greatest interest
in borehole radar measurements in rock. To radar waves
fracture zones look like reflecting planes since they
present a sharp discontinuity in the electric
properties of the rock (Olsson et al., 1987a). The
zones are usually plane on a large scale, though there
may be local variations. The plane model is amply
satisfied for reflections while the internal structure
appears in tomographic radar analysis as shown during
phase 3 of the Stripa project (Sandberg et al., 1989).
Formulas for this case are easily derived since they
cor. rspond to straightline propagation between the
mirror image of the transmitter and the receiver as
shown in Figure 6.2. The same formula will, however,
also describe the scattering from a line which
intersects the borehole with the antennas. This case
is not unusual: for instance, nine boreholes extend
from the Crosshole site and scattering from the other
boreholes is often observed in the 60 MHz
measurements. These reflections were used to calibrate
the radar during the first experiments in Stripa
(Olsson et al., 1985, 1987a) and have also been used
to test the directional radar. It is simplest to use
the cosine theorem to calculate the distance between
the transmitter and the receiver in Figure 6.2,
(lj + 1 2 ) 2 = 4(x2 sin2 a + c2 cos2 a)
The difference in propagation time is proportional to
Al = lx + 12 - 2c
This function is plotted as a function of antenna
position x as the antennas are moved along the
borehole in a radar picture containing fracture zones
(see Figure 6.2). If c can be neglected or if the
reflections take place far from the borehole the
asymptotic form is obtained, consisting of two
straight lines, one of which is often weaker than the
other, for reasons which are still insufficiently
investigated. Neglecting the distance c we obtain the
equation of these two lines,
Al = la + 12 =

± 2 x cos a
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Figure 6.2 Radar wave reflection from a fracture zone.
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6.1.3

Line reflector
The general formula for reflections from a
nonintersecting borehole or tunnel is complicated
though straightforward to derive. It will not be
needed here and it is sufficient to point out that it
can be derived from Fermat's law as the shortest
distance defined by two lines which meet at an
arbitrary point at the reflecting line. An explicit
expression is given in a report on calibration tests
performed during borehole radar measurements
(Ericsson, 1989).

6.1.4

Crosshole reflections
Crosshole reflections occur when transmitter and
receiver antennas are placed in different boreholes.
Such measurements are often performed to obtain
tomographic data from pulses which have propagated
along a straight line between the antennas. The time,
amplitude and broadening of the pulse can be used in
the analysis to obtain tomographic pictures of the
area between the boreholes corresponding to wave
velocity, attenuation and dispersion respectively.
After the direct pulse there will arrive pulses
reflected from fracture zones and they provide
additional information about the geometry of the site.
A schematic view of the scattering geometry is shown
in Figure 6.3.
The propagation time must in this case be counted from
some moment defined by the system, because the arrival
time of the direct pulse is variable. Usually the
transmitter T is moved while the receiver R is placed
in a fixed position, since it is more sensitive to
temperature changes. The antenna position x and the
distances dx and d2 from the plane are defined in
Figure 6.3. The direct pulse will propagate a distance
1 given by
I2 = x2 + (d, - d 2 ) 2 ,
which corresponds to a hyperbola in the radar picture,
because the last term is a constant and x is a linear
function of the antenna position, z, in the borehole.
In a similar way the distance 1' propagated by the
reflected pulse is given by
I'2 = x2 + (da + d 2 ) 2
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Figure 6.3. The principle and geometry of crosshole
reflections from fracture zones.
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which is a hyperbola of the same shape as shown in
Figure 6.3. The most convenient variable to work with
is
l'J - I2
which is positive as long as both antennas are located
on the same side of the plane. This is of course a
necessary condition for reflections.
The second hyperbola is cut off by the direct pulse
when 1' = 1. The transmitter is then at the
intersection between the borehole and the fracture
plane and this point can be used as a suitable origin
to define the position vectors xx and x2 of the
antennas. The normals dx and d2 can be written in terms
of the unit normal n of the plane which is the
quantity of interest. This leads to the equation
I'2 - I2 = 4 (Xl n) (x2 n),
which can be used to determine the orientation of a
fracture plane during crosshole measurements. At least
two measurements with different receiver positions are
required to calculate the orientation of the plane,
since the normal n is determined by two numbers. The
errors are, however, difficult to analyze and it is
recommended that more measurements are used.
The receiver position was not. fixed during the
previous analysis, so the the equation is also valid
for single hole measurements if the correct antenna
coordinates are introduced. This leads to the formula
previously obtained for a reflecting plane. If the
receiver is fixed and the transmitter is moved along a
borehole with tangent vector t
I'2 - I2 = 4 z d2 (n t)
This formula explains geometrically the slope of the
straight line obtained when I'2 - I2 is plotted versus
borehole position z. The slope d2 (nt) is the length of
the projection of the normal d2 on the borehole in
Figure 6.3. This condition and the intersection with
the borehole define the position of the fracture zone
geometrically. One more number is, however, required
to determine it completely. These parameters can be
found accurately by fitting the reflection to a
theoretical model by linear regression. A computer
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program was developed for this purpose and it has been
tested in detail by Jan Eriksson (Eriksson, 1989).
This method is effective because the accuracy of the
parameters can be estimated by the computer without
additional effort. The velocity of propagation is
simultaneously obtained by comparing the hyperbola of
the direct pulse with the known distance 1 between the
transmitter and the receiver.
6.2.

POLARISATION
If a directional antenna has been used during the
measurements additional information is available which
must be interpreted in some way. The model of the
reflector will decide which interpretation to use,
because the signal minimum corresponds to different
directions depending on the polarisation of the pulse.
This would make the analysis hopeless unless something
can be said about the polarisation produced by the
reflector. Fortunately the three basic models generate
welldefined polarisation and also agree quite
accurately with the targets observed in granite.
The transmitter used in the radar measurements has a
dipole antenna. The radiated pulse is thus linearly
polarized with the electric field in the plane spanned
by the borehole and the direction of propagation. Both
point reflectors and planes scatter linearly polarized
waves in such a way that the reflected wave also is
linearly polarized. This conclusion is based on the
symmetry of the scatterer and does not depend on any
model of the interaction. The result is valid in
general, unless the surface of a fracture zone is
anisotropic, but such effects have not been observed.
When a single borehole measurement is performed as
shown in Figure 6.4 the magnetic fields of the
transmitted and the reflected pulses from a fracture
plane will both be perpendicular to the plane of the
rays since the electric field is in that plane. This
result is fundamental for the interpretation of
directional radar data, since the minimum measured by
the directional antenna must be in the plane of the
normal of the fracture zone, otherwise the magnetic
field would intersect the loop. Similar reasoning can
be applied to an isotropic point scatterer and this
target will consequently also be located in the plane
of the minimum signal.
If a directional antenna is used in crosshole
measurements the transmitter reflected in a fractur
zone will also appear as a linearly polarized source.
The direction of polarization can, however, not be
described in any simple fashion and the azimuth of the
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Fracture zone

Figure 6.4. The polarization of a pulse reflected from
a fracture zone.
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minimum signal will actually vary as the transmitter
is moved along the borehole. The receiver is stuck in
the borehole and can not be moved freely; otherwise
the loop might be directed towards the point target as
is usually done with radio location equipment.
A similar problem occurs in single hole Measurements
if the reflector is a metallic line conductor, e g a
borehole with metal casing. The reflected pulse will
be linearly polarized with its electric field in the
direction of the line reflector. If the boreholes
intersect, as they do at the Crosshole site in Stripa,
the polarisation will be the same as for a fracture
plane, but for nonintersecting boreholes the azimuth
of the minimum will rotate as the point of reflection
moves along the line reflector. This case will not be
analyzed further since it has little practical
interest.
6.3

EXPERIMENTAL DATA
The directional antenna can locate a fracture zone
from a single borehole, because the azimuth and the
angle of intersection are obtained in a single
measurement. The Stripa antenna has been replaced with
systems which produce slightly better pulses than the
test equipment, but the accuracy of the directional
antenna has not changed. Representative examples of
measurements performed in Stripa have provided most
results about the accuracy of the system.
Measurements with a directional antenna have been
performed in Stripa at the Crosshole site and in the
SCV site. The fracture zones in these sites are
variable in character: the Crosshole site contains
several well-defined fracture zones which have been
investigated in detail with radar and other methods
(Olsson et al., 1987a, 1987b).
The SCV site is more diffuse and contains only a few
fracture zones of importance. Only zone H has a welldefined position and passes through the whole site.
The radar analysis of the SCV site was complicated
because the fracture zones are weak and do not extend
very far. On the other hand all radar methods could be
used: single hole and crosshole reflections,
tomography and directional antenna, which resulted in
a well-defined model of the site (Sandberg et al.,
1989).
The Crosshole site was measured in every possible way
during phase 2 of the Stripa project in order to
locate the fracture zones. Before the directional
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antenna was introduced this process always involved an
element of doubt., because it was necessary to identify
zones seen in separate radar pictures. Uncertainties
are common at the boundaries of the measured volume,
where the zones only intersect a few boreholes. The
Crosshole site is ideal because it contains seven
boreholes but even there important structures near the
ends of" the boreholes were doubtful in the original
interpretation (Falk et al., 1985, Olsson et al.,
1987a).
The Crosshole site is characterized by three major
fracture zones with almost the same orientation, these
zones are called C, K, L in Figure 6.5 and are seen in
the radar maps in Figures 6.6.-6.9. Another set
consists of zones oriented like zone A which is
parallel to the site zone and zones E and F, which are
less fractured than the major zones C, K, L. The
conceptual model of the site was based on the zones in
Figure 6.5 and this model was later used to analyse
the hydrological results (Olsson et al., 1987b).
Oddly enough none of these major zones is perfectly
simple to interpret. Zone C is observed in all
boreholes but some features in the radar pictures can
only be explained by assuming that the fracture zone
splits into two zones, called Cl and C2. Two zones are
observed from some of the boreholes and tomograms have
shown that zone C has a variable thickness which can
explain the splitting.
Zone K is often seen as a strong reflector but only in
a few boreholes. It was first identified in seismic
tomograms and only afterwards in radar tontograms. The
reason for the difficulty of identifying fracture zone
K, which is very prominent in borehole F4, is that its
structure is variable and it almost disappears in some
places (Olsson et al., 1987a).
Zone L is also a strong reflector but this zone is so
far away from the site that it can only be seen in a
few boreholes: El, F2, F4, F6. There are many
possibilites of confusing this zone with other
reflections and in the final analysis there remained
an ambiguity indicating two possible orientations as
shown in Figure 6.10 where two sets of radar angles
and borehole intersections have been used. At that
time the ambiguity was resolved by assuming that L is
parallel with zone C, i e the steeper orientation was
selected. This interpretation explains a major
fracture zone observed in the vertical borehole VI, at
a depth of 475 m, although the identification is
uncertain.
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Figure 6.5. The major fracture zones at the Crosshole
site in Stripa.
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for azimuth 30°. Zones C, K, Q, L, E are indicated.

(m)

106

T«o

» a ytravel

time (utl

40
Red

t e I d i s t enc c f m )

Figure 6.7. Directional radar picture near the azimuth
120° for minimum reflection from the parallel zones.

107

TÉO

tar <ratel

time (us)

0.5

Re dial

Figure 6.8. Dipole picture from borehole F4.

distance

(m)

108

T»o

t ay

travel

t me

(us)

0.5

20
Radial

Figure 6.9. Checksum picture from borehole F4.

(fli)

