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Description

[0001] The present invention relates to detecting and identifying metal targets in general and, more particularly, to
an electromagnetic target discriminator (ETD) sensor system and method for detecting and identifying metal targets,
such as unexploded ordnance, high metal content landmines and low metal content landmines (commonly referred to
as plastic landmines) buried in the soil (or visually obscured) based on the electromagnetic response of the target to
a time-domain wide bandwidth electromagnetic spectrum.
[0002] With an estimated 100 million mines and countless millions of acres of land contaminated with unexploded
ordnance (UXO) worldwide there is a need for sensor systems and methods that can detect and identify large and
small metal objects buried in soil. In addition, during armed conflict, there is a need for mine detection and neutralization
in real-time or near real-time.
[0003] A commonly used sensor for mine and UXO detection is the electromagnetic induction (EMI) metal detector.
Conventional EMI metal detectors using either frequency-domain (FD) or time-domain (TD) eddy current methods can
detect small metal targets (such as plastic-cased low-metal content mines) at shallow depths and large metal targets
(such as metal-cased high-metal content mines and UXOs) at both shallow and deep depths under a wide range of
environmental and soil conditions. However, metal non-mine (i.e., clutter) objects commonly found in the environment
pose a major problem in identifying mines. That is because these clutter objects create false alarms when detected
by a metal detector. For time-efficient and cost-effective land clearing, the detected metal targets must be classified
as to their threat potential: mine, UXO or clutter. Preferably, these metal targets need to be classified in real-time or
near real-time.
[0004] FIG. 1 shows a diagram of a conventional pulsed EMI metal detector and method of operation. A current loop
transmitter 10 is placed in the vicinity of the buried metal target 12, and a steady current flows in the transmitter 10 for
a sufficiently long time to allow turn-on transients in the soil (soil eddy currents) to dissipate. The transmitter loop current
is then turned off. The transmitter current is typically a pulsed waveform. For example, a square-wave, triangle or
sawtooth pulsed waveform, or a combination of different positive and negative current ramps.
[0005] According to Faraday's Law, the collapsing magnetic field induces an electromotive force (emf) in nearby
conductors, such as the metal target 12. This emf causes eddy currents to flow in the conductor. Because there is no
energy to sustain the eddy currents, they begin to decrease with a characteristic decay time that depends on the size,
shape, and electrical and magnetic properties of the conductor. The decay currents generate a secondary magnetic
field that is detected by a magnetic field receiver 14 located above the ground and coupled to the transmitter 10 via a
data acquisition and control system 16.
[0006] Extensive theoretical and experimental research supports the concept of metal target classification using EMI
techniques. In the time-domain for a pulsed transmitter current, the eddy current time decay response from metal target
can be expressed as:

where t is time, V(t) is the induced voltage in the receiver coil, δ(t) is the delta function, Ai are object amplitude response
coefficients, and τi are the object's time constants. Thus, the sensor response to a metal target is a sum of exponentials
with a series of characteristic amplitudes, Ai, and time constants, τi . Equation (1) and its complimentary equation, i.
e., in the frequency domain, form the theoretical basis of an EMI sensor's classification technique. If a metal target is
shown to have a unique time decay response, a library of potential threat targets can be developed. When a metal
target is encountered in the field, its time decay response can be compared to those in the library and, if a match is
found, the metal target can be classified quickly. Equation (1) can also be applied to the response of the environment,
particularly the soil or water that the metal target is buried in. It is noted that Equation (1) is slightly different if the
transmitter current waveform is a ramp or other time-varying signal, but the general nature of the multiple exponential
target response is the same.
[0007] The detection of buried objects having a metal content has been established abundantly in the scientific and
engineering literature. There still, however, remains the problem of identifying buried objects using sensor systems
and object identification methodology. The identification problem for buried metal targets is divided into two categories:
(1) identification of medium to large metal content objects and (2) identification of low metal content objects.
[0008] Medium to large metal content mines and UXO objects have a unique eddy current time decay (or frequency)
response characteristic that enables them to be discriminated from a wide variety of typical metal clutter in a variety
of soil types. Medium to large metal content mines and UXO objects have many complex three-dimensional structural
features that manifest themselves in different eddy current time decay or frequency spectrum characteristics. This
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complex eddy current decay response must be measured very accurately over many orders of magnitude in both time
and amplitude (TD sensor) or frequency, amplitude and phase (FD sensor).
[0009] Typically, the medium to large metal content mines and UXO objects can be modeled spatially as simple point
magnetic dipoles and their time or frequency decay response can be modeled with one or two time decay parameters.
Generally, for medium and large metal objects, the soil does not adversely effect the time decay response measure-
ments. This is due to the fact that the soil response is typically small and/or is confined to a small time decay region.
[0010] The identification of low metal content objects is more difficult, since they do not have complex structural
features that manifest themselves in different eddy current time decay or frequency spectrum characteristics as com-
pared to medium to large metal content objects which have a more complex spatial and time decay response. In
addition, the time constant of the metal decay of low metal content objects is relatively fast, requiring a wide bandwidth
EMI sensor system. Also, for most environments, the effect of the soil's TD (or FD) response must be taken into account
when attempting to identify low metal content objects.
[0011] U. S. Patent Nos. 5,963,035 and 6,104,193 describe low metal content mine detection and identification sys-
tems and approaches, but do not address the eddy current decay response of the soil (or the mine's environment in
general). This is a major shortcoming since the library of target signatures must be accurately known in advance for
high confidence object identification. If the soil modifies an object's decay response signature, the sensor system is
probably not going to correctly identify the object using a target identification algorithm.
GB 2 153 077 A describes a metal detecting apparatus for detecting visually obscured objects, ie. buried or concealed
metal bodies, comprising two metal detectors having each a sensor coil means. Both detector means also have each
output signal generating means for generating in use, an output signal in response to metals located in the.vicinity of
the detector. EP 0 780 704 A2 discribes a plural frequency method and a system for identifying metal objects in a
background environment by processing components of signals at two or more different frequencies. A component of
the signal induced by the ground can be eliminated by subtracting signal components measured at two different fre-
quencies. Finally, EP 0 494 130 A1 describes a method and an apparatus for electromagnetically detecting the locations
of underground conductive bodies.
[0012] Once an object has been detected and target decay response data has been collected, a signal processing
method is applied to the eddy current decay time response to identify the object. Prior art sensor systems do not
optimize the sensor's data collection parameters for optimal target identification. These sensor parameters include
transmitter field strength (i. e., current in transmitter coil), amplifier gain, sample rate of digitizer, and sample collection
time. In addition, prior art sensor systems and signal processing approaches generally ignore the effects of soil on the
measured target response, especially the effects of highly magnetic soils. If the soil response is not accounted for, the
library of metal object signatures becomes less effective and less useful. Several prior art sensor systems also fail to
take into account the non-uniform nature of their primary exciting magnetic field on the object's decay response char-
acteristic.
[0013] Accordingly, a need exists for a sensor system for accurately measuring a metal target's decay response
based on the physical parameters of the metal target and its environment and for identifying the metal target.
[0014] There is provided a time-domain electromagnetic target discriminator (ETD) sensor system and method ca-
pable of measuring a metal target's (or other target's) time decay response based on the physical parameters of the
metal target and its environment and for identifying the metal target. The ETD sensor system includes a transmitter
connected to a receiver via a data acquisition and control system. A pulse or other waveform current signal, such as
a ramp waveform signal, is provided to the transmitter.
The transmitter and receiver include coil configurations for placement in proximity to a visually obscured, e.g., buried,
metal target for inducing eddy currents within the metal target. The ETD sensor system measures the eddy current
time decay response of the metal target in order to perform target recognition and classification. The ETD sensor
system is capable of measuring metal target decay times in a variety of metal targets starting approximately 3 to 5 µs
after transmitter current flow is turned off. The ETD sensor system is also capable of measuring target decay time
constants as short as 1.4 µs.
[0015] An inventive algorithm is presented for optimizing target characterization of a visually obscured object, such
as the metal target, upon detection of the visually obscured object by the ETD sensor system. The algorithm includes
the steps of (a) adjusting a first parameter of the ETD sensor system and collecting a data set using the receiver; (b)
analyzing the collected data set to determine at least one measurement of a time decay response corresponding to
the object; and (c) adjusting a second parameter of the ETD sensor system, collecting a data set using the receiver,
and returning to step (b), if the determined at least one measurement is outside a predetermined range.
[0016] Further steps include (d) estimating a decay time response constant corresponding to the object; (e) adjusting
at least the first parameter based on the estimated decay time response constant; (f) collecting a plurality of data sets,
including an object data set corresponding to the object and background data sets corresponding to non-object areas,
using the receiver; (g) averaging the background data sets to obtain an average background data set; and (h) sub-
tracting the average background data set from the object data set
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[0017] Additionally, the algorithm includes the steps of (i) determining a characteristic of the object's time decay
response; (j) adjusting at least the second parameter and returning to step (f), if the characteristic is less than a pre-
determined threshold; and (k) adjusting at least the second parameter and returning to step (f), if the characteristic is
greater than the predetermined threshold.
[0018] The algorithm further includes steps for classifying the visually obscured object. These steps include (l) com-
paring the object's time decay response with a library of normalized time decay responses each corresponding to an
object; (m) identifying a time decay response from the library approximating the object's time decay response; and (n)
determining the visually obscured object to be the object corresponding to the identified time decay response. The
algorithm also appends the library by storing the object's time decay response within the library with a corresponding
description of the object.
[0019] FIG. 1 is a schematic representation of a prior art pulsed EMI metal detector;
[0020] FIG. 2 is a block diagram of an electromagnetic target discriminator (ETD) sensor system according to the
present invention;
[0021] FIG. 3A is a diagram of a transmitter-receiver coil arrangement of an antenna of the ETD sensor system
according to the present invention;
[0022] FIG. 3B is a diagram showing the antenna of the present invention over soil which does not have a metal target;
[0023] FIG. 3C is a diagram showing the antenna of the present invention over a metal target;
[0024] FIG. 3D is a diagram showing the antenna of the present invention over a void in the soil;
[0025] FIG. 4 is a chart showing time decay responses using different calibration loops of a small antenna of the
ETD sensor system;
[0026] FIG. 5 is a chart showing time decay responses of various medium and large metal targets measured by a
large antenna of the ETD sensor system;
[0027] FIG. 6 is a chart showing time decay responses of various AT metal mines measured by the ETD sensor
system;
[0028] FIG. 7A is a chart showing time decay responses of various targets buried in magnetic soil measured by the
ETD sensor system;
[0029] FIG. 7B is a chart showing void response signals of various soil types measured by the ETD sensor system;
[0030] FIG. 8 is a chart showing time decay responses of a block of wood and two low-metal content AT mines
measured by the small antenna of the ETD sensor system;
[0031] FIG. 9 is a log-log chart showing time decay responses of four AP mines and a ferrous clutter target measured
by the small antenna of the ETD sensor system;
[0032] FIG. 10 is a chart showing time decay responses of a M14 AP mine buried "in air" and in soil and time decay
responses of two small steel metal clutter targets measured by the small antenna of the ETD sensor system;
[0033] FIG. 11 is a chart comparing time decay responses of a buried PMA3 AP mine measured by the small and
large antennas of the ETD sensor system;
[0034] FIG. 12 is a flow chart illustrating an inventive algorithm for operating the ETD sensor system of the present
invention;
[0035] FIG. 13 is a chart illustrating multiple, overlapping data collections from a target with a complex time decay
response as obtained using the ETD sensor system;
[0036] FIG. 14A is a block diagram of a search mode of the ETD sensor system; and
[0037] FIG. 14B is a block diagram of an identification mode of the ETD sensor system.
[0038] A detailed description will now be provided of the invention in conjunction with FIGS. 2-4 (Section I) and FIGS.
12-14 (Section III) followed by a discussion of results from laboratory and field measurements in conjunction with FIGS.
5-11 (Section II).
[0039] Referring to Figure 2, there is shown a block diagram of an electromagnetic target discriminator (ETD) sensor
system for detecting and identifying metal targets, such as unexploded ordnance, high metal content landmines and
low metal content landmines (commonly referred to as plastic landmines) buried in the soil based on the electromagnetic
response of the target to a time-domain, wide bandwidth electromagnetic spectrum according to the present invention.
[0040] The ETD sensor system is designated generally by reference numeral 100 and includes a transmitter system
102, a receiver system 104, and a computer control system 108 capable of executing computer programmable instruc-
tions for performing data acquisition, data processing, control, data storage and display functions. For example, the
computer control system 108 executes data acquisition programmable instructions for acquiring and analyzing data
received from the transmitter system 102 and the receiver system 104. Even though the receiver system 104 is illus-
trated as using an induction coil, it is contemplated that the receiver system 104 can use other types of magnetic
sensors.
[0041] The transmitter and receiver systems 102, 104 are used to measure a hidden/buried object's induced decaying
eddy current magnetic field, i.e., time decay response, as discussed below.
[0042] The transmitter system 102 includes a computer-controlled current source 110 feeding a transmitter switch
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112. The transmitter switch 112 is preferably an insulated gate, bipolar transistor (IGBT) having a high (typically 600
V or more) breakdown voltage which makes it ideal for switching highly inductive loads characteristic of multi-turn
pulse-EMI transmitter coils. The transmitter system 102 further includes a current sense amplifier 114 for setting the
transmitter coil current through a transmitter coil 116. Analog output signals from the current sense amplifier 114 are
fed to a digital-to-analog (DA)/analog-to-digital (AD) converter system 118 where they are converted to digital signals
prior to being transmitted to the computer control system 108.
[0043] The DA/AD converter system 118 includes a plurality of DA converters and AD converters for converting
digital signals received from the computer control system 108 to analog signals and for converting analog signals
received from the computer control system 108 to digital signals. The computer-controlled current source 110 and the
transmitter switch 112 receive control signals from the computer control system 108 via the DA/AD converter system
118. A transmitter coil damping resistor 120 is mounted to the transmitter coil 116 and a current sense resistor 122 is
mounted in parallel to the current sense amplifier 114. It is contemplated that the transmitter coil 116 could also be
provided with current from a voltage source.
[0044] Control of the transmitter current is important for the effective operation of the EDT sensor system 100 and
target classification as discussed later. The transmitter coil 116 is also constructed/configured to have a frequency
response that is higher than the frequency content of the target signature. This is accomplished by configuring the
transmitter coil 116 of the EDT sensor system 100 to have a bandwidth greater than 600 kHz. The damping resistor
120 critically damps the transmitter coil 116.
[0045] The receiver system 104 includes a first receiver coil 124 having a first damping resistor 126 mounted thereto
and a second receiver coil 128 having a second damping resistor 130 mounted thereto. The two receiver coils 124,
128 are coupled to a low-pass filter 132 and a wide-band differential transconductance low-noise amplifier 134 having
a gain of approximately 100. The purpose of the low-pass filter 132 is to remove high frequency signals that are beyond
the frequency band of interest for target detection and classification.
[0046] The two receiver coils 124, 128 are configured to have identical response characteristics to the transmitter
coil 116 excitation. This ensures that when the receiver coils 124, 128 are connected to the system 100, the difference
signal in the absence of a target is zero or near zero. The two receiver coils 124, 128 are placed in the transmitter coil
116 in such a way that they are excited by identical magnetic fields. Again, this ensures that when the two receiver
coils 124, 128 are connected to the system 100, the difference signal in the absence of a target is zero or near zero.
The receiver coils 124, 128 are also configured to have a frequency response that is higher than the frequency content
of the target signature. This is accomplished by configuring each of the receiver coils 124, 128 of the EDT sensor
system 100 to have a bandwidth greater than 600 kHz.
[0047] Analog output signals from the low-noise amplifier 134 are fed to a differential line driver/receiver pair amplifier
stage 136 having a first amplifier 138 and a second amplifier 140. The gain of the first and second amplifiers 138, 140
is approximately 10. The amplifier stage 136 further includes an auto-zero feedback circuit 142 for removing amplifier
offset voltages. The overall gain of the amplification chain is 1000.
[0048] Analog output signals from the amplifier stage 136 are fed to programmable gain amplifier 143. The amplifier
143 is under control of the computer control system 108. The output signals of the amplifier 143 are transmitted to an
AD converter system 144 for converting the analog output signals to digital output signals prior to being transmitted to
the computer control system 108.
[0049] It is noted that the computer control system 108 is capable of controlling the amplifier stage 136 for selecting
an optimal amplification gain for the amplifier stage 136 based on a particular target's time decay response signal. For
example, if the target is a low metal content target, then the amplification gain of the amplifier stage 136 can be increased
accordingly to adequately amplify the target's time decay response signal. It is contemplated that a time-gain amplifier
commonly used in radar and ultrasonic sensors can be incorporated within the ETD sensor system 100 for further
increasing the amplification gain of the system 100.
[0050] The computer control system 108 includes a processing unit 146, a display 148 and a keyboard 150 and other
peripherals as known in the art. The computer control system 108 controls the pulse repetition rate, current and duty
cycle of the transmitter system 102, AD converter system 144 sample data rate, and amplifier gain. A battery powers
the ETD sensor system 100, such as a rechargeable lithiumion battery.
[0051] Hereinbelow, the transmitter coil 116 and the receiver coils 124, 128 are collectively referred to as an antenna.
[0052] In one embodiment, the AD converter system 144 is capable of operating at 10-Msamples/sec. At this sample
rate, data are preferably collected from during 819.2 µs to generate approximately 8192 data values. If the number of
data scans is set to a number greater than one using the computer control system 108, the processing unit 146 com-
mands the AD converter system 144 to collect additional data until the preset number of data scans is reached. For
scans greater than one, the processing unit 146 stacks the data in a one-dimensional data array, such as a DRAM,
forming an ensemble average. After the preset number of data scans is reached using the antenna, the averaged data
are plotted as voltage versus time on the display 148 for the operator to view. Data are preferably saved to a storage
medium for transfer to a personal computer or other computing device for analysis and archiving.
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[0053] The data can also be analyzed by the processing unit 146 in real-time for real-time target identification. Ac-
cordingly, the processing unit 146 informs the operator in real-time as to the target's identity.
[0054] Two antennas are disclosed herein for use with the ETD sensor system 100 of the present invention in order
to acquire data for measuring the time decay response of a wide range of metal targets at typical mine depths (about
15 cm). A small antenna is disclosed for small metal targets and a large antenna for large metal targets. Both antenna
are multi-turn inductive loop antennas for adequate time decay measurement sensitivity. Experimental examination
and analysis of time decay data from many medium and large metal targets using any of the two antennas indicate
that data collection should preferably start at least 10 to 20 µs after transmitter system 102 shutoff.
[0055] When current is switched off in an inductor it takes a finite amount of time for the currents to decay to zero.
Large multi-turn transmitter coils tend to have high inductance and when current is switched off their long decay time
currents tend to mask induced target decay currents. The technique according to the present invention used to minimize
the effects of slowly decaying currents in the transmitter coil 116 involves placing the first receiver coil 124 over an
unknown metal object 200. The second receiver coil 128 sets over soil 202 that does not contain metal. The first receiver
coil 124 measures the time decay of the metal target 200, time decay of the soil 202, and transmitter coil decay currents.
The second receiver coil 128 measures the time decay of the soil 202 and transmitter coil decay currents. The differential
amplifier 134 subtracts the two coil signals, and the result is an output of just the metal target decay signal.
[0056] The separation distance between the two receiver coils 124, 128 is an important design parameter. Ideally,
the magnetic flux from the target 200 should link only with the first receiver coil 124 directly above it. Flux linkage with
the second receiver coil 128 should preferably be minimized. For extended source targets (those represented by large
metal mines and UXO targets), the separation of the two receiver coils 124, 128 is important. If the two receiver coils
124, 128 and the large target are viewed as forming a loosely coupled transformer, it is easily seen that the mutual
inductance of the target and the second balance receiver coil 128 should be minimized. The easiest method to achieve
this result is to physically separate the two receiver coils 124, 128.
[0057] Experiments showed that if the receiver coil was made approximately the size of the largest target of interest,
the two receiver coils should be separated at least one receiver coil diameter apart. This rule-of-thumb was developed
during ETD antenna development and appeared to work for extended targets to depths of about 20 cm. To reduce the
coupling effect further, subsequent antenna designs had smaller diameter receiver coils and separation distances at
least two or more receiver coil diameters apart.
[0058] As a target-to-antenna distance R increases relative to the differential receiver coil separation distance D, the
differential receiver coil arrangement looses its effectiveness. To understand this effect, consider a simple target mod-
eled as a point source dipole directly under the first receiver coil 124 at distance R1. The signal seen by the first receiver
coil 124 is approximately proportional to R1

-3 and the signal seen by the second receiver coil 128 is approximately
proportional to R2

-3 = (D2 + R1
2)-3/2. As the distance from the target to the plane of the receiver coils 124, 128 increases,

R1 becomes large relative to D and R2 approaches R1. The field strengths seen by both receiver coils 124, 128 become
nearly equal. The differential arrangement of the two receiver coils 124, 128 then tends to cancel the signal seen by
both receiver coils 124, 128.
[0059] The balanced receiver coil technique works well for minimizing the transmitter decay current and offers two
additional benefits: transmitter induced ground eddy current signal cancellation and far-field noise cancellation. For
large metal targets, the ground eddy current signal is not a source of significant interference. However, as the target
size becomes smaller, the ground eddy current signal becomes more important. The balanced receiver coil configu-
ration of the present invention tends to minimize the effect of the ground and allows the antenna to operate close to
highly conductive and magnetic soils.
[0060] Additionally, the balanced receiver coil arrangement tends to cancel the electrical noise generated from near-
by electrical equipment. The receiver coils 124, 128 can pick up electrical noise sources, but the electrical noise does
not saturate the wide band differential low-noise amplifier 134. With ensemble averaging, the antenna can function in
an environment having power line and equipment noise.
[0061] FIG. 3A illustrates the design of the antenna developed for the ETD sensor system 100. The antenna is
designated generally by reference numeral 200. The receiver coils 124, 128 are simple inductive loop antennas. It is
contemplated that the receiver coils 124, 128 can be designed with different parameters to improve or change per-
formance based on applications. It is also contemplated that these coils 124, 128 can be replaced with one or more
of other known magnetic field sensors (e.g., magnetoresistor, fiber-optic magnetometer, Hall-effect, and fluxgate).
[0062] Table 1 shows measurements for reference letters A-D shown in FIG. 3A and the number of loop turns for
preferred embodiments of the transmitter coil 116 and receiver coils 124, 128.
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[0063]

[0064] Table 2 shows antenna electrical parameters for the preferred embodiments of the transmitter coil 116 and
the receiver coils 124, 128 for the small and large antennas. Fr is the resonance frequency.

[0065] The balanced receiver coil design from small metal and void detection can be better understood by referring
to FIGS. 3B-3D. In all three figures, the broad, upward pointing arrows represent the eddy current target response.
The size of the arrows represent the relative amplitudes of the response. FIG. 3B shows the case where there is no
target but soil. Assuming that the two receiver coils 124, 128 are perfectly balanced, and the soil is homogeneous and
contains no metal parts, the two receiver coils 124, 128 "see" the same soil eddy current response. The differential
amplifier 134 subtracts the two nominally identical signals R1, R2 and there is a zero output from the amplifier 134.
[0066] FIG. 3C shows what happens when a metal target 202 is under one receiver coil 124. The response of the
metal target 202 is larger than the soil response and when the differential amplifier 134 subtracts the two signals R1,
R2, there is a positive output from the amplifier 134.
[0067] FIG. 3D shows the void effect. Here, the void 204 is the decrease or absence of a soil decay response under
one of the receiver coils 124, 128. When the signals R1, R2 from the two coils 124, 128 is differenced by the differential
amplifier 134, the output of the amplifier 134 is less than zero. The response becomes more complex when a void and
metal are measured together.
[0068] For the case of detecting underground voids and metal targets, the response outputted by the differential
amplifier 134 is the superposition of the two signals R1, R2. In addition, the signal response of both the metal and void
objects is dependent on the exact configuration of the antenna and the sensor/target orientation (i.e., target burial
depth). The antenna configuration dictates the spatial distribution of the magnetic field and the depth of the target
determines the amount of soil overburden.
[0069] To document the performance of the small and large antennas, several calibration targets were constructed
from a single turn of thin copper wire. These calibration targets have a time decay response that can be calculated
analytically from theory. The calibration target's time decay response was then measured with the two antennas and
compared to the theoretical response:
[0070] FIG. 4 shows a sample time decay response from the different calibration loops for the small antenna. The
diameter of the calibration loops were made large (about 8.5 cm) so that the effective dipole moments of the loops
gave a high signal-to-noise ratio at the receiver system 104. A nonlinear least-squares method was used to fit the time
decay response data to a single exponential-term equation. FIG. 4 shows that the curve-fitted data (time decay pa-
rameter) and calculated decay times are exact for the small antenna up 1.4 µs. Similar results were obtained for the
large antenna, but with a reduced time response of about 2 µs. The results of the time constant calibration gives
confidence that the antennas are measuring accurate target time decay responses.
[0071] A particular metal target's time decay response is unique, thereby allowing for target identification and clas-
sification by the processing unit 146 or other computing device provided with the data acquired by the ETD sensor
system 100 of the present invention. One data presentation method to show a target's uniqueness is to plot the data
graphically as a function of time. The primary objective of presenting data in this manner is to show the distinct nature
of a target's response compared to other targets. The time decay response is an inherent property of the target; once
excited by the magnetic field from the antenna's transmitter coil 116, the target's magnetic field decays uniformly in
space.

Table 1.

Physical dimensions of the small and large antennas.

Antenna A (cm) B (cm) C (cm) D (cm) Transmitter Loop Turns Receiver Loop Turns

Small 60 10 20 21 8 16
Large 100 15 27 58 6 16

Table 2.

Measured antenna electrical parameters for transmitter and receiver coils.

Resistance Inductance Capacitance Resonance Freq. (Fr)

Small transmitter coil 1.8 Ω 69 µH 240 pF 1.1 MHz
Small receiver coil 4.5 Ω 50 µH 197 pF 1.6 MHz
Large transmitter coil 2.2 Ω 60 µH 382 pF 1.1 MHz
Large receiver coil 2.1 Ω 27 µH 555 pF 1.3 MHz
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[0072] In some cases, in FIGS. 5-11, in order to show more clearly the differences in the relative time decay rates
of targets with large differences in absolute amplitude responses, the time decay data amplitudes have been normalized
to one at some convenient time. For the cases of small metal target, the amplitude information is important to show
relative signal strength, and for those cases the data are not normalized.
[0073] Target tests in the experimental studies disclosed herein using the inventive ETD sensor system 100 were
conducted at the U. S. Army's indoor mine lanes at Ft. Belvoir, Virginia and at Ft. A. P. Hill, Virginia. Data were collected
from a wide variety of metal test targets. The tests were conducted in air using steel and nonferrous plates and rings
from 10 to 30 cm in diameter, common clutter targets, such as soda and paint cans, hand tools, typical battle field
clutter and large metal mines. For the over 100 targets studied, the time decay response data showed that different
metal targets had unique time decay response signatures.
[0074] FIG. 5 shows sample time decay response data (normalized at 15 µs) from various medium and large metal
targets measured by the large ETD antenna. FIG. 5 shows data from targets common in a battlefield environment: a
cartridge clip from an M16 rifle, various mortar and gun shell casings, a large undefined ferrous clutter object, a VS50
antipersonnel (AP) mine, and an air-deployed U. S. Army Gator anti-tank (AT) mine without its MS plates. The targets
were measured in air at various distances from and at various orientations (vertical and horizontal) to the sensor an-
tenna. In all cases, signal processing of the data was not needed to differentiate the different targets. A visual exam-
ination of the time decay plots was sufficient for discrimination. Signal processing of the data provides for automatic
target recognition (ATR) without operator interaction.
[0075] Tests were also conducted to investigate the effects of different soil types on large metal target time decay
responses. When compared to measurements made in air, no significant differences were found in the time decay
responses for large metal targets buried in dry gravel, sand, or clay soils. However, small time decay response differ-
ences were found in the highly magnetic soil used in one of the indoor mine lanes at Ft. Belvoir. In order to estimate
the magnetic soil effect, time decay response data from two different metal AT mines (TM46 and FFV028) were com-
pared to data taken in dry clay and magnetic sand. The comparison was made by parameterizing the time decay curves
using a single exponential curve fit over a time window from 300 to 800 µs. Over this time widow the goodness of fit
parameter χ2 was approximately 10-3 . The time decay fit parameter for the two different soil types and two different
mines differed by approximately 2 to 5%.
[0076] One interesting result of these metal mine tests was that mines with very similar construction (material, size
and shape) showed measurable differences in their time decay responses. Although these differences can be seen in
a plot of time decay data, the subtle time decay features can more clearly be seen if the general time decay trend is
removed from the data. The TM46 AT mine was selected as a reference time decay signal. After normalizing all target
responses at 50 µs, the time decay response of the TM46 AT mine was subtracted from the other large metal targets.
[0077] The time decay differences are shown in FIG. 6. The plot clearly shows subtle but measurable differences
between large metal AT mines. The figure also shows a sensor glitch at about 1 ms caused by the transmitter timer
signal coupling into the receiver system 104. The problem was traced to a broken ground wire in the transmitter cable
shield.
[0078] FIG. 7A shows results from experiments of test targets in magnetic sand. The experiments were conducted
at the Ft. Belvoir mine lanes in magnetic sand. FIG. 7 shows time decay responses from four different test configurations:
a decommissioned nonmetallic-cased Russian PMN AP mine (11-cm diameter, 5.6-cm height; with about 40 g of interior
ferrous and nonferrous metal components) in air, a hole in the sand, a simulated plastic mine with no metal parts buried
in the sand, and the PMN AP mine buried in the sand. The following measurements were taken with the antenna
centered over the test area approximately 5 cm above the sand surface:

1. The time decay response of the PMN mine sitting on the surface of the magnetic sand (in air). The time decay
signal starts out positive and decays to zero. The differential receiver coil arrangement of the ETD sensor system
100 cancels the sand's time decay response. This shows the ability of the inventive sensor to operate in soil
conditions with high magnetic/conductive properties.
2. A hole approximately 12 cm deep and 12 cm in diameter was dug in the magnetic sand. The time decay response
of the hole was measured. Because of the differential geometry of the ETD sensor system's antenna, the hole or
void creates an amplitude response opposite that of the metal (in this case negative). Note the time scale of this
response: the sand's time decay response occurs primarily in the less than 10-µs region. Also, the amplitude
response of the hole is fairly large (approximately 1.3 V maximum amplitude) and goes from negative to zero
amplitude. The large voltage signal from the sensor was repeatable and indicates that the negative response was
not a sensor or background subtraction artifact.
3. Next, a simulated plastic mine (approximate size of the PMN mine) was placed in the hole and covered with
about 1 cm of magnetic sand. Its time decay response was measured and showed a small reduction in amplitude
compared to the hole by itself. The simulated mine's response also varies from negative amplitude to zero.
4. Finally, the PMN mine was buried in the magnetic sand, with the top of the mine approximately 1 cm below the



EP 1 266 244 B1

5

10

15

20

25

30

35

40

45

50

55

9

surface. Its time decay response can be divided into two regions. In the time region just after transmitter turn-off
where the hole time decay response dominates, the sensor measures the hole or void created by the relatively
large volume of displaced magnetic sand. The second time region (after about 8 µs) is dominated by the time
decay response from the mine's metal parts.

[0079] Additional laboratory tests with simulated mines in wet and dry topsoil showed results that were similar to
those shown in FIG. 7A, but with greatly reduced signal amplitude: A void signal with a coincident metal signature.
[0080] To illustrate the void response signal in a different soil type with a long decay response time a large test box
was constructed and filled with topsoil. The soil was allowed to dry for several weeks before measurements were taken.
The soil appeared to be composed of weathered igneous rock particles containing mica, magnetite, etc. The specific
resistivity of the dry soil was about 400-600 M-Ohm/cm, measured with sheet brass electrodes of 2.5 cm2 area, 2.5
cm apart.
[0081] FIG. 7B documents the decay responses from four tests: (1) no target; (2) a 12 cm diameter hole in moist
soil; (3) a 12 cm diameter AT mine simulant with no metal parts in moist soil; and (4) a 12 cm diameter AT mine simulant
with no metal parts in dry soil. The amount of water added to the soil to make it moist was just enough for the soil to
clump together. During these tests, the background was not subtracted from the data. The 3 mV offset (most likely due
to amplifier DC bias) shown in FIG. 7B is one consequence of not subtracting the background.
[0082] FIG. 7B clearly shows a small (8 mV peak), but discernable, void signature from the hole and simulant targets.
The measurement of the soil response with no target shows a flat response after about 30 µs. The void target responses
peak around 30 µs and decay slowly to zero around 300 µs.
[0083] Except for the small differences in the amplitude, the dry and wet soil responses appear to be almost identical.
The amplitude differences could be due to slight differences in antenna/target orientation between the different tests.
It is theorized that the bulk soil properties dominate the decay response and that the small amounts of water added to
the soil did not affect the eddy current decay.
[0084] A test with buried low-metal content (LMC) AP and AT mines under field conditions was conducted on the
calibration lanes at the Pilot Test Site for the UXO Center of Excellence for Testing located at Ft. A. P. Hill, Virginia.
The two primary objectives of this test were:1) ascertain whether the laboratory void results with simulated LMC mines
could be confirmed under field conditions with real LMC mines, and 2) to collect and compare data from clutter and
LMC AP and AT mines.
[0085] The coincident void/metal results discussed in Section II.C were confirmed during this test. As an example,
FIG. 8 shows a plot of the time decay response from a block of wood, and two LMC AT mines (M19 and VS 2.2). The
targets were buried in the same soil type (sandy loam) and data were collected with the small EDT antenna centered
about 4 cm above the ground.
[0086] In FIG. 8, a void signal is clearly evident in the plot from each target. However, a small but discernable metal
signal is present from the M19 and VS 2.2 AT mines due to their metal components. The void response of the wood
target decays to zero and never indicates a metal signature (positive voltage). These results appear to confirm the
earlier test results with the PMN mine in the magnetic sand and show that under certain soil conditions and with some
mine types, a nonmetallic-cased mine with metal content potentially may be identified by its void and coincident metal
signature.
[0087] FIG. 9 shows a log-log plot of time decay data for four AP mines and a ferrous clutter target measured by the
small ETD antenna centered 4 cm above the ground. Table 3 lists the target parameters, burial depths and estimates
of time decays using a single exponential fit to the data over the time window 7 to 50 µs.

[0088] The plots of FIG. 9 show that the M14 and PMA3 AP mines have different time decay response curves. Note

Table 3.

Target parameters, burial depths and estimates of time decays.

Target Size:
mm Diameter x Height

Metal Weight/Type
g

Burial Depth
cm

Time Constant
µs

VS-50 90 x 45 18 : ferrous 5 6.5

Clutter Unknown 16 : ferrous 3 5.8

TS-50 90 x 45 4.4 : non-ferrous Surface 3.2

M14 56 x 40 0.6 : non-ferrous 0.6 13

PMA3 111 x 40 0.35 : non-ferrous Surface 19
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also that the M14 and PMA3 appear to have a small void effect component in the time period between 3 and 4 µs
where the response curves dip toward negative response. The VS50 AP mine is easily detected via its 18-g steel blast-
effect disk. The steel disk is used to enhance its lethality at the expense of detectibility. The VS50 (time decay estimate:
6.5 µs) and the 16-g ferrous clutter (time decay estimate: 5.8 µs) present very similar time decay responses making
discrimination on this parameter alone difficult The TS50 AP mine has a relatively large amplitude response but decays
very rapidly (time decay estimate: 3.2 µs). Because of the fast decay time, this mine is very difficult to detect with a
conventional EMI metal detector.
[0089] FIG. 10 explores the time decay response of the M14 AP mine in more detail. FIG. 10 compares the time
decay response of a M14 in air and buried in soil with the response of two small steel metal clutter targets. The data
were measured by the small ETD antenna centered 4 cm above the ground. The most obvious feature to note is the
dissimilar time decay responses of the in air and buried M14 mines during the early part of the time decay. The in air
and buried time decays appear to merge in the late time region (after about 20 µs). It is theorized that the differences
in the early time response is due to the void effect created by the M14 in the soil. In the late time region, the response
of the ground has decayed to a small value and has minimal effect on the remaining portion of the M14's time decay.
[0090] FIG. 10 also compares the M14 to two small ferrous metal clutter objects with metal weights similar to the
M14's metal content. The clutter objects are bare metal parts of different shape found during the test range preparation
and replaced in the ground at a known depth. The first item to note in the figure is that the ferrous clutter objects have
very different time decay responses compared to the M14 mine. This would be expected since the M14, like most LMC
mines, uses small amounts of both ferrous (e.g., firing pin) and nonferrous (e.g., firing pin support cup) metal compo-
nents. Also note that even though the two ferrous clutter targets have approximately the same metal weight, they have
different time decay responses. A third item to note is the metal clutter appears to have no void response compared
to the buried M14 AP mine (i. e., a dip in the response voltage around 3-4 µs).
[0091] FIG. 11 compares the small and large ETD antennas over the same buried PMA3 AP mine. The data have
been normalized at 15 µs to show that the two antennas are measuring the same time decay response in the time
region beyond 15 µs. However, the two antennas give different responses in the time region between approximately
5 and 10 µs. The differences may be due to the way the two antennas respond to the void effect or an artifact of the
slower frequency response of the large antenna relative to the small antenna.
[0092] Another possible explanation may be due to the relative sizes of the two transmitter coils. We note that the
large transmitter coil excites a much larger volume of soil compared to the small transmitter coil. The resulting eddy
currents from the soil cause a larger imbalance in the two receiver coils of the large antenna relative to the small
antenna. The large antenna receiver coils may see the void more clearly, possibly because of the increased volume
of soil excited by the larger transmitter coil.
[0093] FIGS. 5-11 clearly indicate that the ETD time-domain sensor system 100 of the present invention has sufficient
bandwidth and sensitivity to measure the time decay response of large metal objects and LMC AP and AT landmines
buried at typical burial depths. Time decay responses from targets with metal content from more than 3000 g to less
than 1 g were demonstrated. The ETD sensor system 100 demonstrated the ability to measure metal target decay
times starting approximately 3 to 5 µs after the transmitter current is turned off and target decay time constants as
short as 1.4 µs.
[0094] Laboratory and field tests indicated that medium and large metal content mines have unique time decay
response characteristics that allows them to be discriminated from a wide variety of typical metal clutter in a variety of
soil types. As FIG. 6 indicates, large metal targets have many complex structural features that manifest themselves in
different time decay characteristics. At least for non-magnetic soils, the soil decay response appears to have little
influence on an EMI sensor. For medium and large metal targets, highly magnetic soils appear to have minimal impact
on the target's decay response (less than 5 %).
[0095] One of the issues highlighted in FIGS. 7 and 10 is the fact that the time decay response of a mine is modified
by the soil response. The measured response is a superposition of the target's metal component response and the
response of the soil. The small and large antenna comparison in FIG. 11 shows that this superposition of responses
is dependent on the antenna configuration.
[0096] In addition, because, in most cases, the soil effects are not known in advance, the time decay character of a
LMC mine may be masked by the unknown soil response. The soil's effect on an LMC mine's decay response makes
it difficult to develop a robust, universal library of object signatures for LMC mines.
[0097] However, as discussed above, the ETD sensor system 100 of the present invention has the ability to measure
both the metal and the void signature of LMC mines in some soil types. The existence of a coincident void and metal
signal enabled the development of a robust LMC mine classification/discrimination scheme. That is, the time decay
response characteristics of voids for various known LMC mines and targets in known soils, e.g., magnetic and non-
magnetic soils, are stored within the object signature library. These characteristics are then used to identify LMC mines
and targets, thus making the object signature library a universal library of target signatures for LMC mines.
[0098] As discussed below with reference to FIG. 12, the ETD sensor system 100 of the present invention has the
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ability to acquire data for developing a robust, universal library of object signatures for low and medium to large metal
content mines, as well as underground voids. Using the library, a low or a medium to large metal content target's time
decay response (or void's time decay response) is compared with the library of time decay responses.
[0099] A time decay response closely approximating the low or medium to large metal content target's time decay
response (or void's time decay response) is identified using the library. The low or medium to large metal content target
is then determined to be composed primarily or entirely of the metal corresponding to the identified time decay response.
The low or medium to large metal content target can also be identified using the library. Further, characteristics of a
detected void can be identified using the library as well.
[0100] An algorithm for collecting data using the ETD sensor system 100 of the present invention is illustrated by
the flow chart of FIG. 12. The EDT sensor system 100 is operated as a conventional metal/void detector in the search
mode (a low-power mode) when searching for mines or other visually obscured/buried objects (see FIG. 14A). During
the search mode, the ETD sensor system operating parameters are fixed to predetermined values.
[0101] Once a target of interest has been detected, the operator is informed via the operator interface, e.g., the
display 148 of the computer control system 108, and the EDT sensor system 100 is switched to target identification
mode (see FIG. 14B). In this mode, the ETD sensor system operating parameters are optimized for target character-
istics/classification. The identification mode also powers the computer control system 108 to analyze the time decay
response signal of the target of interest. The system 100 switches to the identification mode either automatically or
manually.
[0102] In brief, the data collection algorithm involve five steps: setting data collection parameters of the antenna (i.
e., the transmitter pulse rate (TPR), the data sample window (DSW), the digitizer sample rate (DSR), etc.); switching
to an identification mode when the antenna is placed over an unknown object; performing data acquisition; saving data
to the storage medium; and repeating the whole procedure and collecting a background reading. Background data are
collected over an area that is nearby but is known to not have a metal target.
[0103] During data analysis, the background data is subtracted from the target data. This procedure removes any
amplifier offset voltage drift and any residue decay currents from the transmitter coil 116 that are coupled into the
receiver coils 124, 128. For medium and large targets, the background data subtraction procedure produces minimal
differences in time decay response curves, because the antenna's drift and the residue currents in the transmitter coil
116 are orders of magnitude below the target's time decay response voltage. However, for small targets, at decay times
close to the transmitter shut off time, the background data subtraction procedure improves the quality of the data.
[0104] With continued reference to FIG. 12, after multiple data sets have been acquired, the data is analyzed by a
classification algorithm, including a void detection algorithm for low metal content targets, in an effort to determine
characteristics of the target's time decay response and/or to detect voids. The determined characteristics are then
compared to an object signature library having a database of various time decay response and void characteristics.
Characteristics stored in the library which closely match the determined characteristics are flagged and used to identify
the type of metal target
[0105] The data collection algorithms will now be described in greater detail.
[0106] Data presented in this report and the scientific literature has shown that target decay responses (i.e., signa-
tures) have a wide dynamic range in both signal amplitude and decay time. The range of amplitudes and times are
many orders of magnitude. In general, a small metal target has a small amplitude signal and a fast decay time. In
general, a large metal target has a large amplitude signal and a long decay time. For target identification, the target
signature must be measured over a wide range of amplitudes and time that are appropriate for the target.
[0107] These wide ranging signatures cannot be measured optimally by a sensor with fixed operating parameters.
An antenna or sensor with fixed operating parameters designed for small targets detection will saturate its amplifiers
when a large target is detected. A saturated amplifier gives no time decay information, and hence, the target can not
be identified or classified. Likewise, when an antenna is operating at a high repetition rate so that the search for a
target can be done quickly, when a large target is detected, the decay time of the large target exceeds the time interval
dictated by the repetition rate. As an example, conventional metal detectors operate with typical repetition rates as
high as 1000 cycle per sec (Hz). Assuming for purposes of illustration, a 50% duty cycle square wave or ramp, this
gives a time interval for target decay of 500 µs.
[0108] Data in FIG. 5 clearly show that for a large number of metal targets, the decay time is longer than 500 µs.
Signals from large metal landmines and even larger UXO (e.g., 500 1b. bombs) can persist for many milliseconds. For
accurate target classification, research has shown that the wider the range of decay measurements from a target, the
better the performance (higher probability of correct classification) of the classification algorithm. Taking the same
metal detector example and applying it to small target classification we note that small targets, in the range of low-
metal plastic-cased landmines, have decay signatures that persist only for about 100 µs (e.g., M14 and PMA3 anti-
personnel mines). Having a sensor collect data for 500 µs when there is no signal is a waste of sensor resources (e.
g., power) and slows down the search rate.
[0109] As illustrated above, for optimum EDT sensor system performance, the EDT sensor system parameters must
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be adjusted for the type of target detected. Large and small targets require different EDT sensor system operating
parameters. The algorithm shown in FIG. 12 illustrates the general approach. In the search mode, the EDT sensor
system operating parameters are set for maximum to enhance the probability of detection: amplifier gain maximum
(typical value: 10000); transmitter pulse rate (TPR) (typical value: 10 KHz); data sample rate (DSR) (AD converter
sample rate, typical value: 10 Msamples/s) and data sample window (DSW) (typical value: 50 µs).
[0110] Once an object has been detected, the Identification Mode is selected. The operator places the sensor over
the unknown target Exact placement of the antenna over the target location is not critical in a time-domain sensor of
the present invention. Operators would use conventional target localization procedures to find the maximum signal
strength of the unknown target and place the center of the first receiver coil 124 over that spot. The second receiver
coil 128 would be over an area not having a signal.
[0111] The computer would adjust ETD sensor system operating parameters: TPR to 5 KHz and DSW to 100 µs.
One sample of data would then be collected and tested for amplifier saturation.
[0112] If the signal was saturated, then the amplifier gain of the programmable amplifier 143 and/or transmitter current
would be lowered and another data sample would be collected and tested. This would continue until the amplifier gain
of the programmable amplifier 143 or transmitter current had been adjusted so that the target signal was not in satu-
ration.
[0113] If the signal was not saturated, then the next step is performed. The target's time decay response signal is
evaluated to estimate the decay time constant (TC) of the signal. The time decay estimate is used to adjust the sensor
timing parameters, e.g., TPR, duty cycle, DSW and DSR. Generally, a target with an exponential decay time constant
of TC will have no signal after about five time constants. Therefore, the sensor timing parameters could be adjusted
so that the DSW covers the 5 * TC time. The TPR, duty cycle and DSR are then adjusted to be compatible with the
DSW. Assuming the sensor is operating with 50% duty cycle, then DSW and TPR can be written as: DSW = 5 * TC
and TPR = 2* DSW.
[0114] Research has shown that about 1000 data points collected in the DSW provides good signal fidelity (higher
number of data points allows the sensor to do a better job of averaging). Therefore, DSR of the AD converter 144 can
be written: DSR = [DSW * 1000]-1 samples/s.
[0115] The above calculation of the TPR, DSW and DSR based on the target's estimated time constant decay could
be implemented as-is for a highly flexible EDT sensor system 100. However, it is sometimes more cost effective and
lowers EDT sensor system 100 complexity to use the above estimated EDT sensor system parameters to select pre-
determined EDT sensor system parameters. Therefore, when a DSW of 80 µs is found to be a good value, the EDT
sensor system 100 would actually set the DS W to 100 µs. When a DSW of 180 µs is found to be a good value, the
EDT sensor system 100 would actually set the DSW to 200 µs.
[0116] We have found that the minimum DSW is typically 100 µs and that having DSW grow by octaves is a reason-
able compromise over sensor cost and complexity. Therefore, when DSW is calculated, the value is used to select a
predetermined set of EDT sensor system operating parameters. Using predetermined operating EDT sensor system
parameters is also needed to develop the library of known targets. Decay responses of known targets of interest (i.e.,
mines and UXO) are measured with these predetermined EDT sensor system parameters.
[0117] Once the ETD sensor system operating parameters have been adjusted for target decay parameters, the
inventive algorithm illustrated by FIG. 12 instructs the data collection process to collect multiple data sets and average
them to obtain a high signal-to-noise ratio (SNR) signal, i.e., an average data set for the target.
[0118] Typically, the number of data sets that have to be averaged is dependent on the signal strength. For low level
signals (i.e., those that have the sensor operating with high gain and high transmitter current) require a high number
of data averages. Typically, this can be as high as 1000 data sets averaged. For large target signals, those with low
amplifier gain and low transmitter current, the number of data samples can be low. Typically, 1 to 10 data sets.
[0119] Using the amplifier gain and transmitter settings, a lookup-table can be generated to establish the number of
data sets to be averaged. Another method to establish the number of data sets to be averaged would have the algorithm
to dynamically calculate the noise in the decay time signal. When the noise level reaches a plateau, then no more data
averages would be taken.
[0120] The target data has now been collected with nominally optimized EDT sensor system parameters. The oper-
ator is told via the operator interface, to move the antenna to an area adjacent to the target area and collect background
data sets. These data sets are collected with the same EDT sensor system parameters as the target. The background
data sets are then averaged to obtain an SNR signal, i.e., an average background data set.
[0121] The average target and background data sets are then subtracted and the data are sent to the Signal Process-
ing and Classification Algorithm subroutine and the Target Response Sorting subroutine.
[0122] Signal processing include filtering and normalization. The filter is applied to the signal with the proper filter
type and parameters based on the ETD sensor system operating parameters. For example, if the data were collected
at a fast DSR, the filters would use parameters that would preserve the high bandwidth of the signal. If the signal was
collected with a slow DSR, the filters would use parameters that would remove high frequency noise components. One



EP 1 266 244 B1

5

10

15

20

25

30

35

40

45

50

55

13

schooled in the art could readily implement the proper filtering scheme based on EDT sensor system data collection
parameters.
[0123] Normalization of the target decay response is performed after filtering. The time decay response is an inherent
property of the target; once excited by the magnetic impulse from the antenna's transmitter coil 116, the target's mag-
netic field decays uniformly in space. The amplitude of an unknown target's decay response is dependent on the target
orientation and depth.
[0124] Since the unknown target's depth is not generally known, the absolute amplitude of the time decay response
cannot by itself be used for target classification. The time decay nature of the target's response, not the absolute
amplitude, governs the target characterization process. In order to facilitate the classification process and be able to
compare the unknown target's decay response to a library of known target decay responses, the time decay data
amplitudes have been normalized to 1 at some convenient time. The normalization time, is selected based on the DSW
parameter. For example, the DSW of 100 µs, the amplitude of the unknown target would be normalized to one at 10
µs. A look-up table is generated based on the DSW parameter.
[0125] Classification of a target uses a conventional match-filter algorithm or comparable classification algorithm,
such as one based on Bayesian statistical estimation theory and the target's absolute signal response amplitude. One
schooled in the art could implement the classification algorithm using the normalized target response and amplitude
data provided by the inventive algorithm.
[0126] The target's normalized decay response and absolute amplitude are compared to a library of known targets
of interest. The library is preferably composed of targets that are a threat, such as mines or UXO, and/or targets that
are common clutter targets, such as cans, nails, bolts, etc. It is provided that the EDT sensor system operating param-
eters that were used to collect the unknown target response data must match the library's target data collection pa-
rameters.
[0127] In addition to the time decay response classification based on metal signals, the classifier also looks for void
signatures. These signatures are negative compared to the metal signatures and as such the algorithm scans for
portions of the time decay response signal going below zero volts. If a void signature and a metal signature are both
found in the same decay signal, the probability that the target is a low-metal mine is very high.
[0128] It has been found experimentally by the present inventors that there are some cases where the unknown
target's normalized time decay response matches a target of interest, but is not the correct target. This is particularly
true for very small targets. In this case, the absolute amplitude of the target response can be used to help classify the
target. For example, a threat target, such as a low-metal plastic mine has a range of burial depths. Therefore, there is
a minimum and maximum sensor-to-target range. This defines a minimum and maximum amplitude range that a target
response can have.
[0129] Consider the case where the unknown target has a time decay response that is statistically identical to a
known mine. However, the absolute amplitude of the unknown target has a voltage level that is greater than the mine's
voltage level at a minimum sensor to target range. The unknown target cannot be the mine since one of the mine's
unique characteristics is its maximum signal response to the EDT sensor system 100 (based on EDT sensor system
operating parameters). The same approach applies when the signal level from the unknown target falls below the
minimum signal level of a known threat target.
[0130] The target classification is passed to the operator interface. The classification can take the form of threat/
non-threat or exact target identification. A level of confidence is also assigned to the classification process and the
operator makes the judgment as to the level of threat and the proper course of action.
[0131] The target signature (time decay response) library is a database that contains normalized decay responses
from targets of interest. Targets of interest include threat targets, such as mine and UXO, and common, clutter items,
such as soda cans and common battlefield clutter (e.g., spent cartridges and shell casing). Amplitude range data are
stored along with time decay signatures and EDT sensor system operating parameters.
[0132] The library could have the ability to update the database in the field so that new threat or non threat targets
could be added. It is contemplated that the library is updated in real-time.
[0133] The target response sorting subroutine sorts target response by type of response. This extra data collection
process expands selected portions of the time decay response in order to resolve difficult target signatures.
[0134] If the target is determined to be a small, i.e., a fast decay time target, the algorithm branches to the void/metal
detection subroutine. If the target is determined to be a medium or a large target, i.e., a slow decay time target, the
algorithm branches to the medium/large target data collection subroutine.
[0135] The algorithm of the present invention looks for two signals which have incompatible EDT sensor system
operating parameters: a void signal that typically requires high bandwidth and a small metal signal that requires high
sensitivity at a lower bandwidth. Background measurements and subtraction are understood in this data collection.
[0136] Small amplitude, fast decay time targets are typical of low-metal content land mines and deserve special
attention. Since the inventive sensor system can detect voids (soil type dependent) and the coincident metal signature
from low-metal content land mines, the EDT sensor system operating parameters are optimized for void detection and
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the detection of small metal signals that have low SNR.
[0137] The following method also works with high SNR metal signals with coincident void signals, but the more typical
case is void and low SNR metal signal. Detection of voids in fast decaying targets generally occurs in the time region
of less than 10 µs.
[0138] As shown in FIG. 8, a void signal (negative voltage) shortly after the transmitter turn-off and a metal signal
(positive voltage) later in the decay response indicate that a low-metal content mine in present The inventive algorithm
is implemented to look for a negative signal in the target decay response data.
[0139] First, the EDT sensor system operating parameters are changed to reflect the fast decay times of the void.
The EDT sensor system 100 is optimized for the void signal, a void signal measurement is taken, and the data is
examined for the presence of a void.
[0140] In low conductive soil, void detection requires high bandwidth and the ability of the EDT sensor system 100
to operate very close to the transmitter turn-off time, since this is the time region when void signals dominate. Since
the detection process is interested in data in the time region immediately after transmitter turn-off, the inventive algo-
rithm decreases the DSW parameter to about 30 µs. The TPR parameter is increased to reflect the new DSW. Since
we are now operating at a very high TPR, many data sets can be averages in a very short time to increase SNR.
[0141] To measure target decay responses close to the transmitter turn-off time, the transmitter current or the number
of transmitter or receiver coil turns are reduced. The former is accomplished by having the computer control system
108 change the transmitter current. The later is accomplished by having multiple transmitter and/or receiver coils to
select from.
[0142] Reduced transmitter current case: the easiest to implement and construct is to reduce the transmitter current.
The reduced transmitter current reduces the voltage induced in the receiver coils 124, 128. The reduced voltage in the
receiver coils 124, 128. results in the receiver amplifiers not saturating or coming out of saturation at a time close to
the transmitter turn-off time. Some of the lost antenna sensitivity can be made up by using a time-gain amplifier, where
the gain of the circuit is increased after the initial transmitter pulse has decayed to zero.
[0143] Another way to measure the target signal close to the transmitter turn-off time is to increase the bandwidth
of the antenna by increasing the bandwidth of the transmitter and receiver coils. To do this, one would construct a
transmitter or receiver with multiple sets of turns that could be selected by the computer control system 108. Remem-
bering that high bandwidth circuits require low inductance and capacitance, for high bandwidth transmitter or receiver,
a low number of coil turns would be selected. Remember, inductance scales as N2, where N is the number of turns of
the coil.
[0144] In addition to increasing the bandwidth of the antenna by decreasing the coil turns of either the transmitter or
receiver coils, the reduced number of coils reduces the transmitter/receiver coupling, and thus reduces the voltage
levels. As above, the reduced voltage levels allow the receiver amplifiers to come out of saturation at an earlier time.
[0145] After the void signal is examined, the EDT sensor system operating parameters are changed to collect high
sensitivity (e.g., amplifier gain and transmitter current is increased to maximum), low metal signal data. The detection
process looks for the presence of a small signal of a metal object. In many cases, the metal signal does not have a
high SNR to classify the metal type as a mine.
[0146] However, instead of measuring the time decay of the target directly, the inventive algorithm measures an
integrated signal from the antenna, looking for an indication of a metal signal. If the integrated response is positive
then a metal signal is present. A digital integrating algorithm is implemented to accomplish this.
[0147] For the case of the metal signal detection, the antenna's sensitivity is increased in the time region of greater
than 10 µs. The antenna is still operating at a DSW of 30 µs, but now the signal is integrated from 10 to 30 µs and the
algorithm looks for the positive signal that indicates a metal signal.
[0148] At this point the EDT sensor system 100 has been instructed to set operating parameters and collect data for
the detection of a void and a metal signal. The results are: coincident void/metal detected: high probability unknown
target is allow-metal mine; void only detected: high probability that unknown target is a non-mine clutter object, such
as a piece of wood; and metal detected: probability that unknown target is clutter or deeply buried low metal content
mine.
[0149] The above EDT sensor system results are passed to the signal processing and classification subroutine.
Information from this data collection is combined with time decay data to form a decision on target classification.
[0150] Medium or large sized metal targets have many complex structural features that manifest themselves in dif-
ferent time decay characteristics. These complex features are characterized by multiple exponential terms is Equation
(1) and give rise to a target decay signature with a very large dynamic range in both time and amplitude. The first pass
through the data collection process, described above, collects target data with EDT sensor system operating param-
eters adjusted for optimal target data collection starting at a minimum time after the transmitter turns off.
[0151] The start time of the measurement is typically in the range of 1 to 20 µs. Because of the wide dynamic range
of the target's signature, collecting data with one set of optimal EDT sensor system operating parameters, starting at
a minimum time, will not collect all of the data that can be extracted from the target for target classification, before the
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EDT sensor system 100 reaches its noise floor with a SNR too low for meaningful target classification. Therefore, this
subroutine adjusts the EDT sensor system data collection parameters to collect target signatures over a second time
interval.
[0152] FIG.13 illustrates the concept of multiple, overlapping data collections from a target with a complex time decay
response that has many orders of dynamic range in both time and amplitude. Shown in FIG. 13 is a theoretical time
decay response from a metal target with complex structure features that give rise to the time decay response being
characterized by multiple time constants as given in Equation (1).
[0153] FIG. 13 shows what the EDT sensor system 100 would measure if it had seven orders of magnitude of voltage
sensitivity and 5 orders of magnitude of time range. A target such as a 500 lb bomb with steel body and aluminum tail
fins would have this type of signature. The steel body has a relatively short time decay signal with high amplitude and
the aluminum fins would have a longer time decay signal with lower amplitude. The combined time decay signal would
span many decades of time and many orders of magnitude in measured receiver output.
[0154] Even with averaging, EDT sensor system and environmental noise typically limit the dynamic range of meas-
urements to approximately three to four orders of magnitude (1000 - 10000). As an example, data shown in FIG. 9 for
a VS-50 medium content mine shows that the signal level ranges from about 0.001 to 3 volts in the time range of 3 µs
to 800 µs. The SNR becomes very low below about 0.005 volts and 200 µs, i.e., the EDT sensor system 100 has
reached its noise floor. For effective target classification, a high SNR is needed. Research reported in the scientific
literature has indicated that an SNR of about 6 to 10 dB is needed for accurate target classification.
[0155] Even in the absence of EDT sensor system and environmental noise issues as described above, it is difficult
to construct an inexpensive wide dynamic range AD converter that has both fast digitations and wide input amplitude
range. Typical fast sampling, low-cost AD converters are in the 10 to 12-bit range (i.e., digitize analog signals 1 part
in 1024 to 1 part in 4096). For a low-cost system, one would want to use low-cost parts.
[0156] The medium/large target data collection subroutine adjusts the EDT sensor system operating parameters to
overcome the above limitations of EDT sensor system cost, noise and dynamic range. As illustrated in FIG. 13, the
concept of the DSW is used, but now one allows the operating system to move the start time of the DSW to a later
time after the transmitter turn off. This is shown in FIG. 13 as Data Sample Window 2 (DSW2).
[0157] Data Sample Window 1 (DSW1) measures the target signature in the range of 10-6 to 10-3 seconds. DSW2
overlaps DSW1 and measures the target signature in the range of 10-4 to 10-1 seconds. With an overlap in DSW, the
entire time decay response can accurately be reconstructed for target classification purposes. The EDT sensor system
operating parameters TPR, DSR, amplifier gain, and transmitter current are adjusted for this new DSW. For the case
illustrated, the TPR would be approximately 5 Hz, and DSR would be approximately 100Ksamples/s. The current in
the transmitter would be increased until the receiver amplifier just saturates the amplifiers at the beginning of DSW2.
[0158] If the maximum value of the transmitter current is reached before the receiver amplifier saturation occurs,
then the receiver amplifier gain is increased until this condition is met or until the maximum amplifier gain is reached.
For the case illustrated in FIG. 13, the total gain in the EDT sensor system 100 due to increasing the transmitter current
and/or the amplifier gain is about 100.
[0159] The information gathered by the medium/large target data collection subroutine is passed to the signal
processing and classification subroutine. Information from this data collection is combined with time decay data from
DSW1 to form a decision on target classification.
[0160] This section of the algorithm communicates with the EDT sensor operator. It provides information to the op-
erator, such as when a target is detected, when to take target and background measurements, and house keeping
functions, such as built-in test and low sensor battery indicator. Both audio and visual indicators can be activated via
the operator interface.
[0161] The ETD sensor system 100 disclosed herein provides several features and advantages:
[0162] Automatic Ground Balancing: The antenna design accounts for soil effects directly and passively without
requiring additional electronic means or adjustments, as prior art antennas and sensors. As a result, the following
benefits are realized: (1) the ETD sensor system 100 removes the eddy current effects from the soil (ground) in the
decay response characteristics of medium and large metal mines and UXOs; (2) the system 100 separates the eddy
current effects from the soil (ground) in the decay response characteristics of low metal content (LMC) mines; (3) the
system 100 can detect small metal objects in the presence of highly conductive or magnetic soil; (4) the system 100
can work in salt water to detect and classify metal objects in the water column or buried in the ground underwater; and
(5) the system 100 can detect voids in magnetic/conductive soil as discussed below with respect to the detection of
LMC landmines.
[0163] Automatic Transmitter Coil Balancing: The transmitter coil 116 forms an inductor. If the inductor has currently
flowing in it, there is energy stored in the magnetic field of the inductor. When the current in an inductor is switched off
or changed rapidly, it takes a finite amount of time for the energy in the magnetic field to dissipate and small residual
transmitter currents to decay to zero. A TD EMI type sensor detects small target induced currents during the time period
after the transmitter is turned off. In a conventional TD EMI sensor, measurements of the target's time decay must wait
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until the transmitter residual currents decay to zero (or sufficiently small relative to target's eddy currents). Prior art
methods to control current in the transmitter coil cause the sensor to have a slow response relative to the present
invention. The transmitter and dual receiver coil arrangements of the present invention account for the transmitter
system's decay currents directly and passively without additional electronic means or adjustments, such as with com-
puter control. The transmitter decay currents are subtracted automatically in the differential amplifier 134 or via counter-
wound receiver coils (similar differential techniques known in the art can be implemented for different magnetic field
sensors).
[0164] Within the limits of mechanical and electrical balancing of the transmitter coil 116 and receiver coils 124, 128,
the following benefits are realized:
[0165] Measurement of the time decay response of an obj ect can be started much sooner after the transmitter
system is turned off as compared to a conventional TD EMI sensor. The sooner this measurement occurs, the "faster"
the response of the antenna. Two benefits are:
[0166] First, a fast responding antenna can measure objects with low metal content (small metal objects), since low
metal content objects tend to have fast decay times. An object's time decay is roughly proportional to the size and
weight of the object. A small object has a small time constant As shown in Equation (1), a small time constant means
that the object's response signal decays to zero in a short amount of time. A slow responding antenna (e.g., an antenna
that has to wait for the transmitter currents to decay to zero before taking a response measurement) is highly likely to
miss a small object's decay signal.
[0167] Second, a faster responding antenna can detect objects that are farther (i.e., deeper in the ground). Since
an object's time response decays exponentially, the sooner an antenna starts measuring the decay response, the
higher the detected signal. Thus, the sensor system of the present invention is more sensitive for both small and large
metal objects than a conventional TD EMI sensor.
[0168] It is contemplated that since the transmitter decay currents are nulled by the unique antenna arrangement of
the present invention, the size and number of turns of the transmitter system 102 can be more easily tailored for the
application. In other words, the ETD sensor system 100 can be scaled to fit the application. The following cases illustrate
the tailoring of the antenna to fit the particular application the ETD sensor system 100 is being used for:
[0169] Case 1: Large antenna for large and deep objects (e.g., large metal mines and UXOs) can use a large size
transmitter coil with many turns. The large coil dimensions project a magnetic field deep into the ground, thus increasing
the EDT sensor system's sensitivity in depth. A large number of coil turns increase the size of the magnetic field for a
given transmitter coil current, thus increasing the EDT sensor system's sensitivity even further. Since the large metal
targets have relatively long decay times, the EDT sensor system's time response can be made longer and still be able
to measure the time decay of the object under study.
[0170] Case 2: Small antenna for small and shallow objects (e.g., plastic landmines) can use a small size transmitter
coil with many turns. The small coil dimension projects an intense magnetic field close to the antenna thus increasing
the EDT sensor system's sensitivity for shallow objects. The large number of transmitter coil turns increase the size of
the magnetic field for a given coil current, thus increasing the EDT sensor system's sensitivity for low metal content
even further.
[0171] Case 3: The EDT sensor system 100 can be mounted on a moving vehicle. The benefits of the EDT sensor
system 100 can be realized and at the same time the search rate of the antenna can be greatly improved. The advantage
of the automatic noise cancellation works for removing the electrical noise of the vehicle. Also the balanced differential
receiver design cancels the effect of nearby metal parts common in a vehicle.
[0172] Case 4: The EDT sensor system 100 can be configured as a barrier sensor for detection of metal objects (e.
g., metal weapons) at points of entry to critical areas, such as airports or banks. The target identification and discrim-
ination ability of the EDT sensor system 100 has many advantages over existing metal detectors. The balanced dif-
ferential receiver design cancels the effect of nearby metal parts and far field electrical noise commonly found in build-
ings, thus allowing for increased sensitivity.
[0173] Far-field Electromagnetic (EM) Noise Cancellation. For antenna testing and calibration purposes, it is desir-
able for the metal detection sensor system 100 to be able to operate in a conventional laboratory environment with
minimum modifications to the EM environment. In addition, it is desirable for the ETD sensor system 100 to operate
in and around electromagnetically noisy environments, such as those close to conventional power lines. The differential
arrangement of the dual receiver allows for the receiver coils 124, 128 to cancel the effects of EM noise from noise
sources that are relatively far away from the ETD sensor system 100. Although all EM noise is not cancelled with the
differential arrangement of the present invention, the level of noise cancellation is such that the receiver system's
electronic amplifiers are not overloaded. After initial amplification, the receiver system's signal is filtered using conven-
tional digital signal processing techniques known in the art.
[0174] Far-field Metal Object Cancellation. For antenna testing and calibration purposes, it is desiiable for the metal
detection sensor system 100 to be able to operate in a conventional laboratory environment with minimum modifications
to the building's construction. The differential arrangement of the dual receiver allows for the receiver coils 124, 128
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to cancel the effects of far-field metal objects that are relatively far away from the ETD sensor system 100. The exact
distance to the local metal object is a function of the dual receiver separation distance. An explanation of this is as
follows:
[0175] As a target-to-antenna distance R increases relative to the differential receiver coil separation distance D, the
differential receiver coil arrangement looses its effectiveness. To understand this effect, consider a simple target mod-
eled as a point source dipole directly under the first receiver coil 124 at distance R1. The signal seen by receiver coil
124 is proportional to R1

-3 and the signal seen by second receiver coil 128 is proportional to R2
-3 = (D2 + R1

2)-3/2. As
the distance from the target to the plane of the receiver coils 124, 128 increases, R1 becomes large relative to D and
R2 approaches R1: The field strength seen by both receiver coils 124, 128 becomes nearly equal. The differential
arrangement of the two coils 124, 128 then tends to cancel the signal. Thus, far field metal objects are not "seen" by
the ETD sensor system 100 of the present invention.
[0176] Single Point Measurement: The ground balancing and soil response cancellation features are disclosed in
the prior art. However, the prior art discloses that the antenna needs to be moved back and forth by the operator and
that the operator must make judgment calls as to the nature of the spatial response of the antenna. This is particularly
true for void detection using a prior art FD-type sensor system. The present invention detects the void directly from
the time decay signature of the object. The operator does not need to move the antenna back and forth over the object.
[0177] Low-Cost Antenna Design: The antenna design discussed above has the benefit of making the antenna elec-
tronics relatively less complex and costly compared to prior art. The receiver signals are amplified by low-cost, low-
noise, wide bandwidth amplifiers. The use of a TD approach to excite the target removes the need for complex me-
chanical antenna configurations. The use of a TD approach to excite the target removes the need for complex excitation
of the transmitting antenna. A pulsed TD method generates a wide bandwidth excitation of the object via a simple
electronic switch that has few components. Typical FD techniques that use multiple frequency spectrum approaches
for object identification require the generation of complex frequencies over a large frequency range. These frequencies
must then be amplified with a power amplifier before passing the signals to the transmitter coil. High frequency, wide
bandwidth response, low distortion power amplifiers are more complex and relatively more expensive compared to a
TD excitation source.
[0178] What has been described herein is merely illustrative of the application of the principles of the present inven-
tion. For example, the functions described above and implemented as the best mode for operating the present invention
are for illustration purposes only. Other arrangements and methods may be implemented by those skilled in the art
without departing from the scope of this invention as claimed.

Claims

1. A system (100) for detecting a visually obscured object (202), said system ( 100) comprising: means for generating
a first signal and a second signal from induced eddy currents including a transmitter (102) and a receiver (104),
characterized in that it comprises means (134) for determining if the first signal is greater than the second signal,
the first signal is less than the second signal, and if the first signal is approximately equal to the second signal;
and means (108) for determining the detection of the visually obscured object (202) if the first signal is greater
than the second signal, the detection of an underground void (204) if the first signal is less than the second signal,
and the non-detection of the visually obscured object or the underground void if the first signal is approximately
equal to the second signal.

2. The system (100) according to Claim 1, characterized in that it further comprises means (108) for storing within
a library of object signatures characteristics of a time decay response signal generated by subtracting the first
signal from the second signal and a description of the detected visually obscured object (202) or the underground
void (204) corresponding to the time decay response signal.

3. The system (100) according to Claim 1, characterized in that it further comprises at least one processor (146)
for executing programmable instructions for determining a time decay response corresponding to the visually ob-
scured object (202) or the underground void (204) and identifying characteristics of said time decay response.

4. The system (100) according to Claim 3, characterized in that said at least one processor (146) is configured such
that it further executes programmable instructions for comparing the identified characteristics of said time decay
response with a library of object signatures for identifying at least the type of visually obscured object (202) or the
configuration of the underground void (204).

5. The system (100) according to Claim 1, characterized in that said means (102, 104) for generating the first and
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second signals includes an antenna having a transmitter coil (116) and two receiver coils (124, 128), where the
transmitter coil (116) surrounds at least one of the two receiver coils (124, 128).

6. The system (100) according to Claim 5, characterized in that the means (134) for determining if the first signal
is greater than the second signal, the first signal is less than the second signal, and if the first signal is approximately
equal to the second signal includes a differential amplifier (134) for subtracting the first signal from the second
signal and outputting a time decay response signal.

7. The system (100) according to Claim 5, characterized in that the two receiver coils (124, 128) of the antenna are
at least one receiver coil diameter apart.

8. The system (100) according to Claim 5, characterized in that the transmitter coil (116) has a rectangular config-
uration having a length of approximately 60 cm and a width of approximately 20 cm, and each of the two receiver
coils (124, 128) has a square-like configuration with each side measuring approximately 10 cm.

9. The system (100) according to Claim 5, characterized in that the transmitter coil (116) has a rectangular config-
uration having a length of approximately 100 cm and a width of approximately 60 cm, and each of the two receiver
coils (124, 128) has a square-like configuration with each side measuring approximately 30 cm.

10. The system (100) according to Claim 5, characterized in that the transmitter coil (116) has at least six loop turns
and each of the two receiver coils (124, 128) has 16 loop turns.

11. The system (100) according to Claim 6, characterized in that the differential amplifier (134) is configured such
that it begins outputting the time decay response signal approximately 3 to 5 µs after current flow to the transmitter
coil (116) is turned off.

12. The system (100) according to Claim 1, characterized in that said system (100) includes means (146) for meas-
uring target decay time constants corresponding to the visually obscured object or the underground void as short
as 1.4 µs.

13. The system (100) according to Claim 5, characterized in that the two receiver coils (124, 128) are configured
such that they cancel effects of electromagnetic noise and far-field metal object signals.

14. The system (100) according to Claim 6, characterized in that it comprises an amplifier stage (136) connected to
the differential amplifier (134) for receiving and amplifying the time decay response signal before transmitting the
time decay signal to a computer control system (108).

15. A method for detecting a visually obscured object (202), said method comprising the steps of: scanning a region
with a sensor system having a transmitter coil (116), a first receiver coil (124) and a second receiver coil (128) for
inducing eddy currents within the visually obscured object (202), an underground void (204), and/or soil; converting
the eddy currents received by the first receiver coil (124) to a first signal and converting the eddy currents received
by the second receiver coil (128) to a second signal; characterized in that it further comprises the steps of sub-
tracting the first signal from the second signal to generate a time decay response signal ; determining whether the
first signal is greater than the second signal, the first signal is less than the second signal, or if the first signal is
approximately equal to the second signal ; and determining the detection of the visually obscured object (202) if
the first signal is greater than the second signal, the detection of the underground void (202) if the first signal is
less than the second signal, and the non-detection of the visually obscured object or the underground void if the
first signal is approximately equal to the second signal.

16. The method according to Claim 15, characterized in that it further comprises the step of storing within a library
of object signatures characteristics of the time decay response signal generated by subtracting the first signal from
the second signal and a description of the detected visually obscured object or the underground void corresponding
to the time decay response signal.

17. The method according to Claim 15, characterized in that it further comprises the step of comparing characteristics
of the time decay response signal with a library of object signatures for identifying at least the type of visually
obscured object (202) or characteristics of the underground void (204).
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18. The method according to Claim 15, characterized in that the generation of the time decay response signal is
initiated approximately 3 to 5 µs after current flow to the transmitter coil (116) is turned off.

19. The method according to Claim 15, characterized in that it further comprises the step of measuring decay time
constants corresponding to the visually obscured object (202) or the underground void (204) as short as 1.4 µs.

20. The method according to Claim 15, characterized in that it further comprises the step of using the first and second
receiver coils (124, 128) to cancel effects of electromagnetic noise and far-field metal objects.

21. A sensor system (100) for detecting visually obscured objects (202) by inducing eddy currents in same, charac-
terized in that it comprises an antenna further comprising: a transmitter coil (116); two receiver coils (124, 128)
surrounded by the transmitter coil (116), the receiver coils being at least one receiver coil diameter essentially in
a plane of the receiver coils (124, 128) apart, each of said two receiver coils (124, 128) configured for converting
the eddy currents into a first signal and a second signal; and a differential amplifier (134) for subtracting the first
signal from the second signal.

22. The system (100) according to Claim 21, characterized in that the transmitter coil (116) has a rectangular con-
figuration having a length of approximately 60 cm and a width of approximately 20 cm, and each of the two receiver
coils (124, 128) has a square-like configuration with each side measuring approximately 10 cm.

23. The system (100) according to Claim 21, characterized in that the transmitter coil (116) has a rectangular con-
figuration having a length of approximately 100 cm and a width of approximately 60 cm, and each of the two
receiver coils (124, 128) has a square-like configuration with each side measuring approximately 30 cm.

24. The system (100) according to Claim 21, characterized in that the transmitter coil (116) has at least six loop turns
and each of the two receiver coils (124, 128) has 16 loop turns.

Patentansprüche

1. System (100) zum Auffinden eines verborgenen Gegenstands (202), wobei das besagte System (100) folgendes
umfasst:

Mittel zum Erzeugen eines ersten Signals und eines zweiten Signals aus induzierten Wirbelströmen, ein-
schließlich eines Senders (102) und eines Empfängers (104), dadurch gekennzeichnet, dass es ein Mittel
(134) umfasst, das feststellt, ob das erste Signal größer ist als das zweite Signal, ob das erste Signal kleiner
ist als das zweite Signal, und ob das erste Signal ungefähr gleich ist dem zweiten Signal; und ein Mittel (108)
zur Feststellung des Auffindens eines verborgenen Gegenstands (202), wenn das erste Signal größer ist als
das zweite Signal, des Auffindens eines unterirdischen Hohlraums (204), wenn das erste Signal kleiner ist als
das zweite Signal, und der Feststellung einer Nicht-Erkennung eines verborgenen Gegenstands oder eines
unterirdischen Hohlraums, wenn das erste Signal ungefähr gleich ist dem zweiten Signal.

2. System (100) nach Anspruch 1, dadurch gekennzeichnet, dass es weiterhin ein Mittel (108) umfasst zur Spei-
cherung von Merkmalen eines mit der Zeit abklingenden Antwortsignals, das durch Subtraktion des ersten Signals
vom zweiten Signal erhalten wird, zusammen mit einer Beschreibung des erkannten verborgenen Gegenstands
(202) oder des unterirdischen Hohlraums (204), die dem abklingenden Antwortsignal entspricht, in einer Datenbank
von Objektsignaturen.

3. System (100) nach Anspruch 1, dadurch gekennzeichnet, dass es weiterhin wenigstens einen Prozessor (146)
umfasst zur Ausführung von programmierbaren Befehlen zur Ermittlung eines mit der Zeit abklingenden Antwort-
signals, das dem verborgenen Gegenstands (202) oder des unterirdischen Hohlraums (204) entspricht und zur
Bestimmung der Merkmale des besagten abklingenden Antwortsignals.

4. System (100) nach Anspruch 3, dadurch gekennzeichnet, dass der wenigstens eine besagte Prozessor (146)
so konfiguriert ist, dass er weiterhin programmierbare Befehle zum Vergleichen der bestimmten Merkmale des
besagten abklingenden Antwortsignals mit den Objektsignaturen der Datenbank ausführt, um wenigstens den Typ
des verborgenen Gegenstands (202) oder die Art des unterirdischen Hohlraums (204) zu bestimmen.
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5. System (100) nach Anspruch 1, dadurch gekennzeichnet, dass die besagten Mittel (102, 104) zur Erzeugung
des ersten und des zweiten Signals eine Antenne umfassen, die eine Sendespule (116) und zwei Empfängerspulen
(124, 128) aufweist, wobei die Sendespule (116) wenigstens eine der zwei Empfängerspulen (124, 128) umgibt.

6. System (100) nach Anspruch 5, dadurch gekennzeichnet, dass das Mittel (134) zur Feststellung, ob das erste
Signal größer ist als das zweite Signal, ob das erste Signal kleiner ist als das zweite Signal, und ob das erste
Signal ungefähr gleich ist dem zweiten Signal, einen Differenzverstärker (134) zum Subtrahieren des ersten Si-
gnals vom zweiten Signal und zum Ausgeben eines mit der Zeit abklingenden Antwortsignals umfasst.

7. System (100) nach Anspruch 5, dadurch gekennzeichnet, dass die zwei Empfängerspulen (124, 128) der An-
tenne voneinander wenigstens um einen Empfängerspulendurchmesser entfernt sind.

8. System (100) nach Anspruch 5, dadurch gekennzeichnet, dass die Sendespule (116) rechteckig gestaltet ist mit
einer Länge von etwa 60 cm und einer Breite von etwa 20 cm, und jede der zwei Empfängerspulen (124, 128)
ähnlich einem Quadrat gestaltet ist mit einer Seitenlänge von etwa 10 cm.

9. System (100) nach Anspruch 5, dadurch gekennzeichnet, dass die die Sendespule (116) rechteckig gestaltet
ist mit einer Länge von etwa 100 cm und einer Breite von etwa 60 cm, und jede der zwei Empfängerspulen (124,
128) ähnlich einem Quadrat gestaltet ist mit einer Seitenlänge von etwa 30 cm.

10. System (100) nach Anspruch 5, dadurch gekennzeichnet, dass die Sendespule (116) wenigsten 6 Windungen
aufweist und jede der zwei Empfängerspulen (124, 128) 16 Windungen hat.

11. System (100) nach Anspruch 6, dadurch gekennzeichnet, dass der Differenzverstärker (134) so konfiguriert ist,
dass er etwa 3 bis 5 µs nach dem Abschalten des Stroms in der Sendespule (116) beginnt, ein mit der Zeit ab-
klingendes Antwortsignal abzugeben.

12. System (100) nach Anspruch 1, dadurch gekennzeichnet, dass das besagte System (100) Mittel (146) umfasst,
um Objekt-Abklingzeitkonstanten entsprechend dem verborgenen Gegenstand (202) oder dem unterirdischen
Hohlraum (204) ab nur 1,4 µs zu messen.

13. System (100) nach Anspruch 5, dadurch gekennzeichnet, dass die zwei Empfängerspulen (124, 128) so gestaltet
sind, dass die Wirkungen elektromagnetischen Rauschens und entfernter Metallgegenstände kompensiert wer-
den.

14. System (100) nach Anspruch 6, dadurch gekennzeichnet, dass es eine Verstärkerstufe (136) umfasst, die an
den Differenzverstärker (134) angeschlossen ist, um das mit der Zeit abklingende Antwortsignal zu empfangen
und zu verstärken, bevor das mit der Zeit abklingende Antwortsignal an ein Computersteuersystem (108) über-
tragen wird.

15. Verfahren zum Auffinden eines verborgenen Gegenstands (202), wobei das besagte Verfahren folgende Schritte
umfasst: Abtasten eines Gebiets mit einem Sensorsystem bestehend aus einer Sendespule (116), einer ersten
Empfängerspule (124) und einer zweiten Empfängerspule (128) zur Induktion von Wirbelströmen innerhalb des
verborgenen Gegenstands (202), des unterirdischen Hohlraums (204) und/oder dem Boden;
Umsetzen der Wirbelströme, die von der ersten Empfängerspule (124) empfangen werden, in ein erstes Signal
und Umsetzen der Wirbelströme, die von der zweiten Empfängerspule (128) empfangen werden, in ein zweites
Signal; dadurch gekennzeichnet, dass es weiterhin die Schritte umfasst :
Subtrahieren des ersten Signals vom zweiten Signal, um ein mit der Zeit abklingendes Antwortsignal zu erzeugen;
Feststellen, ob das erste Signal größer ist als das zweite Signal, ob das erste Signal kleiner ist als das zweite
Signal, und ob das erste Signal ungefähr gleich ist dem zweiten Signal; und Feststellen des Auffindens eines
verborgenen Gegenstands (202), wenn das erste Signal größer ist als das zweite Signal, des Auffindens eines
unterirdischen Hohlraums (204), wenn das erste Signal kleiner ist als das zweite Signal, und Feststellen einer
Nicht- Erkennung eines verborgenen Gegenstands oder eines unterirdischen Hohlraums, wenn das erste Signal
ungefähr gleich ist dem zweiten Signal.

16. Verfahren nach Anspruch 15, dadurch gekennzeichnet, dass es weiterhin den Schritt des Speicherns von Merk-
malen eines mit der Zeit abklingenden Antwortsignals umfasst, das durch Subtraktion des ersten Signals vom
zweiten Signal erhalten wird, zusammen mit einer Beschreibung des erkannten verborgenen Gegenstands oder
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des unterirdischen Hohlraums, