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ABSTRACT

Progress toward the development of an electromagnetic pulse
sounding probe for the detection and delineation of geological
anomalies, primarily in a hard rock medium, is reported. This
report covers research performed on Contract H0210042 during the
period 24 February 1971 to 23 February 1972. Analytical studies
on design data for the probe and on the scattering by planar and
spherical contrasts are summarized. Successful measurements made
using a "first generation" version of the probe on conducting
and dielectric cylindrical targets in a lossy overburden and on
specific anomalies in a 1imestone medium are reported.
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I. TECHNICAL REPORT SUMMARY

A unique electromagnetic pulse sounding probe for the detection,
diagnosis and identification of geological and man-made anomalies
within the earth is being developed. "The immediate application of
the probe is as a hazard detection device in advance of hard rock
rapid tunneling operations. Numerous other applications in geophysical
exploration, geophysical prospecting and as a monitor device in mining
or drilling operations can be envisioned. In each application the
basic pulse sounding technique is the same but the probe structure

working face) and with this probe measure the stattering character-
istics of selected targets and anomalies in ground and rock media.

Our effort during this contract period has been separated into
two parts. First, analytical studies were conducted to secure design
data for the probe and to obtain the scattering characteristics of
planar and spherical contrasts as idealized models of geological
anomalies. At the same time, the necessary equipment, instrumentation
and interfacing to initiate an experimental measurememt program were
assembled and tested. The second part of our effort, the measure-
ment program, was viewed as the most essential portion of the con-
tract. Our reasoning was that the feasibility of the pulse sounding
technique must be demonstrated first, in a real world environment,
using admittedly less than optimum probe designs and processing
methods. Once this was done, analytical and experimental studies to
optimize the performance of the pulse sounding probe could be pursued
on later contracts with the secure knowledge that the goals are at-
tainable. For this reason, once a "first generation" version of the
probe could be constructed, the contract funds and personnel were
concentrated on the measurement effort, Consequently, the computer
programs developed to provide probe design and scattering data have
not been fully exploited as yet.

arm of a broadband probe consisting of a pair of orthogonally oriented
balun-fed dipoles stretched over the surface of the medium. ~The

is used or in an orthogonal mode where one dipole serves as a source
and the other as a receiver. In the orthogonal mode, the probe does
not respond to the air-medium interface and pulsed energy has been
successfully coupled into the medium over the broad spectrum of the
pulse. On a ground medium, the probe is extremely insensitive to
surface obstructions (a vehicle driven between probe elements was



not detected). On a rock medium, some sensitivity to large surface
obstructions is noted, but a change in the shape of the dipo’e arms
should obviate this problem. In operation, a pulse is launched on
one dipole at the feed point which penetrates into the mediun., As
the wave propagates along the dipole, its fringe fields penetrate
deeper into the medium, Reflected signals from the medium are
observed on a sampling scope either on the same dipole (direct
mode) or on the second dipole (orthogonal mode) acting as a
receiver. In the orthogonal mode, the probe is "blind" to ho-
mogeneous targets, e.g., horizontal stratifications, whereas in

the direct mode both homogeneous and inhomogeneous targets are
seen,

A1l measurements reported for this period were made with a
5 volt peak pulse generator (3 ns base, 2 MHz repetition rate).
The fact that targets could be detected in both the overburden
(depths to 5 feet) and hacd rock (depths to 10 feet) using such
Tow power is extremely encouraging. New pulse generators* and better
baluns now available at the Elect.oScience Laboratory will give us
both higher power and lower frequencies in the spectrum (Tower
repetition rates); we anticipate successful target detection at
significantly greater depths with this equipment.

1722 %M
Q4 the

experiments discussed herein are directed toward the detection and
identification of buried cylinders. In addition to numerous probe tests
and control or no-target measurements, the following targets have been
measured using the probe in the orthogonal mode. 1, 3, 5 and 10 foot
long hollow metal cylinders with diameters of 4 inches buried at a depth
of 5 feet in the overburden. 2, 3, and 4 inch diameter extended plastic
pipe (hollow) buried at a depth of 3 feet in the overburden. A "dummy "
trench, i.e., a trench identical to those dug to install the cylinder
targets was dug (5 foot depth) and then refilled. In all cases, the
refilling was compacted. At a local limestone quarry, measuremerts

were made of a hollow metal pipe, 1 foot in diameter whose top was
buried 2.0 feet in a limestone medium, inhomogeneous stratifications

in a limestone medium and a large tunnel (road) beneath some 30 feet

of limestone. Several control measurements were also made for the
limestone medium. On May 31, 1972, after this research and this report
had been completed the authors were informed that the interest of the
Technical Project Officer had shifted so that extended planar targets
were of major interest. An immediate conclusion can be made, on the
basis of scattering theory, that the scattered pulses for extended
planar targets should be substantially larger than those from the
cylinders treated in this report.

For both the limestone and overburden measurements, the target
was detected in each case with the exception cf the tunnel. We
would not realistically expect to penetrate some 60 feet (2-way path)
of limestone with only a 5 volt peak pulse with frequency content
above 1 MHz. The presence of the tunnel should be easily evident
with measurements using high p~wer pulse generators. Presence of

*A Hewlitt Packard model 2/4A pulse generator was purchased with
contract funds.
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the target was evident both from a simple comparison of the target

and control time domain waveforms and from examination of the spectral
components of these waveforms. In addition, the reflected signals from
the pipe and inhomogeneous stratification targets in limestone and the
plastic pipe, cylinders and dummy trench were separable in the sense that
the scattered waveforms and their associated spectra contained adequate
infurmation to identify the individual targets in the set of targets.
However, with the simple processing used it was not conclusively
evident that one could separate the different lengths of cylinder.

This is expected since a theoretical analysis shows that the current
distribution on a buried wire antenna is of a non-resonant form.

Thus the only identifiable characteristic of the Tinear scatterers
would be the relative magnitude of the scattered field and this is

a very poor characteristic for the purposes of identification.

Since the cylinder diameter is quite small, less than 4 inches,
separation of various cylinder diameters is not important for the
purposes of this study. Measurements of a larger cylinder at the
Timestone quarrv do indeed indicate that separation is possible in
terms of cylinder diameter.

The analytical tools for the design of an electromagnetic pulse
sounding probe and for the analysis of planar and spherical sub-
surface targets have been developed. Extensive computations using
computer programs developed to exploit these analytical tools have
been deferred, however, in order to concentrate on an initial series
of experimental measurements. A "first generation" version of the
pulse sounding probe has been designed and built. A mobile rig
which permits measurements to be made at remote sites (removed from
the computer and without available electrical power) has been re-
furbished. Using the "first generation" probe and a Tow power
pulse generator, successful detection of conducting and dielectric
cylinders at depths to 5 feet in the overburden and of a metallic
cylinder and inhomogeneous stratifications to depths of 10 feet in
a limestone medium has been demonstrated. The necessary equipment
to operate the probe at significantly higher power with pulse gen-
erators having much lower spectral content has been acquired and is
ready for testing. The feasibility of an electromagnetic pulse
sounuing technique has been established and we are now ready to
refine our methods and equipment for specific applications to the
hard rock tunneling problem.

II. PURPOSE

A unique electromagnetic pulse sounding probe for the detection,
diagnosis and identification of geological and man-made anomalies
within the earth is being developed. The immediate application of
the probe is as a hazard detection device in advance of hard rock
rapid tunneling operations, but numerous other applications in
geophysical exploration, geophysical prospecting and in mining or
drilling operations can be envisioned. During this contract period
the objectives of the program are to; 1) design and demonstrate a
probe structure capable of effectively coupling electromagnetic
pulse energy into a ground or rock medium and at the same time be
insensitive to obstructions located on the medium surface,

3



2) interrogate with this probe certain simple targets in ground and
rock media and 3) establish preliminary bounds on the workable depths
of electromagnetic pulse sounding via theoretical and experimental
methods.

IIT. INTRODUCTION

The ultimate goal of the research on this program is to in-
corporate state-of-the-art advances developed at this laboratory,
both in antenna systems and processing techniques, into a geological
tool capable of delineating the size and shape of geological anomalies
from the shape and spectral content of an echo pulse.

The detection of underground anomalies that represent hazards
using a periodic video pulse radar system does not appear to
present substantial difficulties. The problems that are of most
importance are those associated with isolating the scattered pulse
associated with buried target and then its identification. Pulses
can be scattered rom many different discontinuities including
scattering from the balun, the input temminals of the antenna, the
ground surface, targets above ground, etc. Much of our effort has been
focussed on reducing these undesired scattered pulses so that the
scattered pulses from the underground target (nuzard) can be isolated.
This effort has proven successful. Once the scattered pulse from
the underground is properly separated from the clutter, there still
remains the problem of identification. While only a limited effort
has been expended for this purpose under the current contract, there
has been developed at the ElectroScience Laboratory a variety of
techniques for target identificatic~. Since these techniques are
required in a successful system, they have strongly influenced the
choice of parameters of the system to be used for the electromagnetic
hazard detection system.

Studies at this laboratory have conclusively demonstrated that
if the gross features, i.e., the overall size and shape, of a target
are to be deduced via electromagnetic interrogation then discrete
frequencies over an 8 or 10:1 bandwidth with a fundamental such that
the Tinear extent of the anomaly is_approximately 1/10 of a wavelength
in the ambient medium are dictated.l With a pulse sounding approach*
to detection of subsurface targets, this fixes the characteristics
(power, rise time, repetetion rate, etc.) of a pulse generator suitable
for interrogation of a given range of anomaly sizes at a given depth.
It does not necessarily follow that all of the higher spectral con-
tent are needed to obtain a viable signature, but our experience
indicates that the lowest frequencies are essential.Z2 Of course, the
more high frequency content available, the more detail of the target
is available, and the sharper the reflected pulses yielding an im-
proved range gating. If follows that more detail and an improved

*An alternative system for radar applications uses discrete
harmonically reiated cw measurements over the 10:1 bandwidth.3
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range gating are to be expected when comparing measurements in a hard
rock medium to those in the overburden since the high frequency energy
is severely attenuated in the overburden. The use of low frequencies
to interrogate the target is ideally suited to the problem of sub-
surface targets in either a ground or rock medium since it is precisely
these frequencies which can penetrate to the target.

For the case of targets in free space, i.e., radar-type targets,
studies at this laboratory have established three distinct techniques
for processing low frequency scattering data to detect and identifyv
the target. One of these uses harmonic spectral amplitude data in
an n-dimensional space approach to target classification.4 A second
approach uses harmonic spectral amplitude and phase data to derive
a small set of excitation-invariant target descriptors.® In the
third approach, relationships between the size and shape of the
target and its low frequency scattering characteristics are exploited
to obtain 3-dimensional isometric images of the target from harmonic
spectral amplitude and phase data,3 Ultimately it is intended to
apply these and similar sophisticated processing schemes to the
analysis of electromagnetic pulse sounding data.* At this stage,
however, we have confined ourselves to relatively simple averaging
and differencing techniques with subsequent comparisons of target
and control measurements in both the time and frequency domains.

Once our probe designs have been optimized for a given medium and
technigues for handling high power pulses with very broad spectral
content established, we can properly begin to consider more ad-
vanced processing,

In Section IV of this report, the status of our analytical
studies and the availability of computational programs are sum-
marized. Detai]; of the analytical studies have been given in a
previous report,” which is included as an Appendix of this report.

Section V of this report describes the electromagnetic pualse
sounding probe, reviews the probe design, tests and operation in
both the direct and orthogonal modes; and describes the proces-ing
used on the pulse sounding data.

In Sections VI and VII respectively, experimental data on man-
made targets in a lossy overburden and man-made and natural targets
in a limestone medium are presented.

Section VIII of the report summarizes our conclusions regarding
the feasibility and applicability of an electromagnetic pulse
sounding system for interrogating subsurface targets and makes
specific recommendations for future research in this area.

*The n-dimensional space approach has previously been used with
shallow subsurface target measurements.6



IV. THEORETICAL STUDIES

Two types of theoretical studies have been conducted on the
program. The first was a comprehensive analysis and computer
program for all tynes of wire antennas and arrays of wire antennas
in a homogeneous dissipative medium. The second type was plane
wave scattering computations for planar and spherical conductivity
and permittivity contrasts, In addition, closed form results for
particular orientations for the transient fields of an infinite
Tine source above a dielectric half-space were obtained. Approxi-
mate results estimating the effects of the overburden on the scat-
tering from various targets were obtained. I1lustrative results
from the above studies were given in the Semi-Annual Technical
Report? which is included as an Appendix of this report.

Listed below are brief descriptions of the computer programs
which have been developed and are now available to provide probe
design data and scattering computations,

1. Wire Antennas in a Homogeneous
Dissipative Medium

The program handles all types of wire antennas including 1inear
dipoles, V dipoles, rectangular loops, circular loops and arrays,
The wire antenna can have a finite conductivity, and certain portions
of the antenna can be enclosed by a thin dielectric sleeve. The out-
put from the program provides a complete analysis of the system in-
cluding self impedance, mutual impedance, current distributions, near-
zone fields and far-field patterns. Solutions are via a piecewise-
sinusoidal expansion for the unknown current distribution and
Galerkin's method for reducing the integral equation formulation to
a system of simultaneous linear equations. The present analysis and
Programs require the medium to be of infinite extent. For proper
probe design data, these results need to be extended to include an air-
dissipative medium interface. The first attempt to do this via an
infinite array formulation with large interelement spacing was discarded
bacause the required computer time became prohibitive. For finite
antennas of arbitrary shape, the half-space introduces rather difficult
problems even with numerical methods. An approximate quasi-static or
image formulation may be the most feasible approach to the problem
considering the present funding Tevel and the necessity to continue an
experimental program.

2. Homogeneous DissiEative Sgherical Target
in_a Homogeneous issipative Medium
The program calculates the scattered fields (plane wave in-
cidence) from an arbitrary homogeneous spherical target with con-

stitutive parameters €1s 0]s up immersed in an ambient medium with
parameters €25 Tps Hoe Solution is via a Mie series formulation.

3. Homogeneous Layered Dissigative Spherical Target
1n_a homogeneous Dissipative Medium
The program calculates the scattered fields (plane wave in-

cidence) from an arbitrary homogeneous spherical target (E],O],uo)
6
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witt a homogeneous spherical layer (cz,o »i_) immersed in an
hom jeneous ambient medium (£3,03,u0). ol8tion is via a Mie
series formulation.

4. Planar Contrasts

The program calculates the impulse response waveform (inverse
transform of the frequency-dependent Fresnel reflection coefficient)
for normal incidence at the interface of two homogeneous media .1,
ol>119 and €2,02,u5. The singularities and discontinuities in the
waveform can be obtained in closed form. The program yields, via a
Fourier synthesis procedure, the decay of the waveform from its
initial value. Frequency-dependent constitutive parameters can be
used. :

5. Interface and Overburden Effects

The program calculates the back scattered field from a sub-
surface target assuming off-normal plane wave incidence on the air-
ground interface and frequency-independent constitutive parameters
for the ground medium. It is also assumed that the target scatters
as a simple scaling of its free-space scattering characteristics.
Output of the program is the ramp response waveform (impulse response
waveform twice integrated with respect to time) of the target and this
waveform is compared with the free space ramp response waveform
of the target.

6. Convolution

The program calculatas the convolution of two time domain
waveforms. One waveform is completely arbitrary and is approximated
by straight line segments. At present, the second waveform must
be twice integrable analytically in closed form, €.9., a pulse, pulsed
carrier, etc. The intended use of vhis program is primarily in con-
Junction with targets whose impulse or baseband pulse response is
known only as a graph or plot, i.e., not analytically. Using the
program, the targets response to other interrogating signals can be
quickly obtained.

Another program used to control our pulse sounding measurements
and to process and manipulate the measured data is described in a
later section of this report. The programs listed above are used
with a Datacraft 1600 computer. The control program is written for
a small instrumentation computer (IBM Minimal Informer) which is
presently used for on-line computer controlled measurements. The
instrumentation and software to shift the on-line measurements to the
more versatile modified Datacraft System are being prepared at this
time.

a. Probe Design

The wire antenna analysis and programs provide a straightforward
method for optimizing the probe design for a given target range,
frequency range and medium conditions. These are based, at the
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f1cat1on; of the program to account for the a1f-mod1um 1nterface are
not yet complete. Experimentally we have demoristrated that the mis-
match due to the interface can be controlled by adjusting the shape
of the dipole arms and the depth of grounding stakes. Once we have
analytically accounted for the interface, the dipole arm shape and
ground rod depth can be optimized for a wide variety of media.