109
In spite of its doubtful existence zone L played an
important role in the interpretation of hydrological
data from the Crosshole site. In particular this zone
explained the low pressures observed at some points as
a result of draining to the tunnel by zone L. When
borehole F4 had been investigated with a directional
antenna it was possible to check the orientations of
both zones K and L and a remarkable agreement was
obtained.
The fracture zones, which are seen to have nearly the
same slope in Figure 6.6 printed for antenna azimuth
30°, also have the same minimum as zone Cl at 120° as
seen in Figure 6.7. This agreement demonstrates that
the three zones belong to the same set of parallel
zones and that their orientation agrees closely with
that of Cl. It should be noticed that all reflections
have the same phase except for zone C. This confirms
that they belong to the same set of subparallel zones
as explained in section 5. The radar is above zones K,
Q, and L and sees them from the same side, but it has
already passed through zone C, which explains the
change of phase. All zones have inverted the phase of
the reflected pulse due to the increased water content
compared with unfractured rock.
During work on this report it was also discovered that
the zone named Q in Figures 6.6-6.8 has the same angle
of intersection, azimuth and phase as C, K and L. Zone
Q produces a fairly strong reflection in F4, but it
was neglected during the investigation of the
Crosshole site for lack of suitable candidates in
other boreholes. The zone is therefore not included in
the final model (Olsson et al., 1987a). This zone is
now seen to belong to the same set as C, K, L and in
fact it is located almost exactly between K and L.
Fracture zones are often distributed in this way and
it might be added that the whole set of zones belongs
to a wellknown structure in the area which runs
parallel to Kilsbergen (Tirén, 1986).
The directional antenna can also determine the
orientation of zone E which was a source of
considerable confusion during the effort to find a
model of the fracture zones near the site. Zone E is
now seen to have a minimum azimuth around 170° and it
can thus only be confused with E and L in a dipole
picture. This is a very clear demonstration of the
advantages of the directional antenna.
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Figure 6.10. The orientation of zone L determined from
intersections and radar angles with two sets of
boreholes: F2, F3, F4 and El, F4, F6.
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7.

BOREHOLE EFFECTS

The function of the directional antenna depends on the
equivalence of the four antenna ports. Calibrations
have shown that the antenna is symmetrical, but this
symmetry is affected if the antenna is placed in a
nonsymmetrical environment, e g on the ground or
eccentrically in a borehole. The influence of the
borehole and the borehole fluid is of great interest,
but since the boreholes in Stripa are narrow they do
not influence the antennas, which behave as if they
were placed in rock. Before discussing the effect of
the borehole on a directional antenna we will discuss
the influence of the borehole fluid in general.
7.1

TUBE WAVES
Boreholes are usually waterfilled and the water can
affect the antenna both by its dielectric permittivity
and its conductivity. If the borehole fluid is
conductive it acts as a metal cable which supports
waves propagating along the borehole. Waves of this
type have been observed in a salt mine where the
borehole fluid was highly conductive. These waves are
analogous to tube waves in seismics and create the
same problem, because the waves will be reflected by
discontinuities in the borehole. The result is a
series of parallel sloping reflections covering the
picture This effect is also illustrated in Figure 7.1
in measurements from a salt mine by Per Andersson.
The radar enters saline water at depth 140 and the
effect on the signal is obvious: the direct signal
starts to ring and the reflections are attenuated.
Waves propagating along the conducting borehole are
reflected at the surface of the saline water which
produces the characteristic tube wave reflection
across the picture. Reflection of this type affect
borehole radar systems using a metal cable to
communicate with the surface and to supply it with
energy. The reflections can ruin the radar picture
(Bradley and Wright, 1987) .
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Figure 7.1. Radar measurements in a salt mine with
reflection due to wave propagation along the borehole.

113

7.2

HIGH FREQUENCY MODES
Waves can also propagate in a borehole filled with
nonconductive water if the frequency is sufficiently
high. The water acts as a dielectric waveguide where
modes are excited by the transmitter. The current in
the transmitter is parallel to the borehole so TM—
modes are primarily excited. The cutoff frequency of
the lowest mode can be calculated from waveguide
theory (Kong, 1986; Wait, 1987) and for a waterfilled
borehole with diameter 15 cm we find
f = 176 MHz.
This is exactly the frequency observed in the peak in
Figure 7.2 obtained during measurements in Japan by
Eric Sandberg and Olof Forslund. The directional
antenna is sensitive to the magnetic field
intersecting the antennas and the directional signals
registered by the pntenna are therefore stronger than
the dipole signal near the mode frequency. Figure 7.2
shows that there is an asymmetry between the antennas,
presumably caused by the eccentric position of the
antenna in the borehole, which creates a difference
between horisontal and vertical directions. The
antenna pressed near the wall is apparently more
easily excited. The main oscillation is still received
by the dipole near 40 MHz. At this frequency the
directional antennas are small compared with the
dipole and there is no difference between the
directional components.
These measurements also answer some of the questions
about high frequency antennas for borehole radar. Such
antennas have been constructed up to 100 MHz in the
form of resistively loaded dipoles according to the
Wu-King recipe (Wu and King, 1985), but in general the
results have been poor. The antenna center piece with
the electronic components contained inside a metal
cylinder is too long relative to the antenna wires and
the antenna will consequently be ringing.
In fact the directional antenna is much more effective
as a high frequency antenna, because it is broadband
up to high frequencies as demonstrated in the
measurements. The tests have shown that the equipment
can handle signals up to 200 MHz. The weak point of
the electronics has been the sampler, but recent
developments have lead to important improvements in
this respect.
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Finally it should be mentioned that the direct
propagation of the signal from the transmitter to the
receiver has never been satisfactorily discussed.
Figure 7.3 shows the effect of successively increasing
the distance between the antennas as measured during
the first experiments in Stripa in 1984. The amplitude
falls nearly exponentially with an attenuation
coefficient 1.1 dB/m. The attenuation of a plane wave
in Stripa granite is 0.3 dB/m.
7.3

ECCENTRIC ANTENNAS
If a directional antenna is located eccentrically in
the borehole the symmetry is broken and the
directivity will be affected. Radar probes are usually
close to the wall and in a sloping borehole the
antenna will be pressed against the bottom. The effect
of this asymmetry can be estimated with some effort.
There are calculations in the literature describing
the properties of an eccentrically placed antenna in a
borehole (Chew et al., 1984,) but this case concerns a
logging tool in oil boreholes and the current loop is
horizontal. The radiation from a directional antenna
can rather be modelled as two currents parallel to the
borehole. The exact solution for a linear current
eccentrically placed in a homogeneous cylinder is
available by standard methods, but it is complicated.
Explicit expressions for the coefficients in an
expansion in terms of Bessel functions have been
calculated by Wait and Hill for the problem of radio
communication in tunnels (Wait and Hill, 1974, 1975;
Wait 1987). These results were used to design tunnel
antennas for the RAMAC system (Falk, 1991). In that
case the medium is air in the tunnel and the numerical
results can not be applied directly to water.
The explicit calculations are too complicated to be
reproduced here but they indicate that there is a
first order effect on the directivity if the antenna
is shifted from the center of the cylinder. The small
effects observed in experiments in Stripa are probably
due to the fact that the wires are enclosed in a
plastic tube with a diameter comparable to that of the
borehole. That case has not been treated theoretically
but it would of great interest for applications.
The effect of placing an antenna eccentrically was
tested in Stripa by comparing measurements performed
with an eccentric antenna with similar experiments
where the antenna had been fixed in the center with
plastic rings. There was practically no difference
between the signals in these two cases as shown in
Figure 7.4. The same conclusion was obtained in
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crosahole calibrations with the receiver in centered
and eccentric positions. In these experiments the
receiver antenna was rotated through different angles
and a least squares fit was applied to calculate the
dipole signal A and the directional component B for
antenna 2. Figure 7.4 shows that the difference was
small for the dipole and slightly greater for the
directional signal. The signal can safely be used for
directional measurements and several practical tests
have confirmed this.
Another test was performed where the antenna was
forcibly rotated in the borehole as previously
discussed. No special effects were observed on the
reflected signal. This borehole was, however, narrow
and the eccentricity small. The difference was larger
in Stripa where the borehole diameter is 76 mm and the
probe 55 mm. The small effects suggest that the water
can only influence the directivity slightly as long as
the diameter of the antenna is comparable with that of
the borehole.
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figure 7.4. Comparison of radar signals from centered
r.nd eccentrically placed antennas: directional and
ciipole signals.
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8.

ROTATION INDICATORS

8.1

GRAVITATIONAL INDICATORS
The data from radar measurements can only be
interpreted if the orientation of the antenna is well
known. The direction of the borehole is often
determined after drilling and can be used to fix the
direction of the antenna, but the azimuth of a
directional antenna must be determined by other means.
The best possibility is to measure the direction of
the external gravitational or magnetic fields relative
to the antenna. In this way one can also obtain the
direction of the borehole if it has not been measured
before.
The angular resolution of the antenna is about 5° and
the orientation of the antenna must be evaluated with
similar accuracy. The test equipment in Stripa used a
small wheel with an eccentrically mounted weight,
which defined the direction of gravity perpendicular
to the borehole. If the direction of the borehole is
known one can calculate the position of the antenna.
The angle measured between antenna 1 and the vertical
is called the gravitational azimuth. In later
equipments a magnetometer has been included in some
cases and a magnetic azimuth can then be defined in
the same way relative to the magnetic field. The
possibility of obtaining a complete orientation of the
antenna by using both instruments will be analyzed
below
The wheel in the test equipment had some limitations.
The instrument worked well during measurements in
Stripa where the boreholes are straight, but the
gravitational azimuth is insufficient if measurements
are performed in boreholes with varying direction.
Furthermore the wheel can not be used in vertical
boreholes. The angular resolution of the wheel in this
equipment was l°-2° and the output voltage grew
monotonously and fairly linearly as a function of
angle. However, within a narrow window the voltage
returned to its initial values This sector was
avoided by the measurement program in order to bypass
the ambiguities, but such methods are unsatisfactory
in a practical system. The problem was solved by
installing additional instruments which would measure
ti;5 components of the magnetic field in the antenna.
There may appear also ambiguities in the reading of a
gravitational instrument. Many problems are avoided by
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using an instrument which provides two voltages for
each azimuth. The angle can then be defined uniquely
as shown in Figure 8.1. The instrument in the Stripa
antenna is for instance excited by a light ray passing
through a hole in the wheel or through an air bubble
in a coloured liquid. The instrument measures both the
x- and y-signals with a light sensitive silicon plate
and one can devise simple algorithms which select the
correct azimuth even when there are small drifts in
the voltage. Such an algorithm has been installed in
the measurement program. The left diagram in Figure
8.1 compares the calibration curve and the voltages
measured during an actual experiment. Such plots are
regularly used during measurements to check the
gravitational indicators and will effectively expose
errors.
8.2

MAGNETIC INDICATORS
If a borehole is curved additional information is
needed to determine the orientation of the antenna.
This is done with a commercially available
magnetometer. A magnetometer with three loops can
determine the direction of the magnetic field relative
to the antenna, but this is still insufficient to
determine the antenna orientation: all systems which
are symmetrical with respect to the magnetic field
will obviously give the same signals to the instrument
as shown in Figure 8.2. This fact can be understood in
another way: the three loops of a magnetometer can
provide two angles, defined by the ratio between the
magnetic field components. The third parameter
measured by the system is the total magnetic field
which can not provide directional information.
Three angles are, however, necessary to orient a rigid
body in space (Goldstein, 1980). A possible solution
of this problem is to combine a gravitational
indicator and a magnetometer. This will work as long
as the two fields are not too parallel. The laboratory
tests were performed in northern Sweden, where the
inclination of the magnetic field is about 75°. The
angle a towards the vertical is thus small, about 15°,
but it is quite sufficient to orient the directional
antenna.
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Figure 8 . 1 . Output from g r a v i t a t i o n a l and magnetic
d i r e c t i o n a l i n d i c a t o r s compared with c a l i b r a t i o n .
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Figurs 8,2. The possible orientations of the antenna
and its internal coordinate system as determined by
measuring the magnetic field.
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8.3

