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The Use of Ground-Penetrating
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Abstract—A cooperative target (CT) is proposed to enhance In this case, signal processing will generally not improve
the ground-penetrating radar (GPR) signal-to-clutter ratio (SCR) detection of this signal.

for buried man-made targets. Applications include tagging high- To detect the signal from a target reliably, the signal-

\r;aélﬁ]? %Jéfu?t:t;urgtugfesssgtidmf%r;'tg”E?ner?é%r%tgiﬂn%'?,g ae%%%le to-clutter ratio (SCR_) must be imprqved. The clutter from
antenna connected to an unterminated delay line. By using several Underground has unique characteristics compared with other
independent time-domain CT’s, strategically arrayed about a types of clutter (e.g., land or rain clutter in remote sensing).
target, the rotational aspect of the target can also be obtained. There are various ways to detect underground targets with
g'?f‘e”yl;ehnacm_‘gg:ﬁgﬁngfrat'on is demonstrated as a technique for pR  the basic idea being to distinguish the signature of
q y ' the targets from clutter [2], [3]. The cooperative target (CT)

Index Terms— Buried object detection, ground-penetrating concept proposed here strives to improve the SCR significantly

radar (GPR), radar distance measurement, radar theory. by causing the returned signal from the designated target to
have a unique characteristic or signature. Any number of
|. INTRODUCTION techniques may be applied to provide this target with a unique

radar signature. We will discuss two such techniques—one for
. ) o - . “time-domain GPR systems and the other for frequency-domain
The density of buried utiity and communication IIneSGPR systems. In both cases, through careful design, the SCR

presents a number of unseen obstacles. The negative Cgé]ﬁ be improved by many orders of magnitude. In addition,

sequences of disruption to the public and the requireme . : ; -
. - . “these designs are entirely passive, and even though this is not
for site remediation have prompted the use of microtunnelir) : : . .
X . . . . requirement, this provides a more robust design.
[1], a trenchless technology involving the installation of pipes

having an internal diameter too small for man entry with
steering via remote control. In this operation, the detection
and avoidance of existing underground structures (pipelinedn time-domain or impulsive GPR systems, a brief pulse of
and cables) and obstacles often drives the cost of new sernabectromagnetic energy is transmitted, followed by an interval,
installation. Furthermore, effective steering of the microtunnedturing which the receiver records the returning signals. The
ing tool head requires precise knowledge of its position amdceived signal power from individual targets (microtunneling
orientation. While ground-penetrating radar (GPR) offers sonol head, rocks, tree roots, utilities, etc.) is found from the
detection capability, clutter (backscatter from other sources)dar range equation [4]

often obscures the signals from the targets of interest. P,G2\2pe 4o R

A GPR simply transmits an electromagnetic signal into the P = (47r)—3R4 1)

ground and, by analyzing the returned signal, obtains mformve\l/ﬁereR, is the received powet, is the transmitted power,

tion about the subsurface environment. For a specific target in . , : )
. . L ; is the gain of the radar’s transmit and receive antennas
this environment, two characteristics of GPR operation maké . . ) .
assumed to be identical), is the nominal radar wavelength

h ion of a signal f hi ifficult. Fi . . . .
the detection of a signal from this target more difficult. Firs @ ag is the field attenuation coefficient of the ground
p

the GPR signal is attenuated as it propagates through . )

ground medium (soil and rock) and, therefore, the returnr dgrnzz,rézslsssfgsti[;n%i to the target (m), andis the target

signal is quite weak. If the strength of the returned signal & ) . L
S . : .~ The round-trip travel time for an echo from an individual

significantly less than the inherent noise level of the receiver .

. . . tadfget at rangek is

(a low SNR), signal processing may be applied to the returne

signal in an attempt to increase the SNR. Second, the returned — 2Rn, )

signal from a target of interest may be considerably weaker ] C )

than the signals from other subsurface features, that is, clutl¥peren, is the mean refractive index of the medium between

the radar and the target amds the speed of light (m/s).
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Fig. 1. Concept of the time-domain CT: (a) geometry of the CT and GPR in a microtunneling application and (b) expected response of the CT.