The analyses and ccomputer programs lisied above assume that the
conductivity and dielactric constant are constant with respect to
frequency. It is rccognized that these parameters are frequency
dependent. The introduction of complex frequency dependent con-
stitutive parameters is a simple matter of changing values for frequency
domain computations. Periodic time domain waveforms can be constructed
from these computations using the available Fast Fourier Transform
(FFT) computer program, if needed. This cannot be readily achieved for
the <Jirect time domain computations of the waveforms. In most in-
stances, this is not an essential flaw, however, since the major
variation is of the form

* = 20w
£ C“+jwc)

where ¢*, the complex dielectric constant is frequency dependent.

In a previous report,7 calculations using the wire antenna
programs demonstrated that for shallow depths (< 4 feet) an un-
insulated dipole produced field strengths an order of magnitude
greater than those of an insulated dipole. However, at much greater
depths only very slight differences in field strength are noted.

In general, we are interested in targets at some distance and
conclude that for our present applications, either insulated or
uninsulated probes can be used.

In Fig. 1, the near-zone fields in the plane of a U-shaped
dipole in a homogeneous ambient medium ey = 9, o = 0,003 mho/meter
are shown at ranges of 15 and 30 feet. The dipole has 15 foot in-
sulated arms with 2.5 foot uninsulated ends perpendicular to the
main arms. The results in Fi¢. 1 were obtained from the wire
antenna program at a frequancy of 10 kHz. It was found that the
results remained essentially unchanged up to a frequency of 100 kHz.
Note that the field component Ex which is parallel to the dipole
arms has a sharp null which moves with range. This would be of no
consequence for extended targets, but for finite objects the dipole
would have a "blind spot" in the direct reflection mode for the
x-component of the field. In Fig. 2, the same results are shown
where the uninsulated portion of the dipole arms have been in-
creased to 5 feet. Note that at the 15 foot range lengthening the
uninsulated portion of the dipole arms has simply raised the level
of the x and z components. The same is true at the 30 foot range.
In each case a 3 to 4% increase in field strength is noted.

The wire antenna program permits one to calculate, for a
homogeneous dissipative medium, the coupling between two arbitrary
wire antennas separated by a given distance and in any orientation.

8
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The received voltage at a second dipole when the first dipole s
excited by a 1 volt input is shown in Fias. 3, 4 and 5 over a fre-
quency range from 10 KHz to 10 MHz. The dipole configurations are
shown in the figures, and results are shown for various assumed
permittivities and conductivities for the medium. In Fiy, 3, the
relative permittivity is 15.0 and results for conductivities of

0.1, 0.05 and 0.01 mhos/meter are given. The dipoles have 10 foot
arms and are separated by approximately 5.4 feet. In Fig., 4, the
dipole arms are reduced to § feet, the relative permittivity is 15,0,
and the same conductivities are used. Also shown is the result for
a relative permittivity of 9.0 ard conductivity of 0.01 mhos/meter
illustrating that below 1 MHz the results are essentially independent
of the dielectric constant. 1In Fig. 5, a portion of one antenna is
insulated and the arms (10 feet) are in a U configuration. The
relative permittivity is 9.0 and results for conductivities of 0.01,
0.006 and 0.003 mhos/meter are shown. Note from all three figures
that over a lower portion of the spectrum, the received voltage
actually increases with frequency to some peak value and then de-
creases. Also, this effect becomes more pronounced as the con-
ductivity decreases.

Calculations such as those shown in Figs. 3, 4 and 5 permit one
to predict the attenuation as a function of frequency for a medium
with a given dielectric constant and conductivity by comparing
calculations at 2 different ranges. In Fig. 6, the predicted attenuation
in dB per foot is shown over the frequency range 10 KHz to 10 MHz for
a medium with a relative permittivity of 15 and conductivities of 0.1,
0.05 and 0.01 mhos/meter. HNote that over the frequency range 10 kHz to
400 kHz the curves are essentially flat, i.e., the attenuation is
constant.*

The attenuation of the local ground has been measured in situ
using pulse propagation data between a dipole buried at a depth of
5 feet in the overburden and 3 dipoles on the surface. An average
(over several days) of these data are shown in Fig. 7 for frequencies
from 10 kHz to 10 MHz. Actually, two pulse generators were used to
span the frequency range and the two points shown for 1 MHz illustrate
the spread of the data from the different generators, Comparing the
data in Fig. 7 with the predicted attenuation curves in Fig. 6 it
is clear that a qualitative agreement between predicted and measured
attenuation is feasible. We would not anticipate quantitative agree-
ment because of the air-earth interface,

*The dielectric constant and conductivity of the medium are assumed to
be constant with frequency and the shape of the curves vs frequencx _
will change with changes in the assumed load impedance of the receiving
antenna. The results in Fig. 6 assume a constant load of 50 nhms. For
a change of path length ae, the total attenuation for as feet is

v
20 loglo(vﬂg) where V,o and Vo) are the voltages for paths e and gy
el

respectively and ag = 21-22.
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It should also be noted that the wire antenna program was used
to predict the input impedance of the buried antenna, Direct re-
flection measurements on the buried antenna demonstrated that the
predicted value was within +10% of the measured value.

Clearly, the comprehensive analysis and compute pirogram can
be used to generate a variety of probe design curve: ror given
target ranges, media and frequency ranges. As noted earlier, we
have deferred such an extensive computational program in favor of an
experimental program.

Certain studies initiated during the first half of the contract
and reported in the Semiannual Technical Report (see fppendix) were
not continued during the second phase. The grounded monopole antenn.
used as a transmitter to make certain propagation tests was discarded
for tunnel hazard detection applications for two basic reasons. First,
this unbalanced antenna as a receiver has very severe noise problems.
Second, it was found that the fields produced by the grounded mono- ‘
pole were confined to very narrow depths (essentially the depth of
the menopole) and have a null along the axis of the monopole. While
the grounded mor: rnle is not appropriate for tunnel problems, the
propagation mode u:ing the monopole as a transmitter and a balanced
dipole as a rece:.cr would appear to have possible application for
constitutive parameter measurements at shallow depths. An analysis
of a line source above a half-space was also not continued. At the
suggestion of the Technical Project Officer, our efforts were focussed
on the experimental progran. The limited budget made it impossible to
complete both theoretical and experimental programs. Ultimately, it
will be extremely important to evaluate the fields of various sources
in functional form in order that the physical mechanisms can be under-
stood. iumerical analyses such as that used for the wire antenna do
not yield thic information. The results reported in the Semiannual
Report (see Appendix) were for the transient fields produced by a
line source above a conducting half-space at locations either directly
below the source or on the surface of the half-space. The dielectric
constant and conductivity of the conducting medium are assumed to be
constant with frequency and both short and long time results are given.
That is, in the 1imit of high and low frequencies the wave number of

the conducting medium (Jjwu(o+jwe)) goes to jlwzue and {Juwuo respectively.
Analytical expressions for the transient fields for these cases are

given. It may be possible to extend these results to an arbitrary
observation point within the medium using numerical integrations. It

does not appear feasible to consider a frequency-dependent dielectric
constant or conductivity for the medium even if a mathematical model

for the parameters were available - the analytical forms of the inverse
transformations would become hopeless and render this approach invalid.
This does not negate the result but does dictate caution in their
interpretation.
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V. ELECTROMAGNETIC PULSE SOUNDING SYSTEM.