AMBIGUITIES
A more serious problem when using two instruments is
the appearance of ambiguities in certain cases. This
can be understood geometrically as shown in Figure
8.3. The directional antenna has an internal
coordinate system defined by an x-axis through antenna
1, an y-axis through antenna 4 and the z-axis along
the antenna as seen by an observer at the cable end of
the antenna. The measured angles indicate how to
rotate this coordinate system (not the antenna) to
make it coincide with the external coordinate system,
which traditionally is oriented with the Z-axis
vertically downwards, X to the North and Y to the
East.
The magnetic field H through the antenna is determined
completely by the magnetometer, but the direction of
the gravitational field g is only measured in one
plane. In the directional antenna this is the xy-plane
shown in Figure 8.3. The direction of the
gravitational field g is thus determined by the
intersection between the direction of g in the xyplane and the ellipse obtained by projecting the cone
with angle a to H on the same plane as shown in Figure
8.4.
The point of intersection can also be calculated
analytically. In general there will be two solutions
corresponding to the two intersections between the
line and the ellipse. Exceptions occur only if the
ellipse encloses the origin, which happens only when
the antenna is close to the vertical; in this case
there will be a single solution. In principle the two
solutions can not be separated because only the
direction of the gravitational field is measured and
not its strength. Field strength measurements would
require an accelerometer and are not feasible in
practice. If the orientation is known initially one
can trace the correct solution along the ellipse as
the antenna changes direction, but this possibilty
disappears at the double root where the line is a
tangent to the ellipse. It may also happen that there
are no solutions corresponding to measured data due to
noise. Algorithms must then be devised to locate the
nearest solution.
Various methods can be applied to resolve the fold
ambiguity which fortunately is uncommon. The ambiguity
can be resolved if the equipment can be rotated in the
borehole by a small but known angle. The real solution
will remain fixed while the spurious solution moves.
This method is equivalent to adding a second
gravitational indicator to the equipment and in
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Figure 8.3. The directional ambiguity which occurs for
a magnetometer and a single gravitational instrument.
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Figure 8.4. The geometrical solution of the problem in
the previous figure.
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critical cases this has been done, though the antenna
length must be reduced in order to accomodate the new
instrument. A second wheel is then mounted at right
angles to the first. This method is particularly
useful in vertical boreholes, where the z-axis is
almost parallel to g. A wheel in the xy-plane will
then show arbitrary values and its data must be
supplemented by a second gravity indicator.
An instrument equiped in this way will provide five
parameters, two from gravitational measurements and
three magnetic components. There may also be two
angles available describing the direction of a
previously surveyed borehole. The problem is then one
of embarras de richesse, since there are many more
measured parameters than angles needed to determine
the orientation of the antenna. Fitting the data to a
model is not an effective method, because the
instruments are not equally accurate and should not be
treated symmetrically. A better way is to use the
parameters obtained with the best instruments
according to previous calibrations and then use the
remaining parameters to check the system. This is the
idea used to define the CHECKSUM function in the
directional antenna, where four antenna signals are
reduced to three signals carrying the real
information.
As an example consider the magnetometer which measures
the three components of the magnetic field. The z-loop
is directed along the antenna axis, while the xy-loops
are arbitrarily placed. The calibration shows that the
signals from the loops are linear as long as the
signal is not saturated by the magnetic field. One can
define two control functions for this case, which are
calculated in the program BEARPLUN for calibrations:
Control 1; After the loops have been calibrated the
system is checked by calculating H2 =Hx2 +Hy2 +Hz2 from
the three signals. This value should be a constant
during measurements in a nonmagnetic borehole.
Controx 2: When gravitational indicators are used one
can calculate the magnetic field components in the
transformed coordinate system. This operation gives
the inclination of the magnetic field relative to the
vertical, sin(i) = Hz'/H. This value must also be
constant during a measurement independent of borehole
direction and antenna orientation.
The transformation to the external system is performed
as an Euler rotation consisting of three consecutive
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rotations about the coordinate axes (Goldstein, 1980).
The first rotation is defined by the gravitational
azimuth of the antenna and measured with a wheel with
its axis parallel to the antenna axis. The
gravitational azimuth is positive as the antenna is
rotated clockwise and is zero when antenna 1 is
directed downwards. The rotation is performed about
the z-axis and places the new x'-axis over the
vertical. The y'-axis will then be horizontal and the
rotation has not yet changed the bearing or plunge of
the antenna. The operator describing the
transformation of the components of a vector is given
by a matrix

