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ABSTRACT - It is difficult to achieve significant directivity in

the radial direction of a borehole radar antenna, lecause the
spacing of antenna elements is typically constraideby the
borehole diameter to be considerably less than a welength.
In this paper, a time-domain technique is used to@monstrate
that the direction of incoming radiation can be de¢rmined by
calculating the time delay between antenna elements

It is proposed to construct a system with a samplon rate of
2.56 GSal/s, and a bandwidth of 500 MHz. The antenreray

will consist of four resistively loaded dipoles, jat 20 mm
apart, embedded in a material with a relative permitivity of 4.

The expected delay between elements is then 133 pgiile
sampling would occurs every 391 ps. We show that i possi-
ble to resolve the small time intervals between gigls received
on different antenna elements by interpolation.

Initial tests show that mutual coupling between theantenna
elements does affect the relative timing, but doesot prevent
the extraction of usable directional data. Experimatal data
from a test tank confirms that estimates of refleatr direction
can be made to within about +15°/-5° of the true déction for
antenna elements 20 mm apart in water, excited witl pulse
that has a centre frequency of 250 MHz.

The technique is moderately tolerant of noise, andome direc-
tional information can be recovered in signal to nise ratios of
10 dB.

Keywords - borehole radar, directional antennas, time domain
scale model, physical model, interpolation.

I. INTRODUCTION

Borehole radar has become a useful technique foenali
exploration, particularly in the tabular orebodiek the
South African Witwatersrand Basin gold fields, ati
platinum mines of the Bushveld Complex [11]. Initg
reef delineation, centre frequencies of less thad MHz
are used, to reflect from targets hosted in ansitéoor
quartzite at distances of 30 m to 50 m. At thesdreefre-
guencies, the wavelength is typically 1 m to 2.5Tiypical
boreholes that are used are 48 mm in diameter.

Directional data is not essential in many environtege
where the relative position of targets can be datexd

from other information. However, for some applioas,
directionality is very useful. For example, befsiaking a
new mine shaft, a borehole is drilled in the lomativhere
the shaft is proposed to be sited. The borehotbeis sur-
veyed with a number of tools to determine the gduoieal
properties of the surrounding rock. If boreholearaid ap-
plied, it can determine the presence of structness the
shaft pillar, [2] and has been used in the pastatafirm
other geotechnical assessments, resulting in tloeation
of a shaft. However, if the operator decides thstracture
should be investigated further, its direction remtto the
shaft borehole has to be known. It can be foun&ifgmat-
ics if another borehole is available [5] or estietafrom
knowledge of existing structures, but a direct meament
of direction will always be first prize.

At VHF frequencies (30 — 300 MHz), there is veryldi

space available in a 48 mm borehole to separaeniaat
elements in the radial direction. High directivisyusually
achieved through the use of large antenna apertusgms

of wavelength.

In previously published borehole radar antenna giessi
directivity has been achieved in a number of ways:

» The antenna described by Siever [8] uses two dpn-
nas to achieve a measure of directivity. A loopeana
has zero gain normal to its loop plane, and fuih gan-
gential to its loop plane. Interpretation is cortedcby
recording data on both antennas, then synthesizing
view in a particular direction in order to see whie-
flectors are highlighted in that direction, and ehiare
not.

* A relatively low frequency (100 MHz) commerciabre-
hole antenna [10] uses a mechanical reflector syste
similar to that used in air surveillance radarssdan the

ground around the antenna. The tool is 160 mm-n di

ameter, significantly larger than a typical Southican
exploration borehole.

e Sato and Takayama reported a borehole array faith
antennas that fed electro-optical transceiverspitiec-
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tionality was determined by comparing the phastedif —> 3 |
ences at each antenna. They showed that mutual cou .
. —® Incidence angle
pling was tolerable. In a related paper [9] thegsented
an algorithm to recover direction that performed .we > 4
—
Il. SYSTEM DESCRIPTION 0
In this paper, a directional antenna that is beiegeloped > /

1 /

for a 250 MHz borehole radar system is describdte T —»
receive antenna is an array of four resistivelylemhdipoles Incoming wave
arranged at the corners of a square, within théedtiec

material of the antenna structure (Figure 1). Thterma

elements are resistively loaded with a Wu-King jedfL2] Figure 2. Geometry of direction finding antenna (pan view).
implemented using five discrete resistors.

Receive antenna
array 2

whereL, is the lag between elementgndy, | is the time
between adjacent antenna elements, proportiortaktais-
tance between them, artis the angle of incidence. From
Equations 1 to 3, it is possible to determine thgla of
incidence by taking ratios of lags between two ety
Two independent measurements of direction are ablail
based on the three labs to L4

Dipole feed points

Dielectric

Figure 1. The directional receive antenna, consistg of four O.. = _tan—lg ()
resistively loaded dipoles embedded in dielectric. 23

The transmit antenna is omnidirectional in the abhdirec- L. —L
tion, and consists of a single element otherwisatidal to 0,, =tan 1214 (5)

the four used in the receive antenna. The pulsergéad in Lia

the transmitter has a bandwidth from 12_5 MHz to 500 Note that for the given geometry, the angle ofdecice is
MHz, centred on 250 MHz, but the bandwidth of thusp independent of the physical site,

transmitted is influence by the antenna bandwidth.