A block diagram of the electromagnetic pulse sounding system
with a direct interfacing to the computer is shown in Fig. 8 together
with one version of the electromagnetic probe. The required instru-
mentation modifications for remote site measurements, i.e., divorcing
the system from a direct interfacing with the computer, will be dis-
cussed later. The probe shown in Fig. 8 consists of two grounded,
orthogonally oriented dipoles, where each dipole arii is a U arrange-
ment of two wires. The probe dimensions shown are appropriate for
interrogation of targets to depths of 30 to 40 feet in the overburden
using the near-zone fields of the prote. For interrogation to the
sare depths in a different medium, the overall dimensions of the probe
will remain constant but the shape of the dipole arms would be
changed. If the medium is such that the use of g@ound rods is not
nractical, then an alternative arrangement using metal plates to
obtain a capacitive coupling could be used. The purpose of the
ground rods or plates {c iu match the low frequency energy in the
interrogating pulse into the ground. In the next section the tuning
achieved by both changes in the shape of the dipole arr and ad-
justments of the ground rod depths is demonstrated.

The pulse sounding system can be operated in two modes; a
airect mode where one dipole is used for transmission and reception
and an orthogonal mode where transmission is on one dipole and reception
on the orthogonal dipole. In the orthogcnal mode, the probe ‘is "blind"
to homogeneous targets including the air-medium interface and "sees"
only inhomogeneous targets. The direct mode "sees" both homogeneous
and inhomogeneous targets. It should not be inferred that the
orthogonal mode will not "see" planar-type contrasts of infinite
extent. If the contrast plane has some tilt with respect to the plane
of the probe, the orthogonal mode will indeed respond. Thus the only
planar discontinuity for which the probe is "blind" is one parallel
to the probe plane - a seemingly remote possibility in tunneling. In
operation as a hazard detection device in tunneling operations it is
intended that for each location of the probe on the tunnel face, three
measurements will be made - two direct modes using.the two orthogonal
dipoles individually and ore orthogonal mode. This should provide
excellent coverage without the necessity of moving the probe. During
this contract period, effort has been primarily concentrated on
orthogonal mode operation. This mode affords excellent transmitter-
receiver isolation and is ideally suited for the type of targets con-
sidered. Also, true direct mode measurements using high voltage pulse
generators will require some circuitry modifications in order to protect
the sanpling head of the scope from the high voltage pulse. The
necessary circuitry is felt to be within the state-of-the-art. The
baluns shown with the probe in Fig. 8 are special broadband baluns
(Z-Line 50200E) which transform an unbalanced coaxial line with an
impedance of 50 ohms to a balanced transmission line with an impedance
of 200 ohms. A variety of such baluns are available for low power
applications as "off the shelf" items. However, for high power appli-
cations the balun design to achieve broadbandedness is critical and
mist be individually tailored for specific pulse generators.

20
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The electromagnetic pulse sounding system currently in use
employs a pulse generator which produces a periodic train of video-
type pulses. The pulses are coupled into the medium by the transmit
arm of the broadband probe. Periodically, a wave is launched on the
transmit dipole at the feed point which penetrates into the medium.
As the wave propagates along the dipole, its fringe fields penetrate
deeper into the medium. The dipole is not currently being employed
as a radiating structure in the normal sense since it is the near
fields which are being used. For this reason the dipole is referred
to as a probe rather thai as an antenna structure. Reflected signals
from the medium are observed on a sampling scope acting as a receiver.
The measurements are automated, i.e., the computer controls the scope
sweep and records a response waveform which is an average of some 200
reflected waveforms. The purpose of averaging is to minimize noise
problems. Once the averaged waveform is recorded it is available for
further processing either in real time or at some later time. When
the optimum processing schemes are fixed, the computer functions can
be replaced by simple circuitry, but at this research stage the com-
puter offers an irreplacable versitility.

The system modifications necessary for remote measurements are
shown in Fig, 9. An external ramp generator controls the horizontal
axis of the oscilloscope display providing a sweep rate independent
of the sampling time base. The ramp generator also provides a gate
signal which goes positive when the sweep begins and negative when
the sweep is finished. The gate and ramp signals are recorded in
parallel with the oscilloscope waveform on three channels of a
multichannel FM tape recorder. 1In playback, the three channels recorded
are connected to three analog/digital converter inputs for conversiocn
of the oscilloscope waveforms into digital information.

The conversion technique is illustrated in Fig. 10. The ramp
voltage at any point is proportional to the deflection across the
screen of the oscilloscope waveform that has been recorded. Thus n
evenly spaced samples may be taken by taking a sample at the start
of the sweep and then monitoring the ramp and taking another sample
each time the ramp voltage increases by AV = (Vg-V]?/(n-l) until n
samples have been taken. The gate voltage is used to provide a
precise time mark for the first sample. From then on the sampling
points are determined by the ramp voltage. This information is then
fed into the digital computer and processed in the same manner as
data from the local measurements.

A. Probe Configurations and Tests

A sketch of one version of the probe structure suitable for
interrogation of targets at depths of 30 to 40 feet was shown in
Fig. 8. 1In Figs. 11 and 12 the tuning mechanisms afforded by,
respectively, the shape of the dipole arms and depth of the ground
rods are illustrated. The results shown in Figs. 11 and 12 are direct
reflectometry measurements on one dipole over the local overburden
where the incident puise is a step function with a 2 volt peak and a
15 ns rise time. The advantages of a dipole arm composed of two
wires in a U or V arrangement as compared to an arm made up of
a single wire are clearly evident in Fig. 11 where reflection wave-
forms for these dipoles are compared with those with an open circuit,
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short circuit and matched load at the probe feed point. In Fig. 12,
the time scale is compressed in order to illustrate the tuning
capabilities of the ground rods. By adjusting the ground rod depth,
the later portion of the waveform can be matched to the waveform
obtained when a matched load is placed at the end of the feed cable.
Note that the waveforms shown in Figs. 11 and 12 are ample evidence
that low frequency energy can be effectively coupled into the mediun.
When the piobe confiqguration of Fig. 8 was tested in the orthogonal
mode it was found that the system was extremely insensitive to surface
obstructions. A station wagon driven between the probe arms had no
effect on the response waveform,

The probe configuration in Fig., 8 was designed for use with an
HP 214-A pulse generator purchased for use on this contract. The
characteristics of the HP 214-A pulser (50 volt peak, 45 ns base, 10
KHz repetition rate) are appropriate for interrogation of subsurface
targets with a maximum linear dimension of less than 1 times the
repetition wavelength in the medium. Two other pulse generators; a
laboratory built unit (5 volt peak, 3 ns base, 1-2 MHz repetion rate)
and an Ikor genzrator (1000 volt peak, 250 ps base, 250 Hz repetition
rate) are presently available at this laboratory. The Ikor unit be-
came available less than one month ago.

After completion of a series of design measurements similar to
tiose shown in Figs. 11 and 12, a series of direct and orchogonal
mode measurements over the local overburden vere initiated. It was
found that when the Hewlett Packard pulser (HP214-A) was operated at
peak power (50 volt peak pulse), the balun (50200E) on the transmit
probe saturated. Saturation occurred, in fact, for pulse peaks less
than 10 volts. Saturation of the transmit balun results in the ap-
pearance of false targets in the response waveform whose position
is dependent on the incident pulse magnitude and duration. The balun
problem does not in itself represent a basic limitation since baluns
with a higher power handling capability can be built. At the same
time, one should not underestimate the design difficulties inherent
in building a balun to handle the HP 214-A pulse generator operating
at peak power and to achieve a bandwidth from 10 KHz to 60 MHz., Ve seek
to achieve reasonable pulse fidelity so that simply being able to
force some power through the balun over this frequency range is not
sufficient, It was decided, primarily because balun winding remains
essentially an art rather than a science, to order appropriate baluns
from a commercial specialist (Z-line Corporation) and circumvent the
immediate difficulty either by elimrinating the need for the balun or
by using a lower power pulse generator. The decision not to attempt
to wind our own baluns appeared to be a wise one since even for those
with expertise in this area, a promised delivery date of 2 months
extended to almost 5 months indicating some design difficulties. We
now have baluns which meet the specifications of the HP214-A pulse
generator. Unfartunately, the baluns were delivered too late to
attempt a measurement sequence on subsurface targets during this
contract period.