the clutter RCS and a means (preferably passive) of increastagyet plus delay in the transmission line [5]

the target’'s RCS. Another approach, the one we selected, is to

introduce additional delay in the signal from the target while 7= /J(x’ Y, z)dv = 0.V

preserving its nominal signal strength. The CT here comprises \4

an antenna connected to a delay line (which is either a shorted V= %c?’tfctp Q. %)

circuit or open circuit at the far end) attached to the target.
portion of the incident signal is coupled into the delay line and, P 4G22 L/~ L) N2
after traversing the delay line, this signal is totally reflected gCcR— ZSigmal _ S¥et © <1 + _> (6)
at the far end, retracing its path through the delay line to be Petutter mctp 2 Q o, R
retransmitted back through the original antenna. The sigry#lere o, is the unit volume scattering cross section in the
from the CT is delayed with respect to the target echo and f@rresponding range cell is the range-cell volumei,, is
surrounding clutter. While the signal from the CT experiencdde pulse width,(2 is the solid angle of illumination, and
minimal attenuation (due to delay line losses), the signal frofi = L(n:/ng) is the equivalent length of the transmission
clutter at a corresponding depth is attenuated further by thie-

e SCR with the CT is then

ground medium, resulting in an improved SCR. The SCR for an undelayed target is
Fig. 1 illustrates the concept of the time-domain CT. As SCH — 8G2A? @)
target depth increases, the power level decreases due to B m2ct,R? Qo

attenuation until the signal is below the system’s minimum Hence, the SCR is improved by a factor of

detectable signal level. The signal from the CT is delayed, yet ) I\ 2

it maintains approximately the same signal power. Thus, at the v = ¢Hag Ll —eul) <1 + E) ) (8)
depth where the CT appears, the background clutter is smaller ) .

than the minimum detectable signal level and a significantIn most cases, the attenuation through the ground is much

SCR results. To obtain the true position of the CT, the depﬁjeater thant_througlh t_k:_e d?Lay I'nﬁﬂt(? ). Indaddgli)rr:, 'L |
offset due to the delay line (a constant) can be removed. € propagation velocilies throug € ground an e delay

The signal received from the CT has a power level line are comparablel{ ~ L), then (8) can be simplified as

2

PthQGg)\ALC—AL((ng-i—(y[ r) (3) y= C4L((yg—(yl) <1 + %) . (9)
(4m)*R* - . .

assuming the polarization of the GPR signal is aligned wiffom (9), it is clear that increasing increases the SCR.

the preferred polarization of the CT antenna and wheteis To demonstrate this concept, a time-domain CT was as-
th ved f the CTy, is the CT ant . sembled and tested. A dipole connected to a coaxial delay
€ received power from the c 1S the antenna 9ain, jine with an open termination was fastened to a PVC (plastic)

ae is the field attenuation coefficient of the delay line (Np/m)pipe to maintain the desired geometry. This assembly was then

P, =

and L is the length of the delay line (m). introduced into the indoor ground-penetrating radar test tank
The round-trip travel time of an echo from the CT is  (the sand pit) at the Radar Systems and Remote Sensing Labo-
2(Rng + Lng) ratory, The University of Kansas, Lawrence [6]. This test tank
tre = . (4) s a reinforced concrete enclosure measuring approximately
wheren, is the refractive index of the delay line. 3.6 x 5.2 m and is 1.8 m deep and filled with sand. Access

For lossy ground conditions, while the returned signal frofforts near the bottom of the tank enable the insertion of the CT
the target may be obscured in the surrounding clutter, tHY§O the deeg)est sandswnhout d|%gusf1gﬁThe t'm?'dcé?ﬁ'g ?OP(?O
signal from the CT is significantly larger than the cluttepYStém used was a sSensors and Software pulse ’

at ime ,t"c since the clutter signal experiences addlthn% ta were collected as the GPR moved along the surface, pass-
attenuation through the lossy ground, whereas the SigRg) girectly above the position of the CT, with the polarization
through the CT experiences a much lower attenuation througfkhe CT dipole aligned with that of the GPR antennas (which
the delay line. Note that in the underground condition thg perpendicular to the GPR travel direction). In the plot shown
clutter power is characterized by the scattering cross sectignFig. 2(a), the GPR travel distance was about 1.5 m with
of the range-cell volume corresponding to the range cell of tlhew traces collected about every 7.6 cm. The received signal

perating at a center frequency of 900 MHz. The measured
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Fig. 2. Measured time-domain CT performance: (a) grayscale graph of the radar response and (b) close-up look at a single time-domain trace.
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Fig. 3. Normalized response at different rotation angles for (a) the two-antenna and (b) three-antenna configurations.

is composed of reflections from both the target and clutter, i.eultiple locations on the surface. With this approach, the

reflections from the walls and bottom of the sand pit as wedkccuracy of the location estimate is limited by the accuracy
as from inhomogeneities within the sand. The direct reflectiami the GPR measurements and the knowledge of the dielectric
from the target lies in the upper part of the graph and is difficytroperties of the material between the GRP and the CT. Our
to distinguish from the clutter. In the lower part of the plotexperiments have shown that the accuracy of this method is
where the clutter is attenuated further, we can clearly see thighin about 2 cm when the CT is buried at a depth of about

characteristic hyperbolic response from the CT. 1 m in dry sand.

We can determine the location of the CT from the two-wa
travel time using (4). The CT echo begins at about 57 ns on
time axis, representing the round-trip time to the target plusTo determine the rotational orientation of the CT, the design
the known delay through the delay line of 40.3 ns, yieldinig expanded to include two (and later three) separate dipoles,
a round-trip time to the target of about 16 ns. The relativeach attached to independent delay lines of different lengths. In
dielectric constant of the sand was measured and foundthis arrangement, the response from the target is composed of
be 4.7; therefore, the depth of the CT is about 1.1 m. Frotwo distinct time-delayed responses corresponding to the two
the sample scan trace shown in Fig. 2(b), we see that tG&’s. Assuming the nominal antenna gains and the attenuation
delayed response of the CT corresponds to a depth of 3.7through the delay lines are similar, variations in the amplitudes
At this distance, well beyond the bottom of the sandbox af the two time-delayed responses correspond to variations
about 1.8 m (27 ns of round-trip time), the clutter signal ig the antenna response due to the different aspect angles
greatly attenuated. The improved SCR is clearly in evidendggtween each CT and the GPR. From the variations in the
comparing the direct response at time 16 ns (about 1.1 masfiplitudes, information on the rotational orientation of the
depth) with the response at time 57 ns. target is obtained.

Accurate knowledge of the CT location can be determinedFig. 3(a) shows the variation of received CT signal am-
through triangulation using GPR measurements made frgiitudes measured at different target rotational angles for

o Orientation Measurement
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a two-antenna CT configuration, and Fig. 3(b) shows this W 4 4 . k '

for a three-antenna CT configuration. For the two-antenna -70
configuration, the antennas are located on opposing sides of

the target (i.e., while one is on top, the other is on the bottom)

and, as the target is rotated, the signal strength varies due @
to changes in the antenna gain. We see from the graph that )
the rotation angle where the two CT responses peak are 180

apart. In Fig. 3(b), the maxima are separated by°126 -10 base freq.
the antennas are also located 12(part in the three-antenna

configuration. (Note that the responses are normalized; their -20
absolute amplitude can be different corresponding to their
delay.) With the three-antenna configuration, we estimate the
target rotational angle can be unambiguously determined to
within +10°.
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I1l. FREQUENCY-DOMAIN CT—DESIGN DISCUSSION

3rd harm.

In frequency-domain GPR systems, a sequence of nar-
rowband, relatively long-duration electromagnetic tones are
coupled into the ground and the returned signal is sampled.

Through spectral analysis, range and RCS information regard- 0 100 200 300 200
ing subsurface targets is obtained. A CT for this type of GPR frequency (MHz)
can also be developed. To obtain the enhanced SCR in this (b)

