Ground Penetrating Radar as a Subsurface
Environmental Sensing Tool

LEON PETERS JR., LIFE FELLOW, IEEE, JEFFREY J. DANIELS, AND

JONATHAN D. YOUNG, MEMBER, IEEE

Invited Paper

Ground Penetrating Radar (GPR) is considered as an environ-
mental tool. The basic concepts involved in GPR are introduced
briefly including the antennas, propagation, target scattering. and
mapping. Target identification is important when using GPR since
the scatterer can only be observed by evacuation. This is discussed
in terms of mapping and Complex Natural Resonances. GPR has
been used and is being considered as a tool for the detection of
a wide variety of subterranean features. A very brief description
of the various applications of GPR is presented. In terms of
environmental sensing, it has been applied to detect buried tanks,
landfill debris. water levels, and contaminated fluids. The detection
of various military devices also represent a serious environmental
concern including land mines and unexploded ordnance. There
are also possible applications involving the detection of buried
utilities highway voids. grave sites. It has been used for examining
archeological sites. The above list is far from complete because of
the ever-expanding use of GPR.

I. INTRODUCTION

Ground Penetrating Radar (GPR) can be defined as a
radar whose goal is to detect and identify structures within
the ground. The properties of such a radar are restricted
to the frequency, bandwidth, etc., that are required to
detect the desired target, either natural or man-made, in
the presence of a lossy, possibly inhomogeneous medium.
Propagation losses, antenna size, and size of the scatterer
to be detected dictate the frequency band of operation.

For example, in clay losses can be 100 dB/ft or more
at X-band frequencies but only a few decibels per foot at
HF/VHF/UHF frequencies [1]. The lower frequency may
be fixed by mobility constraints since an antenna that is
too large has only limited usefulness, particularly if a very
large surface is to be scanned by the GPR. Scatterer size
also represents a factor. A land mine, for example, is a
very small scatterer and requires frequencies from 100 to
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500 MHz be used. A large unexploded shell immersed in
clay may be resonant for frequencies as low as 10 MHz.
A planar geological interface would be represented as the
image of the antenna in that interface and scatterer size is
not a factor. Two GPR review papers have been published
previously [2], [3].

Ground Penetrating Radar (GPR) can be considered at
best to be an imperfect technology. However, at three dif-
ferent government sponsored workshops to evaluate tech-
niques for detecting subsurface targets [4]-[6], the general
consensus was that for reasonably shallow targets, GPR
was the major hope for detecting and identifying subsurface
anomalies.

While much of the research involving GPR has been
directed toward military operations, it is the conversion
to nonmilitary applications such as environmental concerns
that is important in today’s requirements. Even previous
military studies such as the detection of mines and un-
exploded ordnance fit this category. For example, mines
saturate many areas where combat has occurred such as
Afghanistan, the Falkland Islands, Vietnam, and Saudi
Arabia. Even in the United States, unexploded ordnances
(UXO’s) also represent a serious problem in making test
ranges safe. These items must be detected and neutralized
before these vast areas can be converted to nonmilitary
use. Another military topic, tunnel detection, also has
a counterpart in the environmental community which is
subsidence detection. In Columbus alone there have been
two major highway collapses, one at the very center of
the city and another that closed a major section of I-70.
Other examples are abandoned shallow mines particularly
in northern Ohio and elsewhere. There are also a number of
applications more obviously related to environmental issues
such as detecting chemical spills, nuclear waste, grave sites,
various underground utilities, etc.

Ground Penetrating Radar concepts have been in use
for about 20 years in contrast to more than 50 years for
conventional radar systems. The original incentive for its

0018-9219/94%04.00 © 1994 IEEE

1802

PROCEEDINGS OF THE IEEE. VOL. 82. NO. 12, DECEMBER 1994



development was military in nature. Lerner obtained a
patent in 1974 {7]. The application was the detection of
tunnels and buried mines. Neither has been a sparkling
success. Tunnels in Korea were detected only through
intelligence information. Land mines were easily detected
[8]-[10], but mobility and identification represented prob-
lems, particularly in view of the large variety of shapes of
such mines and of false targets. Patents were also issued to
Morey in 1974 [11} and to Young and Caldecott in 1976
and 1977 [12], [13].

Utilities (pipes, power lines, etc.) represent another possi-
ble application. The ElectroScience Laboratory (ESL) under
gas company sponsorship developed a radar subsequently
produced by MACOM known as the Terrascan [14]. The
goal was the detection of 90% of plastic pipe in 90%; of the
country. A series of tests revealed that approximately an
80/80% was achieved. This was never adopted by the gas
industry, even though there was no other viable method of
plastic pipe detection because of potential liabilities.

In spite of these limited successes GPR has become
of intense interest to geophysicists. There were 45 papers
presented at GPR symposium in Finland in 1992 [15] and
67 papers were presented at a similar conference in a GPR
symposium in Colorado in 1990 [16]. It is of interest
to note that most of these papers were directly related
to environmental concerns and a variety of applications
were covered including geological structures and even
buried corpses. At a GPR workshop co-sponsored by the
Environmental Protection Agency (EPA) just completed
at OSU, there were 163 attendees [17] from government,
industry, and universities. It would require a devoted paper
simply to summarize the various nonmilitary applications
discussed in these references alone. There have indeed been
a large number of such GPR applications in the past but
there will be even greater needs in the future. Many of
these applications are described in various symposia and
workshops.

Because of the deceptively simple GPR structure, there
arc a number of such GPR units that have been designed
and built on an individual need basis by the user. Clearly
the bulk of activity in GPR is experimental and has been
focussed on the particular target of interest for that user.
Much of this activity is focussed on the detection and
mapping of interfaces in the earth. From an environmental
viewpoint, the tracking of oil spills or other sources of
pollution is of interest and will be discussed in more detail
later.

There are today commercial versions of GPR available
from various manufacturers. Geophysical Survey Systems
Inc., Sensors and Systems, Vadose, and Century Geophys-
ical exhibited and tested systems at the recent EPA funded
workshop [17] under rather stringent conditions at the
ElectroScience Laboratory. There are other manufacturers
of such GPR.