4 dipoles on surface
of dielectric

12

To determine the lag between the signals on eatdniaa,

The radar system consists of a pulse transmitéreanigh-  the wavelet of interest is isolated, and the tirit $e-
speed receiver. A multiplexer connects each of fthe tween recorded signals is determined using croslee
antenna elements to the receiver in turn when rgakinthe tion. To determine time shifts of less than one sanpe-
final received waveform. A sampling rate of 2.56 i riod, the data is interpolated prior to cross datien. In-
used, for a sample time of 391 ps. terpolation is done using the IDL routine CONGRIE], [

with CUBIC_INTERPOLATION set to -0.5. This closely
approximates the theoretically optimum sinc intésion
function using cubic polynomials and does not idtrce
higher frequencies into the time domain signal.

[ll. DIRECTION DETERMINATION METHOD
The process proposed here takes the configuraticemn o
Adcock antenna, with four dipole antennas arrargetthe
corners of a square (Figure 2). However, unlikeAteock

antenna, direction is determined by measuringithe tle- 1.1 Effect of Mutual Coupling
lay between individual elements, for a wavelethia tadar- In the final radar, antenna elements are expeaietiet
gram. placed in a dielectric with a permittivity of abofdur,
The angle of incidences, is measured between the incom- spaced approximately 20 mm apart. At that distearoe
ing wave and the array as indicated in Figure 2 te- permittivity, they are about 1/60th of a wavelenggiart for
dicted time lag is given by: a 250 MHz signal.
L, =1 cos@) 1) Mutual coupling between antenna elements as clese a
L.; = -Isin@) @) 1/60th of a vv_avel_eng;h is likely to b_e high [1]._é|'htrong
mutual coupling implies that any signal received are
Ly, =2l cos@5® + ) ®) element will quickly be coupled onto the other eleis,

regardless of what the other elements might reciigte-
pendently. Fortunately, the coupling occurs quickiyt not
instantaneously, so it is possible to measure tikys
between the four arms of the antenna [4].
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IV. EXPERIMENTAL METHOD
To determine whether it is practically feasibler&solve
angle of incidence from relative arrival time, attsystem
was constructed in a water tank (Figure 3). FoipSuity,
the system uses monopole antennas above a groane, pl
which are electrically equivalent to dipole antesin&
transmission system has been constructed, ratlzer gh
reflection system, because in a small tank it Eegao re-
move spurious reflections: the first arrival at tlezeive
antenna array must be the direct wave from thesinén
antenna.

Receive antenna
array connections

Multiplexer
Control signal for
multiplexer

Single receive
signal to radar

Transmit antenna
connection

Ground plane

Water tank

Figure 3. Water test tank showing the ground planeAntennas
are constructed downwards from the ground plane i the
water below.

The transmit antenna is a single monopole. Theivece
antenna is an array of four monopoles, as in topgsed
borehole system. For practical reasons, the anteana
placed at the corners of a square of size 20 mitineffinal
antenna, the antennas will also be spaced 20 mrh &pa
in a medium that is expected to have a relativenigvity
of about 4. In this scale experiment, the anterarasem-
bedded directly in the water with a relative petiwitly of
81, so are considerably further apart electrictin they
will be in the final system. The expected delaysen two
antenna elements 20 mm apart in water, in the abseh
mutual coupling would be 600 ps, or about 1.5 samgti-
ods.

A series of measurements was made with the reaive
tenna array geometry defined as in Figure 2. Apprately

200 — 300 traces were acquired on each of thedotenna
elements with the receive antenna orientated abGhe

transmit antenna, then a further 200 — 300 tracs® \&C-

quired at each of 13 angles from 0° to 270° in step
22.5°.

V. RESULTS

From each set of traces, 100 on each antenna alkega to
represent the signal in each direction. If thedsafrom a
single antenna element are merged to form a reaatargr
they appear as in Figure 4. Small changes in atiive of
the waveforms are visible at each angle, and saifisalso
visible during a single angle. These changes agelladue
to static timing changes in the test system thatt@empera-
ture related.

Time (ns)

0 45 90 135 180 225 270
Angle (degrees)

Figure 4. A composite radargram of 100 traces in e& of 13
directions.

Static time shifts are not present between tracesised
from the four antennas in the array: the hardwaoeiver
system interleaves reception from each antennhacany
drift elsewhere in the radar will be applied to afitenna
elements equally during a single measurement.

In Figure 5, the received signal is plotted for #menna at
two different angles, 0° and 270° degrees to thesmitter.
The data presented is raw measured data from desing
trace, unfiltered in any way, but is presented iregy short
time window. In Figure 5a, elements 1 and 3 arecatal
distances to the transmit antenna, as are eler@emd 4. It
is apparent that the signals received on the aateshow
the same time relationship at the onset of recepiiothe
incoming pulse up to 5 ns. Later in the pulse theua
coupling between the antennas obscures the detaebe
the two pulses.