scheme, a frequency shift is introduced in the signal returned _ , . _
from the CT. Clearly echoes from the other subsurface targgﬁ%dg ' anﬁeft;”;’v}{‘ﬁ “;?g’g;? fespanse In free-space measurement: (a) without
will have the same frequency as the transmitted GPR signal.
The only source for the frequency-shifted signal is the CT;
hence, for a GPR designed to detect this frequency- sh|ﬂ‘3‘d
signal as well as the fundamental (unshifted-frequency) signal,To measure the second-harmonic power reradiated by the
an enhanced SCR is obtained. CT (diode), an experiment was carried out with a network
One technique for achieving this frequency shifting is tanalyzer serving as the signal source and a spectrum analyzer
generate a harmonic of the original signal. This can Iserving as the receiver, as shown in Fig. 4. To minimize
performed with devices exhibiting a nonlinear transfer chathe interference caused by the harmonics generated within
acteristic. One such device is a simple diode. When propethe signal source, a narrowband, bandpass filter centered at
stimulated, harmonics of the stimulating signal are developeltb0 MHz was used between the source and the transmitting
This is the approach we followed for the frequency-domaintenna. The transmitting and receiving antennas are both
CT. simple monopole antennas, while a 1N23C silicon mixer diode
Diode conversion efficiency is defined as the ratio betweevas attached to a dipole antenna placed between the other two
the power received at the CT and the second-harmonic povasitennas.
reradiated by the target. Numerical models [7], [8] suggestThe distance between the transmit and receive antennas
conversion efficiencies may range froml0 to —30 dB, was about 1 m, and the distance from the transmit antenna
depending on various diode parameters. While Schottky diodeshe diode was about 0.5 m. The network analyzer generates
are superior to p-n junction diodes in many aspects [8], fabout 20 dBm of CW power at 150 MHz. Fig. 5(a) shows the
GPR applications that use the lower end of the microwaveceived signal without the diode. We can see the fundamental
frequency range, silicon p-n junction diodes are of comparabftequency component is about 32 dB down from the signal
efficiency and available at a lower cost. source power due to transmission losses. This is because the

Preliminary Measurements
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antenna lengths are much shorter than the half wavelengtfi N. Goodman, C. Leuschen, R. G. Plumb, and C. T. Allen, “Subsurface

(1 m), and therefore, the radiation efficiency of the antennas :??Dgricf)? tgt%h?rilgugi ;ppelifguséapggoeﬂ?;}ﬁensgggp% Gr%%a}; g)e;rt] cﬁ?ility’”
is not optimized. Fig. 5(b) shows the received signal with the 5550 "op. 395-307. 9 '

diode present. It can be observed that a significant amount o M. T. Faber, Microwave and Millimeter Frequency Multiplier.Nor-

i i i i wood, MA: Artech House, 1995.
second-harmonic power is generated when the diode is prese, } S. A. Maas Microwave Mixers2nd ed. Norwood, MA: Artech House,

The second-harmonic signal level is abetB0 dB relative to 1988.
the fundamental signal level, which is within expectations.

When we next buried the diode in the sand and measured its
response, we observed a response essentially identical to that

shown in Fig. 5(b), as expected. o ) _ Christopher T. Allen (M'94-SM'95) received the B.S., M.S., and Ph.D.
The generation of the second-harmonic signal with a diodegrees in electrical engineering from The University of Kansas, Lawrence,
demonstrates the feasibility of this technique for a CT with i 1980, 1982, and 1984, respectively.
" d . Y q He was a Senior Member of the Technical Staff at Sandia National
requency-domain GPR. Laboratories, Albuquerque, NM, where he developed high-speed digital
systems (including timing and control circuitry and direct digital waveform
synthesis) for advanced radar systems, and he performed radar system design
IV. CONCLUSIONS and analysis on a variety of programs. He was then with the AlliedSignal

We have presented the results of a CT for the timc&ﬁansas City Division, where he was a Senior Staff Engineer and worked in

d . lovi . le dipol i a areas of high-speed digital design, radar systems analysis, and multichip
omain GPR employing a simple dipole antenna connectegqyle development. He joined the Electrical Engineering and Computer

to a delay line terminated in an open circuit. We have furthecience Department, The University of Kansas, as an Assistant Professor
demonstrated how the three-dimensional (3-D) location of tfeAugust 1994.

time-domain CT can be determined from a few, separate GPR

measurements aralpriori knowledge of the ground dielectric

properties. By using an array of independent time-domain

CT's, strategically arrayed about a target, the rotational asp&ct Shi received the B.Eng. degree from Huazhong University of Science

of the target can also be obtained. Finally, we have demcfH‘—d Technology, Wuhan, China, in 1988 and the M.S. degree in electrical
’ ' engineering and computer science from The University of Kansas, Lawrence,

strated the feasibility of using harmonic-frequency generatignigg7,
as a basis for a CT in the frequency domain. He is currently with Sunrise Telecom, San Jose, CA, as a Design Engi-
neer, and his interests are real-time embedding systems and telecom testing
technologies.
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