There are several major difficulties in GPR design and
usage that are not inherent in more conventional radar
design. Since the usual GPR has a much broader bandwidth
than even the so-called Ultra Wide Band Radars [18] that
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have been investigated in recent years, they are extremely
vulnerable to interference. This can be reduced by aver-
aging a number of returns obtained as a function of time
without moving the antenna. However, signals generated by
various types of clutter are not reduced by signal averaging.
Clutter can be subdivided into various categories including
multiple internal reflections, scattering generated by surface
roughness, and scattering from undesired buried targets
within the radar field of view. Internal reflections are mini-
mized by system design. The other forms of clutter remain
as a serious problem. These problems are compounded by
poor antenna design. As an example, a pipe distribution
system was installed at the ESL approximately 20 years
ago by trenching. The soil (clay) was carefully compacted
to restore it as closely as possible to its original condition.
Data collected immediately after installation clearly showed
the presence of the pipe [1], but the subsequent migration of
water was disturbed by the trenching process. Today, these
pipes are difficult to detect because they are masked by
scattering from the trench walls. Obviously, the problem of
clutter cannot be eliminated by system design. lts effect
can be reduced by antenna design. Most GPR antennas
experience ringing as a result of radiating a broad band
signal, and this ringing tends to obscure later time signals
recorded from any buried scatterer. Reducing the ringing
duration then would reduce the clutter in the recorded
signal.

From the above discussion, it should be apparent that tar-
get identification represents an important step. particularly
since one must “dig up” the target to see it. The most usual
identification format is that of mapping. There are several
possible forms of presentation, some of which are stacking
of waveforms obtained as the radar is moved, and observing
the change in bright spot position. Other techniques that
have been used include the concept of Complex Natural
Resonances. These have proven successful for identifica-
tion of land mines [7]-[9] as mentioned earlier. Various
forms of signal processing are of substantial use in GPR
interpretation.

II. GROUND PENETRATING RADAR (GPR) CONCEPTS

Since GPR’s are quite different from conventional radars,
a brief description of some generic models are given in this
section. It will encompass various features of GPR’s built,
used, and suggested at the ESL. No attempt is made to
discuss any commercially available units since they proba-
bly all involve trade secrets not known to these authors.
Most GPR’s are basically Time-Domain Reflectometers.
They differ in that the signal is radiated into the ground.
A simple block diagram is given in Fig. . The transient
source may be any transient signal. Half a sine wave,
steps, and doublets all are possible sources. Our current
preference for a source are readily available solid-state
pulsers and gas-discharge pulsers to be used when higher
power is desired. Pulsewidth and rise time are usually of
the order of a few nanoseconds and the repetition rate
may range from | to 100 kHz. The analysis at the ESL
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Fig. 1. Block diagram of subsurface-probing radar.

has used a normalized Gaussian pulse shown in Fig. 2 in
mathematical models of these sources [19]. The spectrum
of such a pulse is extremely broad as compared to even the
so-called Ultra Wide Band systems. The use of transients
in a radar require that careful matching be achieved at
every possible junction and this is usually achieved by
matching characteristic or surge impedances and resistive
loading. Any use of energy storage devices can lead to
excessive multiple reflections that can obscure the desired
target. To minimize such problems, the pulser is usually
placed as close as is practical to the transmitting antenna
so that such multiple reflections are quickly damped. The
antenna becomes one source of filtering since an antenna
cannot radiate dc. For typical GPR usage, the radiated
spectrum may range from a few megahertz to a few
gigahertz. The receiver can take the forms of a sampling
system or a transient digitizer. The sampling system simply
constructs the received waveform from displaced samples
of successive periods of the waveform. This sampling
system makes it possible to use an amplifier with time-
(or range-) dependent gain controlled by a computer prior
to the sampler in order to minimize sampling noise. The
transient digitizer, on the other hand, is a single-shot device
and captures the complete waveform in one period and the
time- (or range-) dependent amplifier is no longer applicable
because of the response time of the amplifier would be
much greater than the width of the nanosecond pulser [20].

Most practical GPR’s operate with a fairly consistent
set of operating parameters. Pulsewidths range in general
from 1| to about 10 ns. Peak transmitter voltage levels
operating into 50-§2 cables range from 30 V to several
thousand volts. Repetition rates range from about 60 Hz
to 1 MHz. Sampling rates, however, are 200 kHz or less.
The lower repetition ratios tend to be associated with the
higher transmitter voltages and are associated with gas-
discharge devices. The higher repetition rates are associated
with the lower voltage pulsers and are associated with solid-
state pulsers which are more stable. This fixes the spatial
resolution before introducing antenna ringing to roughly
1/,/€5 10 10/, /€, feet. The average power levels tend to be
approximately the same for either case. Sampling systems
with no heroic measures such as low-temperature samplers
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Fig. 2. Normalized Gaussian pulse and its spectrum. (a) Input

pulse t, = T seconds. (b) Input pulse spectrum normalized to
7.344T V/Hz.

have a sensitivity of the order of 1 mV. Thus the practical
system dynamic range is approximately of the order of 100
dB.

The sampling system has an advantage over the transient
digitizer in terms of dynamic range in that there are com-
mercially available samplers with 14-bit A/D converters
in contrast to 8-bit A/D’s for the transient digitizer. On
the other hand, the transient digitizer takes the complete
waveform essentially as a snap shot whereas the sampler
requires one sample only out of each such waveform. Thus
the measurement time to generate and record a complete
waveform is much greater for the sampler.

The most critical part of the GPR system is the antenna.
These usually take the form of heavily loaded dipoles. The
dipoles are heavily loaded to reduce as much as possible the
antenna ringing which could extend into the range window
of the desired signal. Various combinations of transmit and
receive dipoles are used. The most common version is a
simple pair of parallel antennas, one for transmit and one
for receive as shown in Fig. 3 and is usually designated
as a bistatic antenna. This system is used to reduce the
direct coupling from the transmitter to the receiver. Other
means of reducing this coupling consist of a crossed dipole
where the transmit and receive antenna are orthogonal to
each other. A more recent antenna has been designated as
the time-domain monopulse antenna [21] also shown in
Figs. 3 and 4. Identical pulses of opposite polarity are used
to excite the two external dipoles. The receiving antenna
is placed midway between the two transmitting antennas
which reduces the direct coupled signal. It is extremely
important that good baluns are used to connect the coaxial
cable from the pulser to the antenna. Any unbalance will
result in currents flowing on the outside of the cable which
in turn can couple strongly to the receiver. This difficulty
may be eliminated if the pulser is placed directly at the
terminals of the transmitting antenna. Interference is a
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Fig. 3. Generic forms of some GPR antennas. (a) Monostatic an-
tenna—Requires some type of TR device to isolate received signal.
(b) Bistatic antenna—Uses separate antennas to isolate received
signal. (c) Time-domain monopulse—Includes cancellation scheme
to isolate received signal. (d) Crossed dipoles—Uses orthogonal
antenna to isolate received signal.
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Fig. 4. Structure of the time-domain monopulse. (a) Unshielded.
(b) Shielded.

serious problem because these GPR systems must operate
over a very broad frequency band. Consequently, this can be
alleviated by use of absorbers and conducting shields placed
above the absorber. The use of such shields does reduce the
effectiveness of the radar in that the clutter caused by the
antenna itself is increased [21]. Figure 5 shows a set of
measurements for different antennas obtained by inserting
the same small target at the same depth in a pipe slanted
into the earth. These are merely examples and different
antenna construction might lead to slightly different resuits,
see Fig. 5(e) and (f), for example. Obviously, Fig. 5(b)
must clearly see the target. The presence of the shield does
lead to some degradation of the received signal as seen by
comparing Fig. 5(b), (e), and (f).

For these systems, the antenna is spaced only a small
distance, 2” to 3" above the ground. In some commercial
versions, they are mounted in a very rugged cart. As the
height above the ground is increased so also is the Radio
Frequency Interference.
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Even though the dipoles used in these various antennas
are heavily loaded, they still represent a bandpass filter. The
center frequency of this “bandpass” filter approximately
coincides with the frequency where the dipoles are \/2
long in their environment including loading by the ground.
A typical spectrum of a radiated signal into the earth by one
such antenna is shown in Fig. 6 [20]. If the center frequency
is to be doubled, then as a first approximation the antenna
dimensions would be halved. These patterns were measured
using a broadband probe inside the same slant pipe as the
measurements of Fig. 5 as the antenna is moved above
the pipe in 2.3” intervals [21]. Several possible antennas
exist to extend the operating bandwidth but they do have
restrictions. Broadband antennas such as the spiral can
be used but they are dispersive. This dispersion must be
removed via data processing [22]. More recently, Lai et al.
[23} have developed antennas with a microslot/microstrip
balun that has an extremely wide bandwidth but, in the
frequency band required, it is a very large structure. A
balun-fed reflector antenna using the supporting struts as
feed lines can be defocussed to place a second focussed
spot at or below the ground {24]. This is also an extremely
large structure but it would have a frequency band restricted
only by the reflector size and construction accuracy.

In many of the original studies of GPR there was a
comparison of time- and frequency-domain systems such
as chirp radar. In the 1970’s, the technology was not
adequate for a useful frequency-domain system. However,
with the advent of Network Analyzers and other similar
radar systems such as the radars used in the ESL anechoic
chamber [25], it is now possible to build such a radar with
adequate speed [19] to act as a GPR. Such a radar can
be scanned from 10 MHz to 1 GHz in 10-MHz steps in a
small fraction of a second. Such a receiver would have an
increased sensitivity and an inherent filtering capability in
that the data over the band of an interfering signal would
be deleted and filled in by interpolation.

Such a radar system can be made to have an inherent
advantage in comparison to the network analyzers by using
a tracking filter instead of a harmonic mixer and thus avoid
potential problems from intermodulation products. While
these stepped frequencies have not yet been used to the
best of our knowledge for GPR applications, they have been
applied in this frequency band for several Ultra Wide Band
Radar applications. Finally, it is noted that the system with
a tracking filter has a very narrow bandwidth in comparison
to the time-domain system and consequently the inherent
noise level is much lower.

III. PROPAGATION AND SCATTERING
ATTENUATION FUNCTIONS FOR GPR

The radar range equation is the vehicle for estimating
radar parameters when operating in free space. This is
not useful for GPR for several reasons. First, operational
conditions often dictate that neither the antenna nor the
scatterer satisfy far-field conditions implicit in the radar
range equation. Second, most GPR antennas are operated
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Fig. 5. Time-domain scattering measurements for (a) crossed dipole, (b) original time-domain
antenna, (c¢) paralle]l loaded dipoles, (d) shielded paralle] loaded dipoles, (e) shielded symmetric
active isolation antenna, and (f) reconstructed shielded symmetric active isolation antenna.

in the immediate vicinity of the ground interface. This must
also be accounted for in the analysis. Third, the medium
is highly lossy. Most media are representable as a lossy
dielectric where the phase factor is approximated by

B = w\/ue (€Y
and the attenuation factor by

1
= -0 ol )

where 4. is the permeability, € is the permittivity, and o is
the conductivity of the medium. It is noted that for most
soils, the conductivity is frequency-dependent and thus the
attenuation factor is not independent of frequency as might
be assumed from (2).
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The model shown in Fig. 7 has been suggested as a means
of estimating system performance [25]. This model allows
different parameters to become separable. Otherwise, it
becomes necessary to do the complete analysis every time
any parameter is changed. The model is shown for the case
of a cylinder and cross dipole but is applicable to other
antenna and scatterer geometries. The quantity ES/ET
has been designated as the Scattering Attenuation Function
(SAF = ES/ET). The SAF is defined as the modification
of the scattered fields by the specified scatterer of a perfect
planar reflector. The SAF is derived in [26] for several
configurations. These results are summarized in Table 1 as
obtained by geometrical optics.

Figure 8 shows the exact computation for the SAF
of a circular tunnel [27]. Note that this result is range-

PROCEEDINGS OF THE IEEE, VOL. 82, NO. 12. DECEMBER 1994



~20
— 50 MHz
=r e 100 MHz
-——-150 MHz
-40 - — - 200 MHz

MAGNITUDE (dB)
b

100 -
—40 4 8 1215 20 24 28 32 36 40 44 4B 52 56 60 64 68
WAVEFORM

Probe 18" deep in soil, 2.3” between waveforms
(e, = 18.9,0 = 40.1 mmho/m)

-20
—— 50 MHZz
=3t e 100 MHz
-~—-150 MHz
-40 -==—200 MHz

MAGNITUDE (dB)

WAVEFORM

Probe 30” deep in soil, 2.3” between waveforms
(e = 23.1,¢ = 51.7 mmho/m)

Fig. 6. Spectrum and cross-range field pattemn of one of the
antenna elementsof the antenna shown in Fig. 4.

Table 1 SAF’s for Some Simple Geometries

Geometry SAF

Planar contrast r

Infinite circular cylinder

axis parallel to antenna

r./ B
3R, + 0

R,
r 2(Ry+2:101

Jo B M2

R
V 2(R ) 2(Ry+24d)

axis perpendicular to antenna

Contrast with 2 distinct radii of curvature r

dependent and the range dependence is predictable by the
geometrical optics result of Table I. It is also dependent on
the conductivity. The conductivity dependence is generated
because the reference plane of Fig. 8 is taken at the center
of the tunnel. The additional path loss is introduced when
the reference E! propagates twice the distance from the
top of the cylinder to the center of the cylinder. If this
propagation loss is removed from the results given in Fig. 8
then the geometrical optics SAF of Table 1 is in agreement
with Fig. 8 for f > 10® Hz. The interference pattern is of
course the result of reflections from the top and bottom of
the tunnel. The SAF have been presented for rectangular
as well as for circular tunnels {27] and for circular tunnels
containing a wire parallel to the tunnel axis [28].
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The quantity V5/Vr (see Fig. 7) can be generated by
any preferable computation. We have represented this as a
pulse attenuation function A. A moment method analysis
is suitable for treating the coupling between the dipoles. A
Gausstan pulse (Fig. 2) is transmitted and the received pulse
is then computed assuming the parameters of the medium
are independent of frequency. The pulse attenuation func-
tion |29]

. _ Vi(peak) ¢~ 2ad )
” Vy(peak) Ao 2d )
Equation (3) can be rewritten in the form
A(dB) = A1(dB) + Ap(dB) (4)
where
Ay = 20log,, (Ao) %)
and
,—2a(d—1)
Ay = 20log,, —l— (6)
[$

where A, has been computed for a depth [29] d = | m
as function of antenna length and electrical parameters of
the Earth.

To include the ground interface in the analysis requires
a rather tedious Sommerfeld integral be included in the
analysis. However, a simple approximation is appropriate
[30], [31]. If the fields of the electric line source are
simply multiplied by (1 + I') then a reasonable result is
obtained. Figure 9 shows the fields of such a line source
under various conditions. The approximate and the exact
result are in reasonable agreement for the fields within
the Earth. This approach was then used to compute the
SAF for a rectangular perturbation within the Earth via an
integral equation solution and indeed the approximate and
more exact results are again in reasonable agreement. In
conclusion, a reasonably accurate result can be generated
from

Vi = (V) (SAF) (ICF) )

where ICF is designated as an interface correction factor.

There are two possible frequency bands of operation for
GPR’s, defined as the Low-Frequency Window (LFW) and
the High-Frequency Window (HFW) by Gabbilard ez al.
[32]. While there is substantial potential for radars operating
in LFW, this has not been exploited and is not discussed
further in this paper. The frequency band of radars operating
in the HFW is defined by [29]

8 [e
d<—,/—. (8)
o\ i

Equation (8) is based on the radiation of an infinitesimal
dipole in a lossy homogeneous medium. There can be a dip
in these radiated fields as the frequency is increased from
zero. Equation (8) is based on restricting that dip to less
than 10 dB. Other limitations on the depth of operation of
such GPR’s include clutter, radio-frequency interference,
noise, and available equipment.
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amplitude of the curve.

IV. GPR FIELD OPERATIONS WITH EMPHASIS
ON ENVIRONMENTAL ISSUES

In this section attention is focussed on environmental
issues, i.e., on detecting and/or monitoring sitcs that may
be sources of potential pollution. The concept of mapping
common to many types of geophysical processing is out-
lined and several specific types of scatterers of interest
to environmental researchers are used to illustrate these
concepts.

The present modus operandi for GPR produces a two-
dimensional cross section (sometimes called a record) of the
subsurface that is similar in appearance and interpretation
to a seismic cross section. Field operation of a GPR system
is very simple and data can be acquired very rapidly.
Presently, it is not uncommon to tow the antennas behind
an All Terrain Vehicle (ATV) and collect several line-
kilometers of data along profile lines spaced a few meters
(or fractions of meters) apart. These high data densities
ultimately can be exploited to produce three-dimensional
images of the subsurface. The mobility and simple field
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procedures inherent to GPR make it a natural technique for
geotechnical applications.

In practice, GPR measurements are made by towing the
antennas continuously over the ground. The antennas can be
towed by pulling them by hand, or with a vehicle (usually
an ATV). A radar wave is transmittcd and received each
time that the antenna has been moved a fixed distance across
the ground surface. Usually, this distance (called the trace
spacing) is less than 0.3 m. Every time that the antennas
have traveled a distance equal to the trace spacing, the
following sequence of events occurs in the GPR system: 1)
a wave 1s transmitted, 2) the receiver is turned on to “wait”
to receive reflected signals, and 3) after a certain period of
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Fig. 10. Comparison of wiggle trace and gray-scale scan record
displays. Anomalies are caused by two buried barrels. (a) Wiggle
trace plot. (b) Gray-scale scan plot.

time (usually less than 1 ps) the receiver is turned off. The
information that is recorded while the receiver is turned on
is called a trace.

A single trace can be used to detect objects (and deter-
mine their depth) below a spot on the surface. By towing
the antenna over the surface and recording traces at a fixed
spacing, a record section of traces (often referred to as a
cross section) can be constructed. The horizontal axis of
the record section is surface position, and the vertical axis
is round-trip travel time of the electromagnetic wave. Two
types of recordings of GPR traces are shown in Fig. 10,
including: a) a wiggle trace display, where the intensity of
the received wave at an instant of time is proportional to the
amplitude of the wiggle, and b) a gray-scale display, where
the intensity of the received wave at an instant in time is
proportional to the intensity of gray scale (i.e., black is
high intensity, white is low intensity). The data of Fig. 10
were collected using the Time Domain Monopulse Antenna.
The horizontal position of the barrels is determined quite
accurately as the position of the minimized waveform or
white vertical line for the gray-scale plot.