Attempts to eliminate the need for a balun were unsuccessful.
In each scheme tested, it was found that when the baluns were
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removed currents on the feed cables produced a sensitivity to feed
cahle position which was intolerable. Consequently, a series of
measurements using a smaller version of the probe and the laboratory-
built pulse generator were initiated. With a 1 to 2 MHz repetition
rate and a 5 volt peak, this pulse generator is not appropriate

for deep penetration of the medium. However, available 50200EF
baluns pass this pulse with good fidelity and thus the feasibility
of the pulse sounding scheme could be tested on shallow targets,
depths to 5 feet or so in the overburden, without encountering balun
saturation problems. Accordingly, a series of measurements on con-
ducting and dielectric cylindrical targets buried to depths of 5
feet in the local uverburden were made. Results of these measure-
ments are given in Section VI. The probe structure used for these
measurements is shown in Fig. 13. Note that a secticn of 300 ohm
twin lead has been inserted between the balun output and the feed
point of the dipoles. The purpose of the twin lead is to clean-up,
as far as possibie, the range window for targets at shallow depths
in the overburden. A direct or reflection mode measurement on one
dipole of the probe in Fig. 13 is shown in Fig. 14, Note that the
balun reflection is primarily high frequency and could be anticipated
since the high frequency end of the 50200E balun is around 60 MHz.

A second effect was noted from measurements similar to the one in
Fig. 14, It was found that changing the ground rod depth had 1ittle
effect on the response waveform. Comparing this result with those
obtained for the larger prob. indicates that tuning via ground rod
depth adjustment is primarily effective for frequencies below 1 MHz,
at least when the probe is located on the overburden. On a less
lossy medium, sensitivity to the ground rod depth should extend

to higher frequencies.

Early in the contract period it was decided that some remote
site measurements should be made at a nearby limestone quarry.
The limestone medium (¢, » 8.0, o < 10-5 nhos/meter) was the most
practical approximation to a hard rock medium (e.g., granite,
er 2 7.0, o < 10-6) within a reasonable distance from the laboratory.
Accordingly a mobile rig was outfitted (power to run the pulse gen-
erators and scopes was not available at the site) and instrumentation
to divorce the system from the computer devised. Certain man-made
and geological anomalies at the quarry appropriate for interrogation
with the large probe and HP214-A pulse generatur had been selected.
When it became evident that the high power baluns would not be
available during this contract period, it was decided to take a
series of measurements at the quarry using the smaller probe and
pulse generator. It was known in advance that certain of the targets
selected were not appropriate using this pulse sounding system.
The results of these measurements are given in Section VII.

Using flexible wires to construct the arms of the probe has
the advantage that the wires can be made tu conform to the individual
undulations of the medium, A major disadvantage is that aligning
the individual dipoles to achieve precise orthogonality is often a
tedious and time-consuming effort, Alternatively, constructing the
probe ams of rigid members automatically yields orthogonality, but
now the height of the feed point can vary and the probe may well have
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som siope with respect to the medium's mean surface. Certain tests
have been made of small probe configurations with respect to optimum
arm configurations, feed point heights and the use of an absorbing
material between the probe and the overburden (the vegetation above
the overburden highly attenuates the high frequency energy in the
pulse). The results of these tests are summarized below.

A preliminary study of probe parameters, including effects of
varying conductor shape, height above the ground surface, and placing
absorptive material between the probe and ground surface, has been
made. In all cases an orthogonal transmit-receive probe pair was
used, This approach seems to be the best way of isolating two probes
which are very close to one another.

When a probe pair 1ies on a rough surface, it is known that
isolation is degraded due to the asymmetry caused by the uneven
ground. The frequency content of tiiis coupling is inversely pro-
po-tional to the average sizes of the ground irregularities, but in
general lies above 40 MHz. For an application concerned with distant
targets, where return with frequency content below about 40 MHz is
expected, the ground irregularity problem is of 1ittle concern, since
it can be virtually eliminated by filtering., It was found that
raising the probes 2 to 3 inches above the ground and using ab-
sorptive material between the probe and ground, both improved the
target return to clutter ratio for shallower targets where higher frequency
returns were expected.

The effects of antenna geometry and conductor shape are seen at
all frequencies. For the "bow-tie" (Fig. 15) configuration used in
this study, the ends of the structure have been identified as the
major source of coupling problems. Asymmetries in layout or ground
parameters at the ends result in a degraded target return to clutter
ratio, Initial tests have shown that the elimination of multiple re-
flections on the probe structure, and a "smoother" shape in general result
in an improved performance. Further tests using models appropriate for
distant targets are planned.

B. Processing Pulse Sounding Measurements

Simplified block diagrams for the electromagnetic pulse sounding
probe in the orthogonal mode are shown in Fig. 16 for no-target (Fig.
16a) and target (Fig. 16b) configurations, where the block T indicates
the presence of the target. Capitalized letters correspond to fre-
quency-dependent quantities and the lower case counterpart to a time-
dependent waveform., Each capital and lower case symbol are a transform
pair. In terms of the complex variable S = ¢ + Jw

i
ENT(S) = C,(S) P,(S) 6(S) P (S) () EX(s)
(1)
EF(S) = C,(S) P,(S) 6(S) T(S) P,(5) C (s) EV(s),
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where C, P, G and T are the transfer functions of the cable, probe
ground and target respectively and the subscripts t and r denote
transmit and receive. The cable transfer functions include the
baluns and short lengths of twin-lead line. Making the reasonable
assumptions that the transmit and receive properties are identical,
Eq. (1) simplifies to

ENr(S) = ¢(5)2 p(s)2 6(s) E'(s)
(2)

ENS) = C(5)? P(s)2 6(s) T(s) E'(S) .

By shorting the cables together including the baluns and twin-lead
line, the normalizing response

(3) ER(S) = c(s)2 E'(s) '
can be recorded. Ideally then

E?(S) L EﬁT(s)

- = P(5)? &(s) [T(s) - 1] .
EX(S)

[

(4)

The normalizing response Eﬁ(s) is stable and repeatable. However,
the no-target measurement is not precisely stable if the probe is
moved to various ground locations. This is due to localized
properties of the ground such as roughness, inhomogeneities,
moisture content, vegetative cover, etc. which changes G(S). Some
effect is also due to changes in P(S) which is somewhat sensitive
to the height of the probe feed points above the ground. We choose
to ignore the probe effect since most of this occurs in the direct
coupling between the transmit e¢nd receive probes and, as will be
seen later, can be gated out. At the Jth location then the no-
target response is more properly

(8)  B(s) = c(0)2 p(s)? E¥(5) 6 (5) + N(5)7 .

In practice, some M no-target measurements are made and an
average

M

M . . M
(6) Byl = I E(s) = ()2 p(s)? EV(s) o (s) + W L W

is obtained. In a similar fachion an average target waveform
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(7) EXS) = b
J

-

e~z
w—

J=1

is obtained either by moving along an extended target keeping the
same probe-target geometry or by simply putting the probe down M
times in the same location, Note that the ground transfer function
has been written as

(8) 6(S) = G,(5) + N(s),

for the no-target case and as

(9) 6(S) = 6,(S) + N(s)

for the target case. 7The reason being that the sampling is actually
different in that for the target case the variations are restricted.
The normalized difference of the averages is

EA(S) - E9_(s) 2
(10) T = p(s)2 6. (5) [T(s) - 13 LS
a5 (5)° 6,(5) [T(s) - 13+ BSL

M . M .
(T(s) I M(s)- 7 ns); .
3= =1

If we make the assumption that N = N then

E2(s) - E9 (s
i 2s) - E%-(s)

M.
= (T(5)-1)P(5)% [5,(5) + 1 L, Wis)]

E9(s) IRE
Let
(12) %jf} W(s) = nGs)
then
oy -Gl (T(5)-1)(5)? [8,(S) + N(S)7 .

EN(S)
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Interesting comparisons to Eq. (13) are

-1

0j o
ENT(S) - Eg(S)

ey M) i) - ns)1
E0(S)

and ) {
E23(s) - E9(s) s

15) L —— T < p(s)2 1(s) [N(s) - N(s)T,

)
En(S)
which essentially show the variance of the no-target and target

measurements respectively,

Actually, the differencing and averaging are done in the time
domain

M
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-}

M .
6) efle) = ) e
j=

: M ;
STET = eq(t) - () = ) epi(e) - ’:szl eyi(t)

Cde
Hesqz
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The fast Fourier transform of the difference waveform is then normalized
by the pulse and cable spectrum. It has been demonstrated that the
transform of the difference waveform is the difference of the trans-
formed waveform, thus no aliasing errors are present. Usually, the
difference waveform, 6(t), is gated before being transformed. That is,
the difference waveform, 6(t), is multiplied by a gate waveform

(17) g(t) = a(t-T]) [u(t-T]) - u(t-TZ)] +
1 [u(t-TZ) - u(t-T3)] +
0 - a(t“T3)] [U(t'T3) = U(t-T4)] ’

where a, Ty, Tp, etc. are real constants. The time durations T,-T
and Tg-T3 are equal, and can be zero. The purpose of the gate s %o
remove the leading portion of the difference waveform which has rather
high frequency content and can be attributed to direct coupling be-
tween the transmit and receive probes. It can also be used to isolate
the scattered fields from different reflection mechanisms. Examples
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of the ungated and gated difference waveforms will be shown liter.
A trapazoidal gate is used in order to avoid placing artifically
generated step discontinuities in the gated waveform.

Processing the data then involves the following steps:
1) averaging the target and no-target time domain waveforms.

2) Obtaining the time domain difference waveform, i.e., the
target average minus the no-target average,

3) Gating the difference waveform to remove the direct coupling
Setween transmit and receive probes.

4) Transformations of the gated difference waveform to the
frequency domain, i.e., a fast Fourier transform.

5) Normalization of the transformed difference by the pulse-
cable transfer function.

6) Inverse transformation of the normalized spectrum in 5)
back to the time domain - inverse fast Fourier transform,

Four signatures of the target are available for study; the
amplitude and phase characteristics in the frequency domain (5 above),
the time domain difference vaveform before normalization (3 above)
and the time domain difference waveform after normalization (6 above).
From a comparison of these signatures for various targets, one can
begin to consider the separation of targets and the recognition of
a given target. We have confined our results for the present to
examinations of the normalized amplitude spectrum and the gated
difference waveform before normalization. The phase spectrum does
have information content but it is generally more difficult to utilize.
Also, we will generally need more power and lower frequencies in the
interrogating pulse spectrum in order to obtain reasonable phase
spectrums. With more advanced processing schemes we would begin to
combine the amplitude and phase data at several frequencies to
synthetically produce waveforms uniquely characteristic of the
target and possibly intimately related to the physical properties of
the target. As was demonstrated earlier,’ obtaining waveforms
predictably dependent upon the target's physical properties may not be
possible in a highly dispersive medium but this does not negate ob-
taining a characteristic waveform.

In the next two sections of this report, certain of the wave-

forms and spectra discussed above for cylindrical targets in the
overburden and for targets in a limestone medium are presented.
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C. Manipulation of Time Domain Reflectometry Data

It was noted earlier (Section IVB) that an extremely versatile
program for the automated measurement and processing of pulse
sounding data was used with a directly interfaced instrumentation
computer. This software has been developed on a number of programs
including this contract. The main features of the program are
described below.

Program for Manipulation of Time Domain Data

This program provides a means of recording time domain data
from a sampling oscilloscope, drawing it on the plotter, storing it
on the disc and performing various manipulations including Fourier
transforms.

Data files consist of a single disc track and must be created
with the DAT command prior to program executior. They consist of
256 data words followed by 10 file description words and finally a
code word which is equal to integer 1 for a frequency domain file
and zero for a time domain file.

The program actually consists of three complete programs which
are interchanged by the core swapping subroutine SWAP. To load the
program:

First load TDRSS in the regular way and execute.
Then 1oad TDRS in the regular way and execute.
Finally load TDRM in the regular way and execute.

The program has its own operating system and when TDRM is
executed it will respond with a # sign. It will then accept any of
the following commands (only the first three charac:ers are sig-
nificant).

CALibrate - The sampling 'scope is set to the upper scale limit
and a carriage return is typed. Repzat for lower
scale limit. Computer gives instructions. These
points will be +4 inches on the plotter.

RECord -.256 samples are recorded from the sampling 'scope
(average of 200 sweeps) and converted to a #4 scale
in terms of the calibration points.

WRIte file- Writes the 256 data points currently in core on the
disc. Program responds with NAME: The file name is
then typed in. Program then prints DESCRIPTION. Up
to 30 characters of description may then be typed in
which are written on the file. Program follows with
INSTRUMENT SETTINGS. A further 30 characters may be
used to indicate these, The file is written after
the final carriage return.
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READ file - NAME is requested and the previously written file read

back into core,

DEScription-Prints out the 30 character description and the 30

WHAT is?

PLOT

XSHift

YSHift

GRid

ADVance
REVerse

FFT

IFFt
FILter

characters indicating instrument settings of the
most recently read or written file,

Program requests NAME. The 30 character description
of the named file is then printed out without affecting
the main core buffer. Used to check whether an old
file s wanted before writing over it.

Draws the current contents of the core buffer on the
plotter. In the time domain the scale is simply +4
inches. In the frequency domain only the amplitude of
the d.c. term and the first 100 harmonics is plotted on
a C to -80 dB scale.

INCHES is requested. The data points are then shifted
in core by the indicated amount. Points are shifted

to the nearest core lTocation; there is no interpolation.
Points lost at one end of the trace are added to the
other end. (Do not use for frequency domain data. )

INCHES in DBS are requested for the time or frequency
domains respectively. The data in core is then shifted
by the indicated amount. In the frequency domain only
the amplitude data is shifted, The angles remain un-
changed.

Draws a grid on the plotier. The computer requests
the number of divisions required in each direction,

Moves the plotter forward one page,
Moves the piotter back one page.

Takes the fast fourier transform of the contents of the
core buffer. The data output is stored so that the odd
number points are amplitudes on a dB scale starting with
the d.c. term and continuing to the 127th harmonic in
location 255. The even number points are phase angles

in radians. The 0 dB level corresponds to the d.c. power
represented by a constant 4 inch deflection in the time
domain,

Takes the inverse Fourier transform,

Used to process a time domain waveform through a band
nass filter. The program requests the highest and
lowest harmonics to be saved (0 to 127, 0 being the
d.c. term). .

37



COMbine
files

PRInt

LABel

GATE

- Provides for adding or subtracting files in any manner.

FILES (NAME AND MULTIPLIER) is printed followed by a
colan (:). The file name is typed in followed by a
carriage return. An X is then printed. Any real
multiplier is then typed in followed by a carriage
return. This sequence is repeated as many times as
desired. A carriage return in response to: terminates
the sequence leaving the weighted sum in the core buffer
(e.g., to obtain a difference curve a multiplier of 1.
could be used for the first file and -1, for the second.
Multipliers of 5. and -5, would produce a magnified
difference. A multiplier of 0.25 for each of four

files would produce an average, etc.) Taking a difference
of two frequency domain files produces a ratio since
amplitudes will be subtracted in dBs and phases in
radians. (A multiplier used here would amount to
raising to a powerg. This permits impulse responses

to be found by dividing a response waveform by that

of an incident pulse; also reflection coefficients by
dividing a response by that of a short circuit.

Prints all or part of the current core buffer on the
teletype. The starting element number will be requested.
Printing may be interupted with the BREAK button. A
control D will then return to the # sign. The scale of
the print out is in inches of plotter movement in the
time domain and dB and radians in the frequency domain
(see FFT for data arrangement).

Draws the current DESCRIPTION, INSTRUMENT SETTINGS and
FILE NAME on the plotter. LABEL NUM: will be requested.
The first label will be in the top left hand corner of
the page. If a second, third, etc. label is required it
will be moved down 1" each time. A carriage return has
the same effect as typing number 1 for the label number,

- Gates out a portion of the time domain waveform. The

GATE NPEN and GATE CLOSE positions in inches are
requested. A1l points before OPEN and after CLOSE are
set to zero.

VI. PULSE SOUNDING DATA FOR CYLINDRICAL TARGETS
BURIED IN THE OVERBURDEN

Pulse sounding measurements of various cylindrical targets buried
in the overburden close to the ElectroScience Laboratcry have been
made. The measurements were made using the small probe shown in Fig.
13 and the laboratory-built (5 volt peak. 3 ns base, 1.5 MHz repetition
rate) pulse generator. The targets consisted of 2, 3 and 4 inch diameter
hr.1low dielectric (er = 2.56) pipes at a depth of 3 feet in the over-
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burden and 4 inch diameter conducting hollow pioes, 1, 3, 5 and 10
feet long at a depth of 5 feet in the overburden. The dielectric
tarqets were some 20 feet lony or qreater. Other conducting pipes

in the same sequence, i.e., lengths of i, 3, 5 and 10 feet, are also
buried at depths of 1 foot and 3 feet and have been measured, but the
data presented here will be confined primarily to the 5 foot depth.

In Figs, 17 and 18, respectively, the interrogating pulse end
its spectrum arc shown. The pulse and spectrum shown corresponds to
propagation through both feed cables (roughly 150 feet each), both
haluns (50200E) and two sections of 300 ohm twin lead shorted together.
The balun characteristics shown in Figs. 17 and 18 will not change
when the twin lead is attached to the probe. The balun operation is
separated in time from the probe and it is the characteristic im-
pedance of the line, not the total impedance seen at the output port
of the balun, which is important for the short time response of
interest. Clearly the pulse shown in Fig. 17 is not the waveform
being transmitted into the ground - it is however the waveform at the
feed point of the probe. Ideally, the normalization of the response
waveforms should be by the actual transmitted pulse, but this waveform
cannot be measured. To obtain this waveform requires an absolute
calibration of the system and this in turn requires both an experimental
measurement of a known target geometry and an analytical solution must
be obtained using the near-zone fields of the probe. Thus, an extention
of the wire antenna analysis is needed to provide a complete calibration
of the system. Note that the spectrum shown in Fig. 18 has been
normalized by setting the magnitude of the harmonic with the peak ampli-
tude to unity. One must carefully distinguish between this type of
normalization and that suggested to remove the incident pulse, catles
and baluns from the spectral and temporal responses. The spectrum in
Fig. 18 corresponds to the quantity ER(S) in Eq. (3), where it is
assumed that all other spectra will be normalized to unity first in
the same way.

200 r

I1S0—

mv
100 |—

50—

0 I <J.l\,~» ]

0 20 40 60 80 100 120 140 160
NANOSECONDS

Fig. 17. Interrogating pulse waveform.
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It was stressed in Section VB, that it was important to secure
averages of both the no-target and target response waveforms because
of possible individual variations. In Figs. 19a and 19b respectively,
4 measurements (orthogonal mode) of a no-target configuration at 4
different locations and 3 measurements of a 3 foot conducting cylinder
{1 inch diameter) at a depth of 3 feet are shown. For a cylindrical
target, maximum response in the orthogonal mode occurs when the cyiinder
axis bisects the angle petween the transmit and receive dipoles. The
orthogonal data reported here and in Section VII were made using this
coniiguration. Shown in Fig. 19c and Fiq. 19d respectively are the
average waveforms for the no-tarqet and target confiqurations. De-
ductions based on comparisons of any selected pair from Figs. 19a and
19b might be inconclusive, but a comparison of the averaged waveforms
leaves little or no doubt as to the presense of a target.

On the rollowing pages, measured and processed waveforms and
spectra for the following targets are given in Figs. 20 to 28,
respectively,

1. 2 inch diameter dielectric pipe.

2. 3 inch diameter dielectric pipe.

3. 4 inch diameter dielectric pipe.

5. 4 inch diameter x 1 foot length conducting pipe

6. 4 inch diameter x 3 foot length conducting pipe

7. 4 inch diameter x 5 foot length conducting pipe

8. 4 inch diameter x 10 foot length conducting pipe

9. a dummy trench (5 foot depth x 10 foot length),
i.e., a trench dug and then refilled

10. No-target results,

In each figure, with certain obvious exceptions, the following

waveforms and spectra are shown.

a. the difference waveform, target average - no-target average
b. the gated difference waveform,
c. the unnormalized amplitude spectrum of the gated
difference waveform,
d. the nommalized amplitude specturm of the gated
difference waveform,
e. the normalized amplitude spectrum of the gated difference
waveform with the spectrum of the incident pulse, cables
and baluns removed,

Several general points should be noted. The difference waveform
(a) has been gated to basically remove the direct coupling between
transmit and receive probes. A rectangular gate was used and the
on-point of the gate selected to avoid introducing step dis-
continuities, The off-point of the gate was 160 nsec in each case.
The characteristics of the amplitude spectrum of the incident
pulse (Fig. 18) are such that when it is subtracted from the target
spectrum ?d) an enhancement of the high frequencies results since
the process involves division by small numbers, Realistically, the
spectra in e in each figure should be disregarded above roughly
300 MHz,
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Fig. 19.

Orthogonal mode response waveforms.
(a) no-target

(b) 3 foot cylinder target

c) no-target average

d) target average.
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Fig. 20. Orthogonal mode response 2" dieluctric pipe.
(a) difference waveform
(b) gated difference waveform
(c) normalized amplitude spectrum
(d) normalized amplitude spectrum with
incident pulse removed.

43



S|
o 20 40 60 [1] 100 | [ 160

NANOSECONDS
-30— b
.|
=l
-]
a0

| 1 1 | [ 1 |

O 5 100 150 200 2350 300 350 400 430 500
MH:

{e)

Fig. 21. Orthogonal mode response 3" dielectric pipe.
(a) difference waveform
(b) gated difference waveform
c; unnormalized amplitude spectrum
d) normalized amplitude spectirum
(e) normalized amplitude spectrum with
incident pulse removed.
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Fig. 22. Orthogonal mode response 4" dielectric pipe.
(a) difference waveform
(b) gated difference waveform
(c) unnormalized amplitude spectrum
(d) normalized amplitude spectrum
(e) normalized amplitude spectrum with
incident pulse removed.
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Fig. 23. Orthogonal mode response 1' cylinder.
(a) difference waveform
(b) gated difference waveform
(c) normalized amplitude spectrum
(d) normalized ampl itude spectrum with
incident pulise removed.
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Fig. 24. Orthogonal mode response 3' cylinder.
(a) difference waveform
(b) gated difference waveform
(c) unnormalized amplitude spectrum
(d) normalized amplitude spectrum
(e) normalized amplitude spectrum with
incident pulse removed.
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Fig. 25. Orthogonal mode response 5' cylinder.
(a) difference waveform
(b) gated difference waveform
(c) unnormalized amplitude spectrum.
(d) normalized amplitude spectrum
(e) normalized amplitude spectrum with
incident pulse removed.
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Fig. 26. Orthogonal mode response i0' cylinder,
(a) difference waveform
(b) gated difference waveform
(c) unnormalized amplitude spectrum
(d) normalized amplitude spectrum
(e) normalized amplitude spectrum with
incident pulse removed,
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Fig. 27. Orthogonal mode response dummy trench.

(ag difference waveform

(b) gated difference waveform

(c) unnormalized amplitude spectrum

(d) normalized amplitude spectrum

(e) normalized amplitude spectrum with
jncident pulse removed.
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Fig. 28. No-target response, orthogonal mode.
(a) time waveform (average)
(b) gated time waveform
(c) amplitude spectrum
(d) amplitude spectrum with incident
pulse removed.

51




Consider first the gated difference waveforms, b, for each
target. It is clear in each case that a target is present. This
was also clear when the average target response was compared to
the average no-target response, e.g., Figs. 19¢ and 19d. Note
that the presence of the dummy trench, Fig. 27, is also evident,
At the time this series of measurements was taken, the buried targets
had been in place for approximately 3 months. When the targets were
installed, the fill was compacted in each case. It will be interesting
to observe, on a continuing basis, how long the dummy trench continues
to differ significantly from the no-target response. The response
of the dummy trench also indicates that the target response wave-
forms are really a combination of the target and trench responses.
0f course, no such dummy trench will exist in advance of any hard
rock tunneling operation. It is interesting to note however that
perturbations that one would usually assume to be insignificant are
detectable.

From an examination of the gated (b) or ungated (a) difference
waveforms the following conclusions can be drawn;

1) the class of dielectric targets can be separated from the
class of conducting targets, and both can be separated
from the dummy trench response.

2) From the difference waveforms, separation of the conducting
target lengths or the dielectric target diameters does not
appear feasible.