R.0I» =

cos

s i n <J>

0

-sin

c o s <>
|

0

0

0

1

After measuring the inclination of the antenna with a
plunge meter or a magnetometer or using the known
inclination of the borehole one can perform a second
rotation about the y'-axis to make the z'-axis point
vertically downwards. The corresponding matrix is
given by an analogous expression for the y'-axis,

cos 6
Ry'(6) =

0

0
sin 6

-sin 6
1

0

0
cos 0

At this point it is possible to calculate the
inclination of the magnetic field. The third rotation
is performed about the z''-axis and can be used to
orientate the x-axis towards magnetic or geographic
North according to preference. The corresponding
matrix is analogous in form to the first.
8.4

CALIBRATION
The directional indicators can be calibrated by
rotating the antenna about different axes in order to
test the function of each sensor in turn. The least
squares program used to analyse directional data may
be employed to extract data from the magnetometer.
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Measurements have confirmed that magnetometers are
very accurate unless they are saturated. Figure 8.1
shows the results of rotating the antenna about its
own axis, which was directed almost along the magnetic
field during the rotation. For this reason the
measured points form a small ring about the center of
the figure. Rotations must be performed both around
the antenna axis and axes at right angles to the
antenna in order to check all directional indicators.
The results can be checked by plotting the data and by
calculating the invariants with the BEARPLUN program.
Accurate calibration is important to check the drift
and magnetic saturation of the instruments. The
equipment has to be recalibrated if it is moved to a
new location because both the direction and the
strength of the magnetic field will change. An
externally applied magnetic field can also be used for
calibration as long as it does not saturate the
magnetometer.
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9.

CONCLUSIONS
This report describes the theory of the directional
antenna and illustrates some of its applications. The
practical realization of these ideas has produced a
borehole antenna with the expected range and a
pointing error in azimuth better than 5°. The
directional antenna is also the best antenna at high
frequencies (above 100 MHz) where the resistively
loaded antennas fail due to the presence of the
central metal piece shielding the electronics.
Details of the development and applications have been
included as far as they are necessary to describe the
properties of the antenna or to explain the analysis
of data. The experimental data from Stripa is also
described in other reports (Falk et al., 1989,
Sandberg et al., 1991) and there is a fairly large
body of data obtained during measurements at other
sites. These results agree with the conclusions
expressed here as far as they have been checked. The
theoretical predictions have been most effectively
tested in the laboratory during the calibration of new
equipment.
In the future the most interesting question concerning
borehole radar is the relation to the geological of a
site. Many questions have been clarified during the
Stripa Project but future applications will require
much more detailed analysis of the whole set of
signals. The measurements performed at the SCV site
were helpful in this respect because the directional
antenna was used systematically in an unusually
complicated environment containing many weakly
fractured zones (Sandberg et al., 1989).
The design of the directional antenna has been
described in general terms since the experimental
antenna used in Stripa has been dismantled. Several
other directional antennas have recently been built
for borehole radars produced by ABEM. The performance
of the antenna has not improved significantly but the
measurement and presentation programs have developed
rapidly and for this reason measurements performed
recently usually look much better in print than the
old ones. The computer programs were perfected by Bo
Hesselström during the end of the research program and
have brought the radar measurements and analysis to a
new level of perfection and simplicity. A brief
description of the programs has been given here. They
are described in detail in the manuals and are also
easy to use directly (Hesselström, 1990)
The borehole radar was developed by a group and the
success of the work has depended on the distribution

129
of work and specialties within the group. The group
has now been dissolved and it may be appropriate to
remind the reader of its structure.
The group was organized and directed at Swedish
Geological by Olle Olsson during 1984-90. The
following persons have participated actively at
various stages of the work:
- Olle Olsson (management, radar design, computer
programming)
- Lars Falk (antenna theory, wave propagation,
analysis)
- Olof Forslund (electronics design, measurements)
- Georg Gabriel (computers)
- Bo Hesselström (computer programming)
- Lars Lundmark (electronics support, measurements)
- Eric Sandberg (computer programs, measurements,
tomography)
Practical measurements have been indispensable for the
development of the system and the continuous feedback
from the field has produced most of the improvements
in the radar system. Apart from the development group
valuable contributions have been made by Börje Niva,
Per Andersson, and Seje Carlsten. They and other
persons involved with the measurements have supplied
the development group with comments and pointed out
errors in the equipment and computer programs. Without
this continuous interaction the borehole radar would
not have reached its present stage of perfection.
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