When the traces are displayed as a cross section, the size,
shape, and depth of objects can be determined. The depth
to the top of the object is computed by dividing the two-
way travel time to the object by twice the velocity of the
electromagnetic wave through the ground

2-way travel time

Dep(h = 9)

2 - (velocity of the wave)
Typical ranges for two-way travel-time range settings are
10 to 500 ns. The velocity of the electromagnetic wave
depends primarily upon the relative permittivity (sometimes
called the dielectric constant, or dielectric permittivity) of
the rock, soil, or other material. The range for relative
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permittivity values is from 1 (for air) to 81 (for water).
In general, the velocity of a radar wave in a material can
be calculated from the following relationship:

Velocity of a radar wave through air

Velocity = \/relative permittivity of the material

The velocity of a radar wave in air is approximately 1
ft/ns (0.305 m/ns). The velocity of a radar wave in water
(relative electric permittivity = 81) is equal to 0.0339 m/ns.
The relative permittivity of a clean sand, or homogenous
granite, is approximately equal to 5, with a velocity of
approximately 0.13625 m/ns. In order to interpret the
data more accurately, the electrical characteristics of the
media are measured at various depths on the day of
the experiment. Electrical properties can be measured by
inserting a capacitive probe developed by Caldecott et al.
|33] into a shallow Auger hole. The probe operates at 40
MHz and it is assumed the properties of the media vary
slowly with frequency so they can be used to approximate
the entire range of consideration. Usually one borehole is
used to approximate the test area and measurements are
taken at 10-cm depth increments.

A. Applications

GPR has been used primarily to locate engineering and
environmental targets in the upper 10 m of the earth. Spe-
cific targets for environmental applications include locating
buried tanks, drums, landfill debris, geologic structure,
water levels, trenches, and contaminated fluids {34]. In
civil engineering, GPR is used to locate pipes buried
in the ground, imperfections and reinforcing rods within
structural concrete, and laminations and voids in roads
and bridges. Other common applications of GPR include
locating tunnels and other buried voids [35]-|37]. and lo-
cated buried military ordnance {8}-{10], {26}-{29]. In some
cases, subsurface targets are resonant scatterers (e.g., metal
tanks and drums), or they may be simple one-dimensional
reflectors (e.g., stratigraphic layers, or the water table),
while in other cases they may be simple nonresonant
scatterers (e.g., Earth inhomogeneities). Frequently, the
objectives of a GPR survey are to locate all three types of
targets from one survey, and the problem for the interpreter
is to separate and classify the different targets.

Examples of two-dimensional GPR cross sections over
two buried drums and a trench are shown in Fig. 11 for
a bistatic antenna instead of the Time Domain Monopulse
Antenna (Fig. 3). An example of the response of a monos-
tatic GPR antenna system (500 MHz) over confined diesel
fuel and water are shown in Fig. 12. Each of these examples
iltustrates the hyperbolic anomaly that is characteristic of
finite scatterers in the subsurface. The hyperbolic anomaly
is caused by moving the transmit and receive antennas over
the object, which is analogous to an airborne target moving
towards and away from a fixed ground radar. In both cases,
Synthetic Aperture Radar (SAR) processing (referred to
as migration by geophysicists) may be used to process
an improved image of the target. However, complexities
associated with multiple scatterers and a heterogenous
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Fig. 12. Test model results of GPR measurements for a 500-MHz
antenna over sand saturated with a single fluid.

velocity distribution in the subsurface presents difficulties
for SAR/migration processing of GPR data.

Individual horizontal and vertical subsurface features
have been identified and interpreted to depths exceeding
10 m using GPR data at a mine in Zortman, MT [38].
The syenite porphyry at the mine is homogenous in its
electrical properties except where fracturing, faulting, or
sulfide intrusions occur. Fracturing from drilling and blast-
ing operations is generally confined to the region from the
surface down to 1-2 m below the surface. The examples
in Fig. 13 illustrate GPR anomalies caused by near-surface
fractures in the upper 3 m (045 ns) for Fig. 13(a) and the
upper 1 m for Fig. 13(b) (0 to 16 ns).

GPR anomalies at the mine are generally caused by
sulfides, drifts, and vertical features (winzes, manways, and
stopes). A typical stope anomaly is shown in Fig. 13(a).,
while anomalies caused by mineralogic sulfides and mine
drifts are shown in Fig. 13(b). Sulfides generally cause
numerous overlapping anomalies, and they often appear as
dipping planes when they are associated with veins. The
anomaly pattern on the left side of Fig. 13(b) is typical for
Zortman sulfide zones. The right side of this zone appears to
have an associated fracture that is interpreted as being filled
with sulfides causing an anomaly that has characteristics
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Fig. 13. Examples of GPR anomalies associated with (a) stoping,
and (b) sulfides and drifts (from [38]).

similar to a dipping plane as described by Ulriksen {39].
Anomalies caused by drifts (a horizontal passageway) are
usually isolated singular anomalies as shown in Fig. 13(b).

Anomalies caused by stopes (a large mined-out region
within a drift) are usually complex, containing multiple
hyperbolas at different two-way travel times. Open stopes
generally yield a very broad, distinct, high-amplitude anom-
aly that is normally easy to distinguish from a sulfide zone,
or a naturally occurring fracture. The lateral discontinuity
in the parabola indicated in Fig. 13(a) is common to many
vertical features at Zortman. These abrupt lateral changes
in the parabolas are thought to be caused by interference
between reflections on different boundaries in the vertical
structure. The amount of interference is a function of
the size and orientation of the features, with the most
interference occurring in nearly vertical winzes, or raises
that connect the different mining levels (see Fig. 14(e)).
Vertical fractures are generally present above the stoped
regions. These fracture systems cause additional anomalies
on the GPR records, and these anomalies indicate that many
of the fractures are associated with stoping extending from
the stoped depth to the surface of a level.

Parallel GPR profile lines at the mine were spaced 3.1
m apart, and measurements were made along orthogonal
lines when the subsurface workings are oriented in several
different azimuthal directions. The GPR records of five
parallel lines crossing a major vertical feature are shown in
Fig. 14. Since mining operations strip off 6.1 m of rock at
each level, the Zortman data set offers the rare opportunity
to compare GPR data from different vertical levels. Cor-
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responding adjacent lines for two different vertical levels
are shown in Fig. 15. It should be noted that the vertical
scales are different on the two data sets. The GPR records in
Fig. 15 show a general correlation between the anomalies
on the vertically coincident lines. When GPR traverse lines
are spaced very closely together, then the closely spaced
traces may be treated as a three-dimensional data set, with
each trace placed at its .-y surface position, and the vertical
axis representing time. An example of three-dimensional
display of GPR data for the stoped mining region is shown
in Fig. l6.

V. OTHER TARGETS

GPR has been used for sensing a wide variety of specific
targets. Any object which has electrical parameters different
than the surrounding soil and a distinctive shape is a
candidate for such efforts.

A. Military Targets

The first GPR uses were in the Vietnam war era. Sys-
tems for finding nonmetallic land mines and tunnels were
developed, and some of the early patents came out of these
efforts. Yet even though systems were developed and tested
in the late 1960°s and early 1970’s for these tasks, this
area remains one for continuing development in GPR. This
application has significant difficulties due to the propagation
losses in the soil, the low contrast between target and soil
electrical parameters in some cases, and because of the large
variety of clutter echoes from the rough surface and other
shallow contrasts such as rocks, tree roots, etc. While it was
easy to develop systems which could detect nonmetallic
land mines, the discrimination of the mines from clutter
under the wide variety of surface and soil conditions has
remained very difficult. And the requirement for extremely
high detection accuracy (given the danger) as well as very
low false alarm rate (given the vast areas to be covered)
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Fig. 15. Comparison of GPR data for coincident lines at two
different mining levels (from [39]).

mean that at least the U.S. Government has not settled on
a standard GPR system for this task.

B. Buried Utility Distribution System Targets

Utility location is a continuing use for GPR technology.
The need for GPR utility locators was spawned by the use
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Fig. 16. 3D display of GPR data, for a line spacing of 3.1 m and
a transmit-receive spacing of 0.12 m along the lines.

Fig. 17. Crossed-dipole GPR antenna.

of plastic pipe for natural gas and water distribution. Plastic
pipe lasts longer than steel, and does not require a cothodic
protection, but it is more vulnerable that steel pipe to sharp
digging implements, particularly back-hoe buckets. Also,
the plastic pipe cannot be detected or traced using the metal
detectors used throughout the utility industry. Conventional
practice has been to bury a tracer wire along with the pipes
so the metal detectors can still be used. However, there
are cases where the tracer has not been buried with the
pipe, or has been pulled up, or has deteriorated. Attempts
(o incorporate a tracer in the plastic pipe walls have affected
the strength and longevity of the pipe, and thus have not
been successful so far.

The general-purpose profiling systems have been used
for this plastic and metal pipe location for many years.
Also, a man-portable system was developed starting in the
early 1970’s. This system, called Terrascan, was covered
by several patents, was developed into several prototypes
which were tested nationwide, and won an IR 100 Award.

One innovation incorporated in the Terrascan portable
pipe locator is a crossed-dipole resistively loaded antenna,
shown in Fig. 17. The orthogonal dipoles of this arrange-
ment give excellent transmit-receive isolation, which is
important when the antenna-to-target distance is only a few
feet, and yet the target echo may be as much as 120 dB
down from transmit energy due to interface and propagation
losses in the soil, as well as the low target cross section in
plastic pipes. The other attractive feature of the crossed-
dipole antenna is that horizontal layers such as the water
table create no cross-polarized echo, and are thus nearly
invisible. However, the antenna does need to be rotated in
order to assure that a strong echo from a long thin pipe
will be received.
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Utility mapping systems have been developed and tested
both in the U.S. and in several other countries [40], [41].
In general, the mappers have increased capability compared
to the man-portable instrument, but they still require engi-
ncering interpretation of the results. One feature which has
been clearly identified in utility sensing investigations is the
“trench effect” radar return. In many soils, the excavation
process at pipe installation alters the soil, and even with the
most careful backfilling techniques, the alteration in soil and
water drainage properties creates a soil parameter contrast
which is almost always evident. This soil parameter contrast
creates an extra echo, and can also act as a leaky waveguide
to guide more energy down to the pipe when the antenna is
directly over the trench. The interpretation and use of this
trench echo is controversial in the utility industry. On the
one hand, it can provide a strong echo associated with the
pipe burial process which comes right up to the surface,
and thus is not severely attenuated by the soil. On the other
hand, detecting the trench is not identical to detecting the
pipe, and sometimes a combination of weather conditions
make the trench effect go away. Also, there are several
situations where pipe installation techniques (boring in the
pipe or laying the pipe and then backfilling a whole layer
of soil over the pipe) and soil conditions (like sandy soil)
result in no trench effect in conjunction with the pipe.
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C. Highway and Bridge Probing

GPR has been used in highway and bridge sensing with
good success. The parameters of concrete, stone, gravel,
etc., normally yield good radar signal propagation, even at
UHF and microwave frequencies. Results have shown that
with processing, GPR can give excellent resolution, and can
detect highway features such as voids and moisture pockets,
as well as bridge structural flaws [42], |43). Perhaps the
only problem area for GPR in highway remote sensing is
created by metal reinforcing mesh. The mesh must be larger
than 1/2 wavelength if sensing of layers and flaws beneath
the mesh is desired.

D. Burial Detection

Virtually every type of grave creates a contrast in electri-
cal parameters which is detectable with GPR. This includes
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the parameters of a body, the parameters of any enclosure
of a body, and also the contrast in soil parameters created
by the excavation and backfill. Even a small um with
cremation ashes creates a detectable contrast [44]. GPR has
been successfully demonstrated for locating a wide variety
of burial sites [45], [46].

E. Archeology

There are a wide variety of nonmetallic buried objects
and layer contrasts which are of significant interest in
archeology, and which can be detected under favorable
soil propagation conditions with GPR. However, most
archeological sites are complex, so the interpretation of the
radar echo information is perhaps the greatest challenge in
its use. Successful investigations of a burial mound in Japan
[47] and of a hidden chamber in a pyramid in Teneriffe
[48] are two examples of GPR use which were reported at
the Fourth International Conference on Ground Penetrating
Radar in Finland. It is also true that propagation conditions
are not always favorable. An earlier effort on the Pyramid
of Cheops was not successful in penetrating to detect any
chambers. The conductivity of the pyramid rock was much
higher than expected.

F. Ice Probing

Ice has electrical parameters which permit GPR probing
with significant penetration. Ice also has a complicated mor-
phology with layering and other structure which can provide
information on past weather conditions. GPR investigations
of ice morphology have been reported recently [49], as well
as GPR detection of objects in ice. Notable among detection
efforts is the successful detection of buried WW 11 aircraft
in the Greenland ice cap [50].
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G. Mining Applications

GPR has proven to be a useful tool for remote sensing
of the mineral areas being mined in the coal, quarry, and
salt mining industries in particular. One important use is
to look ahead of the mining process to sense flaws or
boundaries which may pose danger or which may indicate
the end of good-quality material [51], [52]. Also sensing to
determine the stability of mine pillars has been successfully
accomplished. As always, GPR success is related to the
propagation properties of the medium. Salt has been shown
to have about the best possible propagation properties {53].
But coal and minerals such as granite and marble permit
GPR use. One challenging area of current research is
sensing ahead of tunneling [54].

H. Tunnel Detection

Tunnels in rock or soil create a good electrical parameter
contrast with a characteristic path that make them easy
to recognize providing soil propagation in the surrounding
media give sufficient radar penetration. Tunnels have been
detected and identified from the surface at depths of tens
of feet in granite [55]. However, a more typical approach
for deeper tunnels is to drill vertical boreholes, and perform
radar tomography experiments between pairs of boreholes.
The radar transmitter and its antenna are positioned at
multiple depths in one borehole, and for each transmit
depth, the receiver antenna is positioned to receive the
radar signals at multiple depths in the adjacent borehole.

1814

A tomogram constructed from these records can indicate
the presence of the tunnel [56].

VI. COMPLEX RESONANCES

Complex resonances are one class of GPR response
signatures features which may be used for discriminating
specific targets from clutter, or for identifying specific
target shapes. These features of a target’s natural response
signature are in general compiled into a library using
analysis or laboratory measurements, and then used in a
variety of real-time discrimination processes for the real
world targets in a high-clutter environment.

A. Characteristic Resonance Concept

To illustrate the concept of CNR’s consider a tuning fork.
When it is struck it produces an initial transient, which
almost instantaneously changes to a simple relatively pure
note that may be represented as

V = acoswte™ ! o))
or in polar form
V = Re (ae/te ™). (12)
The complex resonance for this case
s =—a+ jw. (13)
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A more complicated situation arises when more than one
note is produced. In this case

U= Za;(ﬂs" (14)

and
S = —a; + juw;. (15)

These are the Complex Natural Resonances.

These CNR's have the interesting property of being inde-
pendent of the excitation. The strength, i.e.. the coefficients
a;, are, on the other hand, dependent on the excitation. For
the example given, one then must strike the tuning fork at
a position where all a,, but the Nth one are zero. Also, the
resonances are not evident until after the initial transient.
This minimal transient delay time, A#, was defined by
Kennaugh [571].

B. General Features of the Approach

Characteristic resonance discrimination is attractive for
GPR applications with the following features:

« The GPR is operated in soils where high frequency
propagation is highly attenuated, so that resolution is
restricted.

e The GPR is trying to detect a countable number of
characteristic “target” types, whose scattering data can
be compiled in a library.

e The size of the targets is small enough in wave-
lengths for the frequencies which can actually prop-
agate through the soil to the target that imaging will
not give satisfactory identification.

e The orientation of the buried target is unknown, and
a simple discrimination scheme which is nearly inde-
pendent of orientation is desired.

» The objects to be detected are in the midst of not
only soil inhomogeneities, but many false targets of
approximately the same echo strength.

Characteristic resonances are also useful for identifying
and removing the resonances of some antennas which are
used in GPR. Such processing tends to compensate for
antenna response in a way which is independent of antenna
orientation.

In general, this approach is not useful for:

o targets which have diffuse boundaries. or which have

very large extent in one or two dimensions,

« targets which are not resonant, including cases where
soil loss damps out the resonances,

o targets which do not have a consistent shape.

C. Specific Applications in GPR

1) Mine Detection and Identification: Early research made
use of a GPR consisting of a sampling oscilloscope, a 1-ns
pulser, and a cross-dipole antenna. The cross-dipole antenna
was perhaps the most important element in this system in
that it was practical to observe the reflection from small
shallow scatterers with almost no clutter. The task at hand
was to then identify the mine using the CNR concept. If
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the clutter is sufficiently reduced, the time-domain response
can be written as

r(t) = Zaies't (16)

where

It

Si

;

complex resonant frequencies (or poles)

Il

the excitation coefficient (or residues).
Equation (16) may be LaPlace transformed to obtain

N
a;

L(r(t)) = Zm‘) (17)

i=1

Prony enables one to use samples of a waveform to generate
an Nth-order difference equation as

N

Z anrft + mT] =0 (18)

m=0

where T is the sampling interval and the coefficients «,, are
determined from the poles S; and the sampling interval 7.

1t should be clear that (18) is of the form of a predictor
equation. Thus one can use a set of measured points at
various sampling times to predict or calculate the response
at some other time. For example, (18) can be used to predict
the response at ¢ = NT from the measured response from
(). r(t+T) - r(t+ (N —=1)T). If this predicted response
at NT agrees with the measured response, then this can be
used as an identifier. The scheme is illustrated in Fig. 18.
This can be automated through the use of a correlation
function.

A correlation function can be used to mathematically
correlate the measured and computed points in the form

Z:'r'(‘(f,.'.l')r,,,(t)
B ERCA0)

P(T) (19)
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Table 2 Single-Look Identification Performance for Identification of the Mine-Like Target with

the Small-Antcnna System
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Fig. 25. Mapping of the top traverse over the tunnel as given by Stapp (1978).

where

t =T
T, = calculated response
Tm = measured response, and

T = sampling period.

The sampling period 7" is a variable. If it is too small,
correlation is assured, but identification is not. If it is
too large even the desired target will not yield any better
correlation.

In the 1970’s, a study was madc of a series of targets
with dimensions of approximately 30 cm as shown in
Fig. 19. These were buried in a clay media at a depth of
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less than 1 ft. A series of GPR measurements were made
(time domain). Typical waveform sets and their transforms
are shown in Figs. 20 and 21. Clearly, target identification
based on these data alone would be impractical with the
exception of the brass cylinder where a single strong
resonance is apparent. However, the CNR’s do provide the
necessary identification capability. In the following, one
target is to be identified, the others are to be considered
to be false targets. A number of other false targets were
obtained from measurements over a dirt road bed where the
surface roughness and various unknown debris generated
echoes.

A typical set of CNR’s are given in Fig. 22. These were
then inserted in the difference or predictor equation as
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discussed. The actual processor is shown in Fig. 23. It is
observed that the detector block of Fig. 23 was used to
discard obvious false targets before the waveform is for-
warded to the predictor. It should be noted that this research
was pursued before the advent of personal computers. A
microprocessor was programmed for this identification and
even with this slow technology, identification was achieved
in nearly real time. Typical results are indicated in Fig. 24.
Table 2 gives target identification of 100% and false alarms
less than 10%.

2) Elimination of Undesired CNR's: There is often a
strong antenna resonance for most GPR antennas in use
today. Most such antennas take the form of heavily loaded
dipoles. In spite of the loading, these antennas ring for a
period of time. Such reverberations can seriously distort the
radar data if the attenuation of the ground is sufficiently
strong that the desired signal decays more rapidly as a
function of time than the antenna ringing does as a function
of time. One such case occurred when measurements were
made over a tunnel in the Rocky Mountains. An image
created from these GPR data is shown in Fig. 25. Clearly,
the results are very distorted. This distortion was introduced
by the antenna ringing. The first step consisted of evaluating
the CNR’s in the raw data. The next step consisted of
identifying the CNR associated with the antenna. This
antenna resonance was then removed from the raw data.

The complete details are given in [57]. The digital filter
to be used to extract this pole pair is obtained by taking
the z-transform of the measured waveform +(¢). This can
be written in the form

J'V(Z)
(1 =z7tz)(1 — 27 127)D(2)
where z1, 2] is the complex pole pair to be removed. The
filter process leads to

Ry(z)=(1—-2""z1) (1 — =21 R(z). D)

R(z) =

(20)

This can be reduced to
Ry(z) = [L=2Re(z1)z ' + |2 %2 2] R(z).  (22)
Transformed to the time domain

rp(nd.) =r(nl,) — 2Re(z;)r(nT. — T.)
+ |21 Pr(nT, - 21,). (23)

One may now carry out the filtering process in the time
domain using (23). The points in the filtering process are
illustrated in Fig. 26. The point at I, 7} corresponds to
(n — 2)1; P15 corresponds to (n — 1)T,; and Py, Ty
to nT.. After completing the steps indicated, the time is
increased by 7} and the process is repeated until the pole
is filtered out of the entire waveform. Several points need
to be made. First, 7. must be selected so that it satisfies
the Shannon’s sampling theorem, i.e.,

1
T(’ S a7
2f1
where f; is frequency of the pole to be removed. Second,
the pole pair cannot be removed in the interval 0 < ¢ < 27,.

(24)
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: SAMPLES OF THE ORIGINAL WAVEFORM

. SAMPLES OF THE FILTERED WAVEFORM

-—-— )  —

FROM EQUATION (15) asy
Pyra P +BP, +yp B -2Re(z))
P"-ap‘-bﬂﬂ‘#sz 7'|‘.Iz

® ORIGINAL DATA
@ FILTERED DATA
(z,,27) REMOVED POLE PAIR

Fig. 26. Demonstration of pole suppression processes.

Volakis considered a waveform with two complex pole
pairs given by Si, S = —6 x 10° Np/s +52x 15 x 10°
radfs, and Sy, 85 = —6 x 10° Np/s +427 x 20 x 10°
rad/s with a residue equal to 2 for both pole pairs. The
time-domain expression is given by

r(t) = e=6X10% oo (307 x 10%¢)

+e” 010 o5 (401 x 10%¢). (25)

He extracted the 15-MHz pole from (25). The result is
shown in Fig. 27. Clearly, the 20-MHz part of the wave-
form remains. However, it is distorted both in amplitude
and time of arrival. The time is increased by T, and the
amplitude is distorted by the factor

AF = 21T [cos2m fo, — cos2m f1T.). (26)
The last factor in (26) can become small if f>7. and f,7,
are nearly equal. Thus the sampling interval T, is selected

to avoid this difficulty. If the final factor in (26) becomes
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Fig. 28. Application of the correction process to the resuit of Fig. 27.

negative an additional time increase of

1

At = —
2f2

is generated.

After applying the corrections as discussed, the wave-
forms shown in Fig. 28 are generated. Note that the desired
pole is not generated until £ > 9.6 ns, again for reasons
discussed earlier. Clearly, after 9.6 ns the desired waveform
is reproduced correctly. This process plus an additional
backward reconstruction not discussed here was applied
to the GPR data used to generate the gray-scale map of
Fig. 29. The tunnel is definitely outlined properly. It is
noted that there is a precursor (i.e., an image above the
tunnel). This is a consequence of the backward reconstruc-
tion step not discussed here. However, this reconstructed
waveform deviates radically from the measured waveform,
since that pole no longer is excited at the earlier time. Thus
this precursor is readily identified as such.
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D. On-Going Studies

Recent studies of characteristic resonances for identifying
buried unexploded ordnance (UXO) are ongoing at The
Ohio State University. Discrimination in this application
is very important because UXO is normally in the midst
of a high concentration of exploded fragments and other
clutter. A set of two dozen targets have been measured
so far, including inert UXO’s, calibration targets, and false
targets. Preliminary analysis of the data has been performed.
Based on data seen so far, it seems that characteristic
resonances are a promising approach to discrimination of
buried unexploded ordnance.

VIL

There is a great need for the ability to evaluate sub-
surface parameters without disturbing the ground. One of
the most important general areas lies in the environmental
area. In the early days of atomic energy development,
contaminated materials were buried with little concern of
environmental issues. Today no one knows what is buried
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Fig. 29. Mapping of the top traverse over the tunnel.

where. There are also concerns about clearing land used
as testing grounds of unexploded ordnance. These are but
two examples.

It is essential that any technology used to detect, identify,
and locate such buried scatterers be capable of scanning
large surface areas rapidly in the presence of clutter etc.
Ground Penetrating Radar appears to be a leading candidate
for this role.

In this paper, we have attempted to review the state-of-
the-art of GPR, suggest several areas where improvement
is required, both in terms of the system design and data
interpretation. System design would include the stepped
frequency systems instead of the base band pulsers currently
in use and continuing improvements in antenna design and
matching.

Several examples have been included that are of di-
rect interest to environmentalists including fluid saturated
soils and barrels. These and several other examples were
used to illustrate various mapping concepts as a means
of identifying and/or locating scattering mechanisms. A
brief but certainly not an all-inclusive overview of other
GPR applications is given. Finally, the Complex Natural
Resonance concepts are used to both improve the quality of
mapping and as a means of scatterer discrimination. There
remains much to be achieved in this area particularly in
terms of time—frequency distribution.
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