3) the direct coupling between transmit and receive probes (a)
appears significantly different for the dielectric targets
and dummy trench than it does for the conducting targets.
This difference is the result of the way the individual
measurements to secure an average response were made. Be-
cause the dielectric targets were extended, the individual
measurements were made by moving along the target keeping
the same probe-target geometry. For the conducting targets,
the probe was simply replaced several times in the same
location. The result of the local influence of the grounds
on the direct coupling is particuiarly noticeable for the
perturbed ground.

4) the ungated difference waveforms (a) for the dielectric
targets endure for roughly 100 ns and the waveforms for
the conducting targets and dummy trench for approximately
140 ns. This is reasonable considering the difference in
depth of the targets. It also indicates that in the case
of the dummy trench, the bottom of the trench is seen;
although the response is clearly very smali.
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A casual observation of the normalized spectra of the gated dif-
ference waveforms with the incident pulse removed would indicate that
all of these targets appear separable. However, as will be discussed,
the influence of the trench is the major source of the differences,
particularly since the returns from the trench and from the target
are not completely coherent.

The amplitude spectra for the gated difference waveforms, with
and without the incident pulse removed, show much the same type of
separations and distinctions as those deduced from the time domain
waveforms. In general, however, the differences for target classes
are much less distinct. We have, however, discarded the phase spectrum,
Clearly both tne real, time-dependent response waveform and its complex,
frequency-dependent transform contain the same information. Visually,
in these cases, the time waveforms seem more simple to interpret.

For cylindrical targets of length L we would anticipate dipole-
type resonances in the amplitude spectra at the following frequencies

fn = _(:_(_2____”-1 HZ’
2T

which yields the following frequencies in MHz for the conducting
targets assuming €, = 10.0

n 1 foot 3 foot 5 foot 10 ft

1 158 53 32 16
2 464 159 96 48

A creeping wave-type resonance (cylinder radius r)

f= -5 0.5
rJe,.
for ¢ = 10.0 yields (for a 4 inch diameter)

f = 286 MHz and a second creeping wave-type at

f o 572 MHz.

For extended dielectric cylinders in a lossy medium, the
resonances are complicated but constructive interference of re-
flections fron the front and rear of the cylinder yields

f = cn
n = [}
4?‘\/ €p
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which for an & of 10 yields (in MHz)

n 2 inch 3 inch 4 inch
1 3164 2128 1580
2 6328 4256 3160

The width of the trenches dug to bury the targets was 1.33 feet for
the dielectric targets and 2 feet for the conducting targets and the
dummy t:-nch, Reflections from the side walls of the trench would
yield resonances

P on c(2n-1) Hz,
2Wy\c,

where w is the width of the trench. Again for an €, of 10 (in MHz)

n 1.33 feet 2 feet
1 119 79
2 357 237

There is also the possibility of parallel plate waveguide-type
resonances associated with the depth of the trench. This effect would
produce resonances at frequencies

f cn

"oy

where d is the trench depth. Resonances at multiples of 33 MHz for
the 5 foot depth and 11 MHz for the 3 foot depth would be predicted.
We would also anticipate seeing at least the first resonance of the
probe structure which in free space would be at 50 MHz. An exami-
nation of the various spectra shows an invariant resonance at roughly
25 MHz, and this resonance is attributed to the probe structure when
it is on the ground. One possible means for reducing the effect of
this resonance is the use of lossy wire so that the signal reflected
from the end of the probe is attenuated an order of magnitude before
reaching the feed.

Examining the spectra in terms of the above predicted resonances,
there appears to be a correlation between the trench width and the
resonances. That is, the spectra corresponding to dielectric targets
all have a resonance near 119 MHz, and the conducting targets near
79 MHz. We would not anticipate seeing creeping wave-type resonances
for conducting targets with the power and target depths involved,
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and clearly the predicted resonances for the dielectric targets are
beyond our capability at this time. There is some correlation
between the predicted and measurad dipole-type resonances for the
conducting targets, e.g., the 1 foot and 10 foot (Figs. 23 and 26),
but it is not consistent, The spectra for the conducting targets
are indeed different, but the differences are not consistently
related to the difference in target length,

The various predicted resonances for subsurface cylindrical
targets can, at best, be considered first order approximations to
more complicated mechanisms. Other processing of the spectra is
possible, e.g., a matched filter approach using predicted resonances
for a given target or the spectrum of the dummy trench, Praoperly,
however, it is felt that such schemes should await data from a new
set ?f Teasurements where higher power and lower frequencies are
available,

VII. PULSE SOUNDING DATA FOR A CYLINDRICAL TARGET,
INHOMOGENEQUS STRATIFICATIONS AND A CYLINDRICAL
VOID IN A LIMESTONE MEDIUM

As noted earlier, the original research plan “ncluded remote
measurements on a full scale basis at a 1imestone quarry* located
some 5 miles from the ElectroScience Laboratory. Since electrical
power at this site was not available, it was necessary to refurbish
a mobile rig originally used for terrain cross section measurements.8
This mobile facility consisting of a 2} ton van with an independent
internal combustion generator is now operational; thus electromagnetic
pulse sounding data at a variety of sites remote from the ElectroScience
Laboratory are now possible.

The mobile facility has been used to obtain initial pulse sounding
data for particular targets in a limestone medium. Because of the
balun problems discussed earlier, the initial measurements were made
using the identical probe structure and pulse generator utilized for
the overburden measurements. A photograph of the mobile rig which
houses a generator, stabalines, as well as the pulse generator,
sampling scope and recording equipment is shown in Fig, 29,

A photograph showing the typical stratifications of the limestone
medium is shown in Fig. 30. The photograph also shows a large tunnel
which was originally selected as one of the geological features to
be measured. Note that the medium is by no means solid and homogeneous,
the stratifications, which are primarily inhomogeneous, are typical of

*Marble C1iff Quarries Company, 2100 Tremont Center,
Columbus, Ohio 43221
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Fig. 29. Photograph of mobile pulse sounding rig.

Fig. 30. Photograph of tunnel and typical stratifications
at the limestone quarry.
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the medium in the locations where measurements were made. In Figs. 3la
and b, the response of the medium (no target) in the direct reflection
mode, both probes, is shown. Note that the response waveform is laraer
in maqnitude by roughly a factor of 10 than that for the same probe
and pulser over the overburden, The mismatch at the balun and probe
feed point is larger, and a large reflection from the end of the probe
is clearly evident. It is obvious from these waveforms that con-
siderably more high frequency energy is arriving at the end of the
probe than was the case for an overburden medium. Figure 31c shows
the orthogonal mode response in the same location (stratifications
only). Note again the increase in the magnitude of the response.
Figure 32 shows the same sequence of response waveforms when the

probe is located near a target consisting of a 1 foot diameter hollow
metal pipe whose top is some 2 to 2.5 feet below the limestone
interface. The sketch in Fig. 32 shows the probe and pipe con-
figuration. Some evidence of the target is apparent if these
waveforms are compared i the no-target set. Fipally, in Fig. 33,

the same sequence of waveforms when the probe is directly over the
pipe target is shown. The sketch in Fig. 33 shows the probe and
target geometry. Note that the probe is positioned for maximum
response in the orthogonal mode and one would not anticipate a large
target response in the direct mode. In the orthogonal mode, the
presence of the pipe is very evident. Figure 34 shows the amplitude
spectra of the cross polarized response with the incident pulse
removed for a) the no-target case and b) over the pipe. The presence
of the target is also evident from a comparison of the s; :ctra.
Assuming an «y of 9 for the limestone medium, creeping wave-type
resonances for the pipe would be predicted at 100 Miz, 218 MHz, etc.
The 100 MHz resonance can be seen in Fig. 34b. The same sequence of
measurements was repeated with the probe located above the tunnel
shown in Fig. 30, these waveforms are shown in Fig. 35. While hoth
the direct and orthogonal waveforms indicate responses from the
homogeneous and inhomogeneous stratifications, there is no evidence

of a response from the tunnel. The distances are such that a response
from the tunnel would occur at a time well beyond the observed duration
of the waveform. This was not unexpected considering the probe and
pulser which were used. The limestone quarry* has a number of in-
teresting geological features suitable for tests of a full scale

probe and a pulse generator with higher power and lower frequencies.
An extensive series of measurements at these locations is planned for
the next contract period.

*It is appropriate to acknowledge the excellent cooperation of
Mr. Max Werner and his staff at the quarry site. Not only was
free access to the site provided, <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>