In Figure 5b, elements 1 and 2 are now at the shstence
and time from the transmitter, while elements 3 4rade at
a greater distance and time. Again, the shift iist farrival
times is apparent.

Because of the mutual coupling, the time shiftsveen the
signals are not as great as the geometry wouldestign
attempting to estimate the direction from the datés as-
sumed that the time shift is unknown, but propasioto
the distance between the antenna elements. Thestiifte
between antenna elements is then measured by cross-
correlating the signals at different lags, and wcfeiteing
where the correlation is a maximum. Because thearp
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delay is of the order of the sample time, all treveforms
were interpolated 64before cross-correlation.

a) Antenna at 0° to incoming signal
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b) Antenna at 270° to incoming signal
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Figure 5. Results for receive antenna at two angles inci-
dence.

For simplicity, while determining the transform findag to

direction, the 100 traces on each antenna in eimehbtidn

were stacked into a single trace in each direcfldwe lags
between elements are smaller than those predigtediob
mutual coupling (Figure 6). By contrast, the numeri
modelling results in [4] showed lags that were tgethan
predicted from Equations 1 to 3.

The modeled lag for the 13 angles of incidenceUfeigr)
compares well in form to that measured in Figuréub
there are some differences in offset and scaling.

Variations in offset are likely to be caused by Bmaria-
tions in the cable length between each of the aatee-
ments and the multiplexer. Variations in scalingwaen
measured and predicted lag are expected to beesraaldi
are caused by the antenna geometry not being gxactl
thogonal.
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Figure 6. Lag between antenna elements for each b8 angles
of incidence.
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Figure 7. Calculated lag between two antennas fomales of
incidence up to 270°.

The measured lags illustrated in Figure 6 aredfitte the
model, as follows:

Lt =a+bLeare 4
wherea is the offset in lag, and is the scaling in lag. The
two coefficientsa andb are determined by a least squares

fit between data and model and the results of tharé
given in Table 1.

Table 1. Calculated correction coefficients

a b
Lis -401 5.33
Lis -280 3.43
L1a -41.4 5.22

It is now possible to estimate the direction focleaet of
four traces plotted in Figure 4, and the resubl@tted in
Figure 8. The error between measured and actudsiyg
plotted in Figure 9. Almost all the estimates ligéhin

+15°/-5° of the correct angle.
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Figure 8. Direction of incoming wave estimated foR5 traces in
each of 13 directions.
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Figure 9. Error in measured direction compared to atual di-
rection.

The result presented in Figure 9 is from experimledata
of good quality. If 1% additional noise is introdutto the
recorded traces, good results are still achievédlOPb
noise is added (Figure 10), without filtering itrist possi-
ble to determine the direction of the radiationksig the
receiver, although a trend is still visible (FigWr®).

Y=

Time (ns)

Q 45 90 135 180 225 270
Incidence Angle {(degrees)
Figure 10. Effect of the addition of 10% noise tote data
shown in Figure 4.

If the radargram with noise is filtered, so thatseooutside
the bandwidth of the system is eliminated, theneetion of
direction is somewhat improved (Figure 12). If 50¥ise
is added, it is not possible to extract even a pstimate of
direction of the reflector.
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Figure 11. Effect of 10% noise on directional detenination.
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Figure 12. Improved direction estimation when datds band-
pass filtered to exclude noise outside the bandwidiof the
radar signal.
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VI. CONCLUSIONS
The results show that it is possible to measuraydebe-
tween nominally identical traces that are smahanta sin-
gle sampling period. In this case, delays of lbas tL00 ps
are being accurately measured in the absence eé radi
though the sampling interval is 400 ps.

While mutual coupling changes the lag between vecei
signals on different antenna elements from thadipted in

the absence of mutual coupling, the geometry oftitenna
means that as long as the coupling effect is copstadis-

appears when ratios of lags are taken. By follovargim-

ple calibration procedure it is possible to deteemihe

direction of incoming waves to within a few degrees

A number of questions remain to be investigated:

e The elements of the antenna in the scale moéehatr as
electrically close as those likely to be used i fimal
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antenna. The sampling rate of the system may lwalve t

increased to provide adequate resolution of the lag

» The physical model measured here is not identedhe
numerical model tested in [4], so modelling diffeces

may explain why the measured lags are smaller éixan
pected. Further work is necessary to understarg thi

problem, particularly considering the smaller lags
pected in the final system.

» The dielectric structure between the antenna efésnof

the proposed antenna needs to be investigatedteo de
mine the optimal tradeoff between mutual coupling a

delay.

» The antenna performance has been characterisecheér
perfect signals. The effect of noise needs to besii
gated, and further work is required on whetheraslt
filtering can reduce the effect of noise on theediion
finding technique.

» The lag determination technique used here wabeabip
the whole trace. In practice it will have to be kg
only to the wavelet associated with a single reédlec

There is also opportunity to apply more sophistidat

analysis techniques to determine the directiomobiining
waves given the response of four antennas. As amgle,
the traces in Figure 5 show that the amplitudeaesp of
the four elements is also affected by the directibmcom-
ing waves.
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