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Abstract: Ground-penetrating radar (GPR) was used 
to detect UXO and nonordnance on the 40-acre site (lot 
54) of Jefferson Proving Ground, Indiana. The UXO are 
buried about 1 m deep in a clayey silt for which the soil 
water content ranged from moist near the surface to 
near saturation at about 1 m. A16-bit radar was used to 
profile along previously established lines and transects 
over emplaced artificial targets. Data were recorded at 
48-64 traces/s with minimal towing speeds during both 
dry and rainy weather. Target responses at both 300 
(time range of 50 ns) and 600 MHz (30 ns) ranged from 
discrete diffractions to short reflection segments. Soil 
loss greatly attenuated diffraction hyperbolas. Theoret- 
ical analyses of these hyperbolas give an average soil 
dielectric constant of 10 at both 300 and 600 MHz. The 
phase polarity of many of the reflected and diffracted 
wavelets indicate targets with wave impedances higher 
than that of the soil. It is therefore assumed that these 
targets are metallic and the responses of some, whose 
locations correlate with the position of UXO on burial 

maps, are shown in detail. Theoretical modeling of wave- 
let propagation for this soil confirms the high rate of at- 
tenuation (47-66 dB/m round-trip), the maintenance of 
waveform, a shift in wavelet local frequency, and re- 
sponse to a typical UXO. It is concluded that GPR is 
effective for finding targets in this type of soil to no more 
than 2-m depth. It is recommended that future surveys 
utilize high trace acquisition rates to capture the full tar- 
get responses, and a prowed, heavy dielectric antenna 
sled to improve antenna-to-ground coupling and to de- 
flect surface obstacles such as vegetation. Broadband, 
three-dimensional numerical modeling of scattering from 
UXO-shaped targets in soil, with diverse orientations of 
antenna and target relative to one another, suggests 
that target length and diameter may be inferred from 
resonance patterns in backscattered signals. The sim- 
ulations also reveal some ways in which oblique target/ 
antenna orientations along a transect may affect 
frequency-dependent response patterns, providing clues 
as to target shape as well as positional ambiguities. 

COVER: Commercial antenna transducer units that 
produced the 300- (left) and 600-MHz wavelets. The 
plastic tubs improved ground contact. 
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UXO Detection at Jefferson Proving Ground 
Using Ground-Penetrating Radar 

STEVEN A. ARCONE, KEVIN O'NEILL, ALLAN J. DELANEY, 

AND PAUL V. SELLMANN 

INTRODUCTION 

The remote detection of unexploded ordnance 
(UXO) has generally relied on the electromagnetic in- 
duction (EMI) and ground-penetrating radar (GPR) 
methods. EMI, the most common method, finds targets 
that contrast strongly in electrical conductivity with their 
host soil by detecting 10- to 40-kHz magnetic fields 
induced from the target. EMI systems are mobile and 
do not require ground contact, and their performance is 
not degraded by minor variations in topography. How- 
ever, they have little ability to detect nonmetallic tar- 
gets. GPR, which generally operates between about 50 
and 1000 MHz, is sensitive to contrasts in both con- 
ductivity and dielectric permittivity. Thus GPR can 
detect plastic, glass, concrete, or wood when their per- 
mittivity contrasts with that of a moist soil. In addition, 
GPR shows the continuity of soil horizons and thus can 
detect burials of foreign targets by the disturbance of 
those horizons. GPR performance requires good an- 
tenna-ground contact and a complex soil permittivity 
and conductivity that does not rapidly attenuate 
radiowave energy. The 50- to 300-MHz range usually 
provides optimum penetration for a given soil conduc- 
tivity and permittivity. In this report we discuss GPR 
results from a site within the Jefferson Proving Ground 
(JPG), where ordnance is buried within a highly attenu- 
ating soil and for which reports of GPR performance 
(NAVEOD 1997) are negative. 

Our objectives were 1) to assess the ability of GPR 
to detect UXO-type targets at JPG, and 2) to under- 
stand the nature and causes of target responses to fos- 
ter better target discrimination or explain difficulties 
therein. We were interested in the effect of the soil elec- 

trical properties upon the GPR survey parameters of 
frequency, towing speed, and data acquisition rate. We 
surveyed a site where the types, locations, depths, and 
approximate orientations of both ordnance (metallic) 
and nonordnance (metallic and nonmetallic) are docu- 
mented. We used supplied location maps to identify the 
probable nature of targets detected. The specified depths 
are rarely stated to exceed one meter. We used a com- 
mercially available GPR system and towed 100-, 300- 
and 600-MHz- (mid-band values) frequency antennas 
along established lines. The higher two frequencies pro- 
vide high resolution of subsurface objects and are within 
military specification for ordnance detection, and the 
antennas are small and mobile. We used the signal char- 
acteristics obtained from ordnance, nonordnance, and 
objects we emplaced to determine soil permittivity and 
diffraction waveforms. 

Three-dimensional numerical modeling employed an 
integral method that allowed incorporation of a reason- 
ably realistic subsurface antenna radiation pattern as 
well as arbitrary target shape and orientation. Key ide- 
alizations were the assumption of homogeneous ground 
and exclusion of ground surface effects. The model was 
used to compute fully polarimetric mono- and bistatic 
scattering over a broad band, for positions directly over 
a target as well as along a continuous transect passing 
by the target. 

SITE DESCRIPTION 

JPG (Fig. 1) is located in southern Indiana. Our in- 
vestigations were performed within lot 54, known as 
the 40-acre site (Fig. 1). The vegetation at this site is 
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Figure 1. Location of the 40-acre site at Jefferson Proving Ground. 

predominantly sedge and grass with a few trees. The area 
has a nearly level to gently sloping topography with small 
gullies providing only a few meters of relief. The site has 
been specially prepared with approximately 246 unfused, 
buried ordnance and 234 nonordnance targets buried 
within 1 m of the surface. The ordnance includes small, 
handheld munitions, 2-ft- (0.6-m-) long projectiles, and 
5-ft- (1.6-m-) long bombs. Strong radio background noise 
was present at this site. 

We conducted our surveys from 23 to 25 October 
1997. The weather was clear on 23 October, and then 
light rain fell late on the 24th and all day on 25 Octo- 
ber. All of our profile transects were freshly mowed, 
but clumps of woody vegetation and tractor ruts made 
for uneven antenna towing and short periods of poor 
antenna-ground contact. 

SOILS 

The soils in this area formed in a thin surface layer 
of windblown silt (loess) and underlying glacial drift 
(Nickell 1985). Some residual soils may reside near the 

limestone bedrock interface where small rock fragments 
occur. The bedrock ranges from about 1.5 to 7.6 m deep. 
The soils are part of either the Cobbsfork-Avonburg 
(CA) or Cincinnati-Rossmoyne-Hickory (CRH) soil 
map units. The CA soils are found on level to gently 
sloping surfaces, are generally poorly drained, and have 
a seasonally high water table. They can also have a pan 
layer, which can create a perched water table at a depth 
of 0.3-1 m for a significant part of the year. The CRH 
soils are found on level to steep surfaces and are classed 
as well drained to moderately well drained. They may 
also have a pan layer of low permeability and perched 
water tables at depths of 0.5-1 m during the winter and 
spring. In general, both soil units have a 15- to 20-cm 
surface soil consisting of silt loam varying from dark 
brown to gray brown. The permeability tends to 
decrease with depth because of an increase in clay con- 
tent in the pan layers. 

X-ray diffraction studies performed by the U.S. 
Army Waterways Experiment Station in Vicksburg, 
Mississippi, show the soil mineralogy to be primarily 
quartz and plagioclase feldspar with clay minerals gen- 
erally absent or in minor amounts. This is consistent 



with other studies of loess in the southern United States 
(Rodbell et al. 1997), which show a predominant 
amount of quartz, and also with studies of loess in inte- 
rior Alaska (Pewe 1955). 

DIELECTRIC THEORY 

We present the theory of radiowave propagation in 
soils in this section in order to provide a basis for mod- 
eling the GPR propagation at JPG later. The discussion 
pertains to engineering-grade silt- and clay-size soils, 
but of little clay mineralogy so that it applies to the 
soils at JPG. The radar detectability of a subsurface tar- 
get strongly depends on the radiowave speed, v, and 
attenuation rate, ß, of the burial soil. The speed deter- 
mines the shape of the antenna beamwidth. ß deter- 
mines how deep the radiowaves will penetrate and 
return to the surface with enough strength to be detected. 
These quantities are related to the relative complex per- 
mittivity of soil, es*, such that 

= c/Real (es* 1/2) 

and 

ß(dB/m) = 201og exp-^ /a» / c Imag(es*
1/2 

(1) 

I) 
(2) 

where i = (-1)1/2, co is frequency in radians/s, and 
c = 3 x 108 m/s is the wavespeed in free space. The 
quantity es* is determined by the Debye relaxation 
permittivity (Debye 1929), ere], and a contribution 
from the very-low-frequency soil conductivity, a 
(Siemens/m, or S/m), such that 

slows and attenuates the incident radiation. This process 
is dispersive, which means that different frequencies 
within the incident wavelets propagate at different speeds 
and attenuation rates (Stratton 1941, Brillouin 1960, and 
Feynman et al. 1964). 

Values of est are directly related to the water content 
for nonmineralogic clays and silts (Topp et al. 1980) 
and generally equal es* for/< 600 MHz. Above about 
600 MHz, laboratory investigations (Hoekstra and 
Doyle 1971, Hoekstra and Delaney 1974) show that 
the adsorbed water on the particle surfaces of the clay 
fraction (Tice et al. 1982) strongly influences the 
dielectric properties. The adsorption process lowers both 
the high dielectric constant (81) of the normally free 
water and also the free water relaxation frequency (22 
GHz) to about 1-3 GHz. Values of e00 are generally 
related to the dry soil density, range from about 2.5 to 
3.5, and equal es* at frequencies above about 100,000 
MHz. For soils of JPG and the radar frequencies used, 
a was large enough to also influence attenuation 
because it determines how much of the radiowave 
energy will be converted into conduction currents. 

The resulting values of es* for silty and clay-rich 
soils at frequencies above about 100 MHz provide high 
values of ß and wave speeds lower than would be 
expected for sandy soils with the same volumetric 
water content. The ß values (a quantitative discussion 
is given later) increase as / approaches, and then 
exceeds, frd, and are orders of magnitude greater than 
attenuation rates caused by the geometric spreading of 
the radiation energy. At frequencies below about 1000 
MHz, the real part, e' = est, often referred to as the 
dielectric constant, determines the wave speed v through 
the relation 

= c/e'i/2 (5) 

eS* = erel-to/a)e0 

where 

(3) for a variety of frozen and unfrozen silts and 
(nonmineralogic) clays (Hoekstra and Delaney 1974, 
Topp et al. 1980, Delaney and Arcone 1984). 

erel = eoo + (est - EooVC1 + iflfrd)- (4) 

e0 is the dielectric permittivity of free space (a con- 
stant), est is the low-frequency, "static" value of the rela- 
tive soil permittivity, e00 is the very-high-frequency 
value,/= 2K(ü is the wave frequency in hertz (Hz), or 
frequency component for a radar wavelet, and fra\ is 
the soil relaxation frequency. The quantity erei deter- 
mines the dipole moment density induced in a material 
by a passing wave. The quantity fK\ is a characteristic 
frequency above which the induced dipoles no longer 
stay in phase with the incident radiowave. These 
dipoles then generate interference, which effectively 

EQUIPMENT AND METHODS 

Radar system 
We used the GSSI (Geophysical Survey Systems, 

Inc.) SIR system model 2 and models 3207 (100 MHz), 
5103 (300 MHz), and 101C (600 MHz) antenna trans- 
ducers. We used the control unit to set the time range 
(in nanoseconds, ns) for the echo traces, the data ac- 
quisition rate (48 or 64 traces/s), the sampling density 
(512 samples per trace), trace sample density (16-bit), 
and time variable gain (TVG) for the traces. We cali- 
brated our settings with the antennas set over targets 



that we emplaced. The resulting reflections required a 
large amount of gain (up to 65 dB) at time ranges of 
only 50 (300 MHz) and 30 ns (600 MHz). The short 
time ranges were sufficient to capture target responses 
throughout the site but were also necessary to limit back- 
ground radiowave interference, which beat with the 
radar returns at the high-gain time ranges. The high gain 
had the negative effect of amplifying small antenna 
impedance mismatches and low-amplitude clutter (un- 
wanted events), which probably originated from radia- 
tion that leaked onto the antenna housing and cables. 
These events usually arrive at constant time delay and 
their interference can be alleviated with a horizontal 
"background removal" filter. However, in our case, 
where short time ranges were used, electronic jitter and 
erratic movement of the antenna may have caused these 
events to arrive at variable amplitude and so their 
interference was not consistently reduced by filtering. 

All antennas were resistively loaded dipoles. The 
smaller, 300- and 600-MHz antennas are shielded with 
semi-cylindrical housings to alleviate above-surface 
clutter. These frequencies are "local" (also known as 
"instantaneous") values, which correspond with the 
dominant periods and lie approximately at the center 
of the received wavelet spectrum. They are consider- 
ably below the manufacturer's specifications for these 
antennas (400 and 900 MHz, respectively), which 
generally apply to operation in air or on the ground with 
lower values of dielectric permittivity and loss than 
encountered here. Their transmitters do not exceed 8 
W (peak power) in order to protect the nearby receiver. 

One-hundred-MHz data were also acquired but are not 
discussed because the direct coupling between these 
antennas, which lasts approximately 30-50 ns, obliter- 
ated any near-surface returns. The antenna directivity 
becomes increasingly confined beneath the antenna as 
e' increases (Arcone 1995). The typical shape of a trans- 
mitted GPR wavelet for either the 300- or 600-MHz 
antenna system is shown in Figure 2. The phase polar- 
ity sequence of the half-cycles defines the wavelet phase 
(Arcone 1995). 

Field profiling 
We profiled along established transects and entered 

electronic event markers on the profiles at previously 
established, 100-ft (30-m) distance marks. The transects 
generally deviated from a straight line by 1-2 m, and 
sometimes by as much as 5 m to avoid isolated bushes, 
trees, and severe ruts. Consequently we cannot recon- 
struct our exact position along the lines, and errors of 
as much as 20 ft (6 m) may occur in our interpretation 
of distance between markers. We dragged all our 
antennas by vehicle at less than 1 m/s for long distances 
and by hand for the small surveys over emplaced tar- 
gets. All antennas were polarized perpendicular to the 
transect direction. We determined that vehicle reflec- 
tions were not in the data by comparing profiles 
recorded with and without the vehicle. We placed the 
smaller antennas in a fiberglass box to alleviate erratic 
antenna-to-ground coupling. However, the uneven tow- 
ing speed over the rough ground also degraded the 
appearance of the profiles. 

E < 

Figure 2. Typical form of a radiated GPR wavelet (darkened area). 
The frequency characterization of the wavelet refers to the inverse 
of the dominant wavelet period (in this case, about 300 MHz). 



Post-processing and display of data 
We first band-pass-filtered (very wide settings, e.g., 

50-600 MHz for the Model 5103 antenna) the recorded 
data to alleviate high-frequency electronic noise and 
low-frequency, above-surface clutter. We normalized 
the number of data traces between event markers over 
the targets we emplaced to compensate for changes in 
dragging speed. We did not normalize the longer pro- 
files with the 100-ft (30-m) marker spacing because 
vehicle speed varied between any two markers. 

We used both linear and nonlinear gray-scale for- 
mats to indicate signal strength, and used an amplitude 
format to display the profiles for the targets we buried. 
In this format, positive phase is indicated by lighter 
tones and negative phase by darker tones. We used an 
intensity format to display the profiles of the perma- 
nent targets at JPG. In this format, which is insensitive 
to phase, strength is indicated by the intensity of darker 
tones. 

Profile interpretation 
The main objectives of the profile analysis are to 

determine if ordnance targets had been detected and 
the range of e'values for the site soil. The permittivity 
analysis used the diffractions caused by radar scatter- 
ing from targets. In this method we matched the hyper- 
bolic shape of the diffractions with theoretical hyper- 
bolas for a given value of e' (Jezek et al. 1979, Clarke 
and Bentley 1994, Arcone et al. 1998). The main dis- 
advantages of this approach are 1) the hyperbolas can 
actually be responses to linear soil inclusions, in which 
case the hyperbolas are distorted reflections that result 
when the transect obliquely intersects the inclusion 
direction (Jezek et al. 1979) and are thus artificially 
wide; and 2) an erratic towing speed, which would dis- 
tort the hyperbolic image. Item 1 was not considered 
important because of the depositional process of the 
soil (glacial drift and loess) and because of probable 
historical tilling. Item 2 is a concern and for this reason 
a statistical study is presented. 

Target detection depends on the presence of either 
or both diffractions and reflections and also on their 
phase polarity. Both the strength and phase polarity of 
a reflected or diffracted event depend on the reflectivity 
of a target, which is determined by its Fresnel reflec- 
tion coefficient, R, such that 

R = (es*
1/2 - et*I/2)/( es*

1/2 + et*
1/2) (6) 

where et* is the complex permittivity for the target 
medium (Wait 1970). Although this formula applies to 
plane wave incidence upon large flat reflectors, we 
invoke its use because of the small in-situ wavelengths 
(30 cm at 300 MHz) relative to the larger sizes of some 

of the targets known to be buried at JPG and because it 
predicts the correct phase polarity. For a metal target, 
assumed to be ordnance, et* is orders of magnitude 
higher than es* and produces a wavelet with a phase 
structure opposite to that produced when et* is lower 
than es*. 

It is unlikely that any geologic or organic inhomo- 
geneity in the JPG soil we profiled had a higher et* 
than that of the soil itself. Consistent horizons are vir- 
tually absent in our data, which means that electrically 
important changes, such as in moisture content, were 
gradational. In addition, e'of limestone is generally 
between 8 and 10 (Parkhomenko 1967), which is near 
that of the soil and precluded strong bedrock reflections. 

RESULTS AND DISCUSSION 

Control studies 
Our objectives for the control studies were to obtain 

profile responses and scattered waveforms for buried 
metal reflectors, as well as soil moisture and conduc- 
tivity profiles. We conducted these studies either out- 
side or along the perimeter of the 40-acre site (Fig. 3). 
We buried two 9-inch- (23-cm-) diameter metal disks 
at depths of 11 (28 cm) and 23 (58 cm) inches. The 
removed soil was highly compact and did not appear to 
have excess moisture. Therefore, we think that no sig- 
nificant soil drying took place between removal and 
reburial. The 300- and 600-MHz diffractions from the 
deeper target (Fig. 4) (the response to the more shallow 
target is not sufficiently separated from the direct cou- 
pling between antennas to facilitate analysis) best fit 
theoretical diffraction hyperbolas for e' = 9.3 and 8.6 at 
300 and 600 MHz, respectively. The values of e', which 
we computed from the wavelet round-trip travel time 
when the antennas were over the center of the targets, 
are 9.5 and 8.7, respectively. In accordance with the 
measurements, dielectric dispersion theory (eq. 4, and 
discussed below) predicts that the 600-MHz value 
should be slightly less than the 300-MHz value. 

The accompanying traces in Figure 4, whose posi- 
tions within the profiles are indicated by arrows, show 
the forms of the scattered wavelets within the diffrac- 
tions. The wavelets have a negative-positive-negative 
sequence to the phase polarity of the dominant half- 
cycles. This sequence is typical for the relative polarity 
wiring of these GSSI antennas and is characteristic of 
targets whose wave impedance (eq. 6) is higher than 
that of the surrounding media. Targets characterized by 
an e' value less than that of the soil matrix would pro- 
duce a similar wavelet but with opposite phase polarity 
of the individual half-cycles. The local frequency is 
indicated for the wavelets. 
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Figure 3. Distributions at the 40-acre site with radar profile transects superimposed. Line 
arrows indicate the profile directions. In Figure 3b, the small arrow along line C marks a 
bomb (cross symbol), and a bracket along line K indicates targets whose responses are 
discussed later. Also shown are the locations of the targets we buried and the soil cores 
we extracted for moisture profiles. 



Phase 

600 MHz 

Figure 4. 300- (left) and 600- (right) MHz diffraction profiles and waveform responses to a 
metal disk buried 58 cm deep. The amplitude of the 600-MHz diffraction fades rapidly as 
distance increases from the target. The diffracted wavelets (darkened areas) within the sample 
traces have a half-cycle polarity sequence that is characteristic of the response of this an- 
tenna system's wavelets from a metal target. 

The amplitude along the 600-MHz hyperbolic as- 
ymptotes in Figure 4 rapidly fades with distance from 
the target. This indicates a very high soil attenuation 
rate per meter; the change in antenna directivity with 
angle to the target (discussed later) is an insignificant 
loss factor. Commercial GPR systems at these frequen- 
cies commonly have a performance figure of about 100- 
120 dB and a dynamic range (the amplitude range vis- 
ible in any particular trace) of about 60-70 dB. This 

latter range is consistent with the gain we added before 
recording and with soil attenuation rates discussed later. 

The volumetric water content profiles of soil core 
samples (obtained before rain occurred) show values 
from about 15% at the surface to as high as 40% at 30- 
180 cm deep (Fig. 5). The water contents within the 
profile of the core obtained about 24 hours after steady 
rain had begun ranged from 23 to 45%, the latter of 
which is at about saturation for this type of soil. The 
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a. Profile 1. 

Figure 5. Soil moisture profiles at five locations. 
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Figure 5 (cont'd). Soil moisture pro- 
files at five locations. 
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core obtained above the 58-cm-deep target showed a 
moisture content that varied from 15% at 15 cm deep 
to 24% at 50-70 cm deep. According to Topp et al. 
(1980), these water contents correspond with e' values 
ranging from about 7 (15%) to 12 (25%), which agrees 
well with our values of 8.6-9.5 for this soil column. A 
time-of-flight analysis, in which we ascribed the 
appropriate e' to 10-cm soil increments (Fig. 5b) and 
then calculated the time delay in each increment, gives 
an effective e' value of 9.5. 

Soil conductivity, a, was measured at several sites 
by the Waterways Experiment Station (Llopis in prep). 
Using four-electrode Schlumberger soundings, concur- 
rent with our work, they found the soil resistivity struc- 
ture to be dominated by a near-surface, 2- to 
4-m layer with approximately 0.025 < o < 0.04 s/m. 
These values strongly influence radiowave attenuation 
below about 400 MHz, while the imaginary part of e*, 

200 

e", influences attenuation above 400 MHz (discussed 
later). Although e" was not measured, the high amount 
of gain used for the radar measurements indicates a high 
attenuation rate for this soil and will be seen to be con- 
sistent with the above range of a. 

Grid survey: 300 MHz 
The transect lines on the 40-acre site are superim- 

posed on maps of target and ordnance distribution in 
Figure 3. The lines surveyed are designated as transects 
A, B, C, etc., and were 1300 ft (396 m) long. The class 
of target (ordnance or nonordnance) is indicated on the 
map. Additional information regarding exact location 
and type of target, target depth, and approximate orien- 
tation is available. All ordnance are metal. 

We show a typical 300-MHz profile segment before 
and after horizontal background removal filtering in Fig- 
ure 6. Intensity is linearly proportional to signal ampli- 
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tude in the profile. The time range of 50 ns, beyond 
which noise became severe, corresponds to about 2.3 
m of penetration for e' = 10.4, the average value 
obtained at JPG (discussed later). The direct coupling 
between antennas occupies about 8 ns of the record and 
masks part of the responses to some of the targets. The 
noise bands between about 30 and 40 ns are probably 
caused by radiation leakage onto the cables that reflected 
back to the receiver and internal system mismatch 
reflections caused by either the high value of E' at the 
surface or poor system design. In both cases, erratic 
ground contact, caused by uneven topography and jerks 
in the towing, caused the amplitude of these bands to 
vary and precluded the efficacy of horizontal filtering. 
No distinct and extended horizons indicative of soil 
stratification or a bedrock interface appear within the 
2-3 m of radar penetration along any of our profiles. 

We use arrows to identify several targets of anoma- 
lously high amplitude in the unfiltered profile of Fig- 
ure 6. These targets are characterized by both hyper- 

bolic diffractions (between 859 and 865 ft) and short 
reflection segments. Although the background filter- 
ing reduces the noise bands and the direct coupling, it 
also attenuates many target responses, especially those 
characterized by short reflection segments such as 
occur near 926,915, and 900 ft. The use of more traces 
(i.e., a wider "window") in the background filter would 
retain these reflection responses at the expense of less 
noise reduction. 

In general, we detected a total of 30 high-amplitude 
targets along all 14 lines, of which 14 responses within 
segments of these profiles are shown in Figure 7. The 
phase structure of several of the target wavelets 
(transects C, left; G, left; K, left; and I) identifies them 
as being of higher impedance than the surrounding soil 
matrix. They are therefore probably metal. Other target 
wavelets have a phase structure opposite that of the 
metal response (transect F; transect K, right). We 
presume these responses to be from the nonordnance 
targets. Some targets exhibit waveform resonance, 
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Figure 6. Sample segment of a 300-MHz profile (top) and the result of apply- 
ing a background removal filter (bottom). The arrows indicate strong targets. 
The short filter window required to alleviate the erratic character of the back- 
ground noise decreases the prominence of the target responses. 

a. Transect C. 

Figure 7. Selected target responses within segments extracted from the 300-MHz profiles, and 
sample traces containing diffracted or reflected wavelets (darkened areas). The distances along 
each transect are shown at the top of the segments. Each segment is 500 traces long, and trace 
number is indicated on the sample traces. The lower horizontal scale is in 100-trace incre- 
ments. The depth scale is based on an e' of 10.4. 
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Figure 7 (cont'd). 
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Figure 7 (cont'd). Selected target responses within segments extracted from the 300-MHz pro- 
files and sample traces containing diffracted or reflected wavelets (darkened areas). The dis- 
tances along each transect are shown at the top of the segments. Each segment is 500 traces 
long, and trace number is indicated on the sample traces. The lower horizontal scale is in 100- 
trace increments. The depth scale is based on an e' of 10.4. 

within which the first few half-cycles have the metal 
response waveform (transect C, right), while other tar- 
gets exhibit resonances within the direct coupling and 
cannot be similarly analyzed (transect G, right; transect 
L). These latter resonances occur where targets are 
extremely close to the surface; i.e., where target mul- 
tiple reflections occur before soil attenuation dampens 
them significantly. In all cases, diffraction asymptotes 
are so highly attenuated as to be either barely visible 
for small targets (transect G, left), as was seen in the 
control studies of Figure 4, or not visible at all where 
they should occur at the ends of short reflection segments 
recorded above more extended targets (transect C, left). 

We give probable interpretations for the target 
responses seen along transect C (left side) and along 
transect K (left side) in Figure 8. The response along 
transect C is about 7 ft (2.1 m) long, which is close to 
the length of a heavy bomb (1.6 m). The location of 
this response (533-572 ft) is marked in Figure 3b as 
having such ordnance. The more complex response 
along transect K is about 12 ft (3.7 m) long and occurs 
in a section marked as having several medium-size mor- 
tars and projectiles. The JPG UXO ordnance brochures 
show many of these projectiles to be about 2 ft (0.6 m) 
long. We therefore speculate that this transect segment 
spanned a series of close projectiles. 

Grid survey: 600 MHz 
We conducted this survey along four of the 14 grid 

lines. We show profile segments containing the seven 
strongest target responses (Fig. 9) in a nonlinear for- 
mat because the amplitudes of all the returns are 
extremely weak, hence the appearance of much more 
noise (gray speckle patterns) in the profiles than 
appeared at 300 MHz. 

Small segments of diffractions are apparent in all 
the target responses in Figure 9; the lack of asymptotes 
indicates the high signal attenuation. Almost all of the 
responses have well-defined wavelets that exhibit the 
proper phase for a high-impedance target. These 
responses originate from depths less than about 0.5 m 
and would not have been resolved from the direct cou- 
pling of the 300-MHz system. Although the time range 
is only 30 ns, very few target responses occurred at 
greater than about 20-ns range. Therefore, the penetra- 
tion of this frequency in this soil was limited to less 
than 1 m deep. 

Distribution of e' 
We compared the more prominent diffractions seen 

in both the 300- and 600-MHz surveys with model 
hyperbolas to produce distributions of e' and to com- 
pute an effective mean permittivity value for the over- 
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Figure 8. Likely interpretations for two of the responses in Figure 7. 

burden above the targets. Seventy diffractions were 
identified in the 300-MHz survey and 48 in the 600- 
MHz survey. We used a statistical approach to average 
the computational inaccuracies caused by the minor dif- 
ferences in distance scale that resulted from uneven 
towing speeds. Seventy hyperbolas were clear enough 
in the 300-MHz profiles to be used and 48 in the 600- 
MHz profiles. Both distributions (Fig. 10) exhibit nearly 
the same average value and similar standard deviations 
(s.d.), although their distributions are slightly differ- 
ent. The 300-MHz distribution is more bimodal, which 
may reflect different orientations of deeper targets; 
extended targets whose axial direction crosses that of 
the transect produce hyperbolic reflections rather 
than diffractions, with values of e' reduced by the sine 
of the intersection angle (Jezek et al. 1979). The 600- 
MHz distribution may reflect less target orientation 
because it was limited to only lines A-D and to shal- 
lower depths. 

THEORETICAL DISCUSSION 

The average values of e', the range of a, the fact that 
e' may be slightly less at 600 MHz than at 300, and the 

high radar gain and faded diffraction asymptotes, both 
of which indicate high attenuation rates, allow us to 
estimate the soil dielectric properties at JPG (Fig. 11a) 
and theorize their effect upon antenna beamwidth and 
waveform. We assume fte\ is about 3 GHz (Hoekstra 
and Delaney 1974); if it was any lower, then e' at 600 
MHz would be distinctly lower than it is at 300 MHz. 
We chose a value of 3 for e00, which is characteristic of 
dry soils and applies to frequency values where water 
is nondispersive. The JPG values of a strongly influ- 
ence ß below about 400 MHz, while erei is the domi- 
nant factor above about 400 MHz (Fig. 1 lb). Unfrozen 
mineralogic clays can exhibit even stronger absorption 
and may preclude any radar penetration at our frequency 
range and above (Hoekstra and Doyle 1971). 

We computed the effects of the soil properties upon 
the round-trip propagation of both a model of our 300- 
MHz wavelet and an ideal monocycle-type waveform 
(Fig. 12). Amonocycle is the shortest possible pulse an 
antenna can radiate and may be nearly achieved with 
unshielded antennas. It therefore has a wider bandwidth 
than our system model and would provide the highest 
possible target resolution. Both wavelets begin propa- 
gation with a local frequency of 400 MHz (Fig. 12a), 
which is that of our antenna model 5103 when used on 
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Figure 9. Selected target responses within segments extracted from the 600-MHz profiles, and sample traces 
containing wavelets. The penetration of this frequency is about 1 m. 
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Figure 10. Distribution of e' at both 300 (black) and 600 MHz (grey). 

low-permittivity material (e.g., e' = 4). Both wavelets 
then experience strong attenuation caused by conduc- 
tivity alone (Fig. 12b) but maintain their original form 
in this case and show no shift in local frequency*. Fig- 
ures 12c and d show that shifts in local frequency will 
occur when the dielectric relaxation is considered. 
Despite the shift, the wavelet form is changed little. 

The value of e' also determines the antenna direc- 
tivity (Arcone 1995). Horizontal dipoles on the ground 
surface show a greater concentration of energy within 
the subsurface vertical plane that includes the antenna 
axis than in the plane perpendicular to the axis (Fig. 
13). As e' increases, the radiation will become more 
confined within the plane containing the antenna axis. 
This means that our profiles were mainly sensitive to 
the ground directly beneath the transects. The greater 
width of the pattern perpendicular to the axis (and along 
our transects) shows that the rapid fading we observed 
within diffraction asymptotes was due to soil attenua- 
tion and not to radiation directivity. 

*The distortion is small in all cases for our system model 
(Fig. 12b, c, d, bottom) and the attenuation is comparable to 
the gain we used during recording to bring reflections to the 
level of the direct coupling. The shift in local frequency for 
the ideal wavelet (Fig. 12c, d, top) is severe enough to pre- 
clude its detection by a receiver antenna identical to the trans- 
mitter antenna. In contrast, the local frequency of our system 
model is lowered to only 300 MHz by the 3-GHz relaxation 
frequency (Fig. 12c, bottom). A value of 6 GHz has less 
effect (Fig. 12d, bottom). 

MODELING 

In this section we describe some basic modeling that 
is intended to do two things: 1) demonstrate how the 
specific kinds of scattering effects from elongated UXO- 
type targets can give systematic clues to the character 
of the target; and 2) show how such scattering can cause 
ambiguities in the pattern of measured signal. As an 
entrance into modeling the kind of phenomena con- 
fronted in the field, we constructed a simple integral 
equation model of radar scattering in a uniform loessy 
background. Our focus is on the kinds of fields radi- 
ated from a dipole-type antenna, their interactions with 
UXO-form targets, and the scattered signals that result. 
We do not include complications here which may arise 
from the presence of a ground surface near the target, 
but concentrate only on the transmissions and reflec- 
tions back and forth between the antenna and target. 
Elsewhere, using more sophisticated modeling tech- 
niques (O'Neill et al. in prep), we treat targets with 
proximate ground surfaces. These latter investigations 
generally reveal that basic resonance and polarimetric 
scattering phenomena that we see here using the inte- 
gral equation model (infinite homogeneous soil back- 
ground) usually persist when the target is near the 
ground surface. 

Within the bounds of our assumptions-infinite soil 
constituting a uniform background around the target- 
we treat the physics of the antenna radiation and target 
scattering (re-radiation) rigorously. All governing rela- 
tions used here begin with statements tantamount to 
Huygen's Principle (Kong 1990). To simulate both 
radiation from the buried target and from the transmit- 
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Figure 11. Dielectric permittivity curves and attenuation rates for the average 
e', range of a, and probable values of fre! and e00 at JPG. A dielectric relax- 
ation at about 3 GHz strongly increases ß above about 300 MHz, yet wave 
velocity (determined by the real part of es*) remains constant to about 600 
MHz. 
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Figure 12. Model 400-MHz wavelets before and after round-trip propagation within 
1 m of ground characterized by the soil parameters measured. The wavelets re- 
flect from an interface for which R = -1 (eq. 6), which only reverses the phase of 
the wavelets so that all wavelet distortion and attenuation are due to propagation. 
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Figure 12 (cont'd). Model 400-MHz wavelets before and after round-trip propaga- 
tion within 1 m of ground characterized by the soil parameters measured. The 
wavelets reflect from an interface for which R = -1 (eq. 6), which only reverses the 
phase of the wavelets so that all wavelet distortion and attenuation are due to 
propagation. 
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Figure 12 (cont'd). Model 400-MHz wavelets before and after round-trip propa- 
gation within 1 m of ground characterized by the soil parameters measured. 
The wavelets reflect from an interface for which R = -1 (eq. 6), which only 
reverses the phase of the wavelets so that all wavelet distortion and attenu- 
ation are due to propagation. 
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Figure 13. Radiation beamwidths for a model of our antennas and the average e' = 
10.4 found at JPG. The solid curve is the beam pattern within the plane of the transect 
and is perpendicular to the direction of antenna polarization. The dotted curve is the 
beam pattern in the plane of the antenna polarization, which is perpendicular to the 
transect direction. Individual pattern 3-dB beamwidths are indicated at the point of 
the arrows. Atypical form of the radiated wavelet is also shown. The curves assume 
that the transmitter and receiver antennas are coincident. They are actually spaced 
about 15 cm apart in the 300-MHz unit and slightly less in the 600-MHz unit. 

ting antenna, we consider electric currents over the sur- 
face of a perfect electric conductor (PEC), where the 
tangential electric field E is negligible. In terms of 
integrals over the metal surface S, 

oc(r)E(r) = JJ dS' 
S 

/cong(r,r')J(r') + 

(7) 

'cc(r)H(r) = JJd5* Vg(r,r')x j(r')-H(r 

where r and r' are observation and integration field 
points, respectively; u. is the magnetic permeability of 
the soil, taken here to be that of free space (4TC X 10~7 

H/m); k is the electromagnetic wavenumber (m_1); and 
E (V/m) and H (A/m) are the radiated electric and mag- 
netic fields, respectively. The quantity a is a geometri- 

cal factor equal to the solid angle subtended by the sur- 
face required to exclude the singularity when r equals 
r', divided by An. Thus at a point on a smooth, i.e., 
locally flat surface, a is one-half. The surface currents 
J are equal to n x H, where the unit normal vector n 
points outward from the surface, while the tangential 
electric field, proportional to n xE, has been consid- 
ered negligible (perfect conductor). The scalar Green 
function g is 

g: 
JkR 

47ti? 
R = \r-r'\ (8) 

Taking the vector cross product of n with equation 
(7) for H leads to 

a(r)J(r)-H^{(Ä(r).J(r'))Vg(r,r')- 
s 

j(r')(Ä(r)-Vg(r,r'))} = n(r)xH(ryc. (9) 
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We approximate the target geometry using N sur- 
face elements, each being a flat triangular facet. To 
achieve the numerical formulation we assume further 
that the current J is approximately constant over each 
such element, associating its value with the location of 
the element's centroid, rj; i.e., Jj = J(rj) for the ;th ele- 
ment. Locating r only at the centroid of each element 
means that what follows a is always one-half. Alto- 
gether we obtain 

y2Ji- JJdS'fjni-JjJVgfa.r')-!        (10) 

where S: is the area of the/h element. Thus over each 
element we need only evaluate the integral 

Vp..=]\dS'^-,p = s,t,n (11) 

where s and t are locally constructed tangential coordi- 
nates, and n is the local outward normal coordinate. 
We used four-point Gaussian quadrature to ensure 
accuracy in this integration. 

Locating r; at each element centroid in succession 
provides N vector equations in the N unknown current 
elements J;. These currents are tangential to the sur- 
face. Expressing the ultimate governing relations in 
terms of tangential s and t components we obtain 

KJsi -lf("i 'Sj)% +(s; ■Sj^Hjjk.j - 
j 

X[(ni-tj)FJa+(ii-tj)F«ij]j^ = 

_ti.Hfc^Jti-z[(ni-sj)Wij+        <12) 
j 

(v«jWj,j-i[(Vtj)rcu + 
j 

(trtj)rnij]jti=£i.Hfc • 

This is the algebraic system to be solved. In effect, the 
method consists of applying point matching over a PEC, 
with pulse basis functions. 

This formulation was chosen in part for its simplic- 
ity and hence programming convenience. Because tan- 
gential electric field components drop out, the initial 

governing equation is reduced at the outset. Associat- 
ing the degrees of freedom with element centroids and 
locating observation points there cause all "self ele- 
ment" singularities to drop out of computations: in all 
self element integrations 

MH=e ig (13) 

Once the currents are obtained from solution of the 
above algebraic system (12) they can be substituted in 
the equivalent of (7), expressed numerically in a man- 
ner similar to (12), to obtain scattered E and H fields at 
any observation point. In line with the assumptions 
outlined above, we calculate the (re)radiated fields, 
ignoring the influence of the ground surface disconti- 
nuity, i.e., as if the radiating currents were in an infinite 
soil medium. The computer program was tested against 
detailed near-field solutions for cases where analytical 
solutions are available (sphere), and against reasonable- 
ness checks for signal loss as a function of distance 
within the soil. 

INCIDENT FIELD AND POLARIZATION 
PARAMETERS 

The basic setup assumed for the antenna-target 
system is shown in Figure 14. The antenna is simulated 
by a sheet of currents deemed to be a reasonable 
approximation of those on a metal surface driven 
as a dipole antenna. We adjusted this current distribu- 
tion so that its subsurface radiation pattern resembles 
patterns considered representative of those from a di- 
pole antenna resting on a ground surface. To accom- 
plish this, the antenna current distributions are expressed 

b-^aNwy'lz-za|^wz 
(14) 

where wy = 0.8 m and wz = 0.4 m. In choosing unit 
value maximum current magnitude, we implicitly nor- 
malize all simulations with respect to that dimension 
of input. In their general features, i.e., 3-dB beamwidth, 
lobe patterns, and angular locations where the fields 
decline rapidly towards minima, patterns from these 
distributions fit our needs here. 

Our antenna model thus consists of a rigorous rep- 
resentation of a synthetic or idealized structure. The 
resulting fields are strictly in accordance with Maxwell's 
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Figure 14. Basic setup, with target below ground surface, in its reference ori- 
entation. The fully polarimetric, orientable antenna is above it, at some posi- 
tion on a survey transect line. 

equations, which underlie Huygen's principle and form 
the basis for describing all electromagnetic wave phe- 
nomena. Any input to our problem that violates those 
equations to some degree thwarts our ability to check 
the ultimate output for electromagnetic consistency, e.g., 
energy conservation. Beyond this, the antenna model 
contains two basic features in common with the actual 
antennas in frequent use: broader, smoother pattern in 
the H plane, which is usually coincident with the sur- 
vey transect direction; and beamwidth that depends on 
frequency in the manner of a current sheet or set of 
aperture fields. In practice, numerical computation of 
the incident H values at each element centroid was a 
very minor burden, in terms of both programming and 
CPU time. 

Because the fields radiated by the antenna are not 
planar, we will indicate antenna orientation rather than 
speak of the polarization of the incident field. We al- 
ways assume that currents run in its long direction 
with the same distribution relative to the antenna. 
Especially because we are surveying at shallow depths, 
the incident field is nonuniform in both magnitude 
and direction over the target geometry. In practice, 
the orientation of the E field over most of the 
target is reliably in the E plane of the antenna. In the 
(x,z) plane, which contains the transect line, the most 
consistent E field orientation results from the reference 
antenna orientation in Figure 14: the transmitted E field 
is always normal to that plane, parallel to the Y axis. 

For received signals we assume that a horizontally ori- 
ented antenna records the computed Ey and Ez, with- 
out applying the antenna pattern to its receiving char- 
acteristics. 

MODELING RESULTS 

In what follows, the survey transect is always 0.7 m 
above the target, as if along a ground surface. We some- 
times consider cases in which the antenna is variously 
rotated relative to the target axis or relative to the 
transect direction. The latter rotation was not enlisted 
systematically in the field measurements at JPG dis- 
cussed here. However, it offers insight into possible 
target scattering behavior when the target is arbitrarily 
oriented relative to the incident field, which was likely 
to be the case during a survey. Some of the features in 
the field profiles push questions to the fore: how can 
the target response from points not above the target 
arrive relatively early in time, then appear to fade some- 
what, then return to higher amplitude? Rotations of the 
target relative to the antenna are seen below to impose 
interesting spatially and frequency dependent patterns 
in the scattered signal. Relative rotation of antenna and 
target also suggest ways of discriminating hard cases. 

First we examine scattering responses when the pro- 
jectile is level, beginning with it oriented in the Y 
direction (Sj = 0 = declination; 0X = 90° = horizontal 
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rotation about X axis, relative to reference target orien- 
tation). In this case, given the reference antenna orien- 
tation (Fig. 14), the incident E field is aligned with the 
target. Although the same effects described below are 
generally apparent without normalization, for general- 
ity we scale the magnitude of the received signal by the 
magnitude of the incident field at the target, E0, as a 
function of frequency. Figure 15 shows normalized 
backscatter response across the band. The clear maxi- 
mum occurs at 100 MHz where, given the dielectric 
constant assumed (10.2 + i 2.8 x 10~3), the subsurface 
wavelength is almost exactly twice the target length. 
That is, the projectile responds most strongly when it 
can serve as a half-wavelength dipole antenna. The 
change in the target's cross-sectional shape along its 
axis does not appear to interfere significantly with this 
effect. 

Perhaps more revealing than this horizontal case, 
similar scattering behavior is apparent when the target 
is inclined further, even when it is rotated about the 
vertical (x) axis. The lower (solid) line in Figure 15 
shows the effect of adding a 45° inclination (6<j) to the 
target, keeping it in (x,y) plane. We see a clear succes- 
sion of higher modes for higher multiples of LIQJ2). 
This pattern persists for a variety of inclinations and 
rotations (Fig. 16), as long as the impinging radiation 
travels longitudinally along the surface of the target to 
some degree. Here the "total" scattered field magni- 

I 2 2 
rude Etot is defined as J | E \ +\EZ\ . Rotating the 

target back towards the reference orientation (0X = 0°) 

and deepening its inclination diminishes the first, low- 
est mode and brings out the higher modes, ultimately 
more strongly than the first. Given the dielectric con- 
stant, this kind of pattern allows one to infer the target 
length from the separation of the peaks/troughs in the 
pattern. Previous investigators (Geng et al. 1999) have 
demonstrated the existence of shape-dependent natural 
resonant modes in currents in, and associated radiation 
from, metallic bodies of revolution (BORs). These cor- 
respond to electromagnetic "free vibration," after any 
forcing effects have died out, at frequencies less than 1 
MHz, consisting primarily of decay patterns. Here we 
see what are in many ways comparable effects in the 
radar frequency range, when responses are forced and 
the resonant frequencies we seek are real valued. 

As 6X => 0 we lose the kind of amplitude pattern 
in the previous two figures, but fortunately we gain 
another, which adds basic information as long as 0,j < 
90°. The upper line in Figure 17 shows the normalized 
scattered E field magnitude when the antenna is directly 
above a level projectile (Za = 0). Both antenna and tar- 
get are in the reference configuration (Fig. 14). The 
lower line shows results for the same case but with the 
projectile inclined 45° (0d = 45°, 6X = 0) and the 
antenna is located at Za = 0.72. Both results are shown 
vs. Re{k}a where a is the radius of the uniformly 
cylindrical portion of the target. Basically, both of these 
show most of the first cycle in the well-established 
cyclical scattering cross-section pattern for a circular 
cylinder, in the resonance region, under normal inci- 
dence with transverse E field (Bowman et al. 1988). 
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Figure 15. Normalized scattered electric field above a projectile 
surrounded by soil and oriented in the Y direction, as a function 
of frequency. 
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Figure 16. Normalized scattered E field above target for various 
projectile inclinations and rotations 6d, 6X. 

The peak in the curve occurs at the ka value one would 
expect for an infinitely long circular cylinder with ra- 
dius a, when creeping waves around the target inter- 
fere constructively with direct backscatter from the front 
of the target. Thus a plot of results for this target orien- 
tation implicitly reveals the value of a. We note that the 
tapering down of target cross section into its nose does 
not seem to affect these results, i.e., a refers to the ra- 
dius of the uniform section of the target cylinder. 

The appearance of resonance peaks in the patterns 
can provide essential information about target geom- 
etry. But they can also lead the surveyor astray. The 
positions where these peaks appear depend both on fre- 
quency and vantage point. Thus, for example, low fre- 
quencies coming from an antenna to the side of the tar- 
get (the low-frequency portion of the incident beam is 
wider than the higher frequency) could provoke strong 
peaks. However, when the antenna has been moved, 
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Figure 17. Normalized scattered E field when projectile axis is 
in (x,z) plane, from different vantage points Za, with different 
declinations 0d. 
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different frequency content in the beam and different 
incidence angles would cause different responses to 
become relatively more prominent. A key to successful 
discrimination will be to identify various target char- 
acteristics in stages, starting with things like depth and 
orientation, and then use these to calibrate subsequent 
treatment of the data. 

Examination of the broadband response along the 
transect can reinforce the above target length estima- 
tion, while adding information about the variation of 
its geometry along its axis. Figure 18 shows 
backscattered Ez amplitudes along the transect when 
the projectile is inclined at 45° with its nose up (i.e., 6d 

= 225°, 9X = 0). This orientation does indeed occur in 
reality, though it is less common than a nose-down sub- 
surface rotation. In any case, our purpose here is pri- 
marily to study the fundamental effects of target orien- 
tation, whatever it may be. In this and all subsequent 
figures, scattered field values are not normalized. To 
provide the most general illumination, the antenna has 
been rotated horizontally 45° so its axis is oblique to 
the transect direction, producing an incident E field nei- 
ther aligned with nor transverse to the target axis. In 
practice this can be accomplished by two measurements, 

one with parallel and the other with perpendicular an- 
tenna orientation; these results can then be combined 
for a completely general polarimetric characterization. 

Figure 18 shows a progression over increasing fre- 
quency, from more or less a single event (peak) at 100 
MHz, through two and three events at 200 MHz and 
300 MHz, respectively, and four events at 400 MHz. 
That is, the number of peaks/events corresponds to the 
number of half wavelength multiples in the target length. 
In this case, the Ez backscattered field component is 
generated by the tendency of the target to induce cur- 
rents preferentially in the general direction of its long 
axis. In fully polarimetric surveying, this tendency, to- 
gether with the circumferential creeping wave phenom- 
ena illustrated in Figure 17, produces characteristic and 
very revealing induced ellipticity and depolarization in 
the scattered signals (O'Neill et al. 1999). 

The pattern in Figure 18 is altered in certain inter- 
esting details when the projectile direction is reversed, 
that is, with the same overall orientation but with its 
nose down and tail up (0d = 45°, 6X = 0). Figure 19 
shows backscattered Ez magnitudes for this case. It is 
evident that the upward pointing flattened end of the 
target has a prominent influence in changing the pat- 
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Figure 18. Backscattered Ez field magnitudes along transect, at various 
frequencies, when the projectile is inclined at 45° with nose up (9d = 225°, 
9X = 0), and the antenna is rotated 6a = 45°. 
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tems relative to those in the previous figure. In this nose- 
down case, increasing the frequency causes the scatter- 
ing lobes to coalesce into smaller events on one larger 
background lobe, shifted towards Za < 0. This is even 
more evident relative to the nose-up case when the Ey 

component is examined as well. This background lobe 
occurs in the range of Za when the incident radiation 
impinges most directly on the flattened target end. At 
the same time, we must note that this end orientation 
effect is not solely due to localized reactions induced 
on the flattened end itself. The dramatic rise of the back- 
scatter for Za < 0 at frequencies corresponding to inte- 
gral numbers of L/(X/2) indicates that this signal mag- 
nitude enhancement involves the current pattern down 
the entire length of the target. 

Overall, in this set of examples we note that there 
are dramatic shifts in the magnitude of the response, 
depending on which frequencies come to the fore. We 
also note that the strongest response is sometimes 
shifted spatially off to the side of the target location, 
depending on its orientation. 

In conclusion, we show three bistatic scattered field 
values (|EZ|) over the (x,z) cutting plane, for an inclined 
projectile. They were obtained from 3-D finite element 

simulations, at the single frequency of 150 MHz, in- 
cluding soil properties as specified above but adding a 
ground surface. That is, the material below the X = 0 
has the aforementioned electrical properties, while that 
above it has the electromagnetic characteristics of free 
space. 

Figure 20 shows bistatic scattering patterns for inci- 
dence at subsurface angles of 45°, zero, and -45° rela- 
tive to the vertical axis, where negative incidence angles 
are taken to be in the first quadrant (positive x and z). 
Analysis based on Fresnel coefficients and superposi- 
tion of multiple reflections explains some apparently 
baffling features in the total scattered field shown: as 
the wave initially reflected from the target strikes the 
underside of the ground surface, it reflects back down- 
wards. This downwards reflection interferes construc- 
tively with the upgoing component; that is, it does not 
change sign on reflection. This means that we see val- 
ues of |EZ| increase near the ground surface. We also 
see an overall pattern of two minima and two maxima 
along certain lines between the target and the surface. 
This is basically a standing wave interference pattern 
between upgoing and downgoing waves, and possible 
examples of this were seen in Figure 7 for transects G 
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Figure 19. Backscattered Ez field magnitudes along transect, at various 
frequencies, when the projectile is inclined at 45° with nose down (9d = 45°, 
0X = 0), and the antenna is rotated 9a = 45°. 
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and L where the target appeared to be near the surface. 
Most strikingly, the direction along which the stron- 
gest portions of the scattered field appear does not al- 
ways run through the (mono-static, backscatter) obser- 
vation point; or it does so, but not when the antenna is 
directly over the center of the target. Thus these simu- 
lations illuminate the ways in which interference pat- 
terns and directional biases in the signal, dependent on 
surface location and target inclination, can produce de- 
ceptive returns on the surface. 

CONCLUSIONS AND RECOMMENDATIONS 

Soil attenuation at JPG was extremely high, as evi- 
denced by the high amount of gain required to display 
the signals received from within only the first meter of 
depth. The gain values of 50-65 dB that we applied are 
consistent with the general values of round-trip attenu- 
ation for 1 m of depth predicted by our propagation 
models. GPR bandwidths should be centered no higher 
than 600 MHz because the round-trip attenuation per 
meter of depth above this frequency may exceed the 
dynamic range of the radar. This fact precludes the use 
of any microwave system for detection of UXO. These 

high attenuation rates also greatly reduce off-axis sen- 
sitivity to targets so that full-diffraction signatures are 
rarely seen. We therefore recommend that the antenna 
towing speeds be kept very slow and data acquisition 
rates very high to ensure recording of as much of the 
diffraction responses as possible. We further recom- 
mend that an all-digital system eventually be developed 
so that extremely high rates (e.g., 512-1024 traces/s) 
would further allow noise reduction by trace stacking. 

The most likely range of soil dielectric constants (5- 
14) is consistent with the measured moisture contents. 
The average value of about 10 predicts a narrow 
beamwidth in the plane parallel with the antenna polar- 
ization axis. This means that for normal towing opera- 
tions, wherein the antennas are polarized perpendicu- 
lar to the transect direction, the system is sensitive to 
ground mainly beneath the antennas. We therefore rec- 
ommend that coverage be increased by using a multi- 
channel radar system. Such operation is standard with 
present commercial systems, but its implementation 
compromises the data acquisition rate. Therefore, this 
is further reason for development of a real-time digi- 
tizing GPR system above 300 MHz that could acquire 
data at 512-1024 traces/s. 

Horizontal filtering, normally an effective means of 

a. 45° from the left. 

Figure 20. Scattered |EZ| values, when the incidence direction and incident E 
field orientations are in the (x,z) plane, for various incidence angles. 
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reducing weak internal and external noise (or clutter) 
that occurs at constant time delay, was only partially 
successful. We have ascribed this result to the effects 
of uneven towing speeds and erratic contact between 
the ground surface and antenna faces upon antenna leak- 
age. We recommend that a simple antenna platform, 
consisting of a heavy, high-density polyethylene "boat," 
be used to contain the antenna. The prow of the boat 
would help to deflect vegetation, and the weight would 
improve ground contact. The dielectric permittivity of 
the material is intermediate between air and ground and 
may improve the antenna impedance match with the near 
surface. The use of this platform may make the ampli- 
tude of the clutter bands more uniform and subject to better 
removal with horizontal filters. 

We recommend that improved jitter control be speci- 
fied in the design of future transmitters and receivers. 
Jitter is the slight shift in time that occurs in signal po- 
sition from trace to trace. Although jitter may be only 
1-2 ns, its reduction could significantly reduce noise 
when the trace length is only 30-50 ns. 

We recommend that antennas for UXO detection re- 
main on the surface. Airborne profiling, even at mini- 
mal heights of a few tens of centimeters, introduces an 
extra dielectric layer (air) into the propagation medium. 
In airborne profiling, returns from uneven subsurface 
interfaces will be strongly refracted along the surface 
and not be received because the value of e' = 1 for air 
contrasts sharply with the e' of the soil. 

The wavelet shape transmitted by present, commer- 
cially available systems is probably most practical. Our 
theoretical studies show that shorter pulse length, which 
may be available with unshielded antennas, may shift 
too much in local frequency to be detected after propa- 
gation. 

Future surveys should address the problem of total 
soil saturation. Our surveys were conducted in early 
fall, by which time these soils are usually below satu- 
ration. However, saturation levels are usually reached 
by late winter and can persist into late spring. Satu- 
rated soils have higher values of es* andyj.el and may 
therefore offer less attenuation per meter at 300-600 
MHz than would moist soils. However, mechanical op- 
eration in mud may be a serious mobility problem. 

EMI systems have shown themselves to be quite suc- 
cessful at UXO detection, even in site conditions that 
are unfavorable for GPR. At the same time, simula- 
tions show the distinct possibility that GPR may reveal 
key target characteristics, such as length and diameter. 
This suggests that more such simulation should be done 
and integrated into signal interpretation, and that the 
most important offering of GPR may be in the realm of 
discrimination more than UXO detection. Fully polari- 
metric GPR is both possible and potentially advantageous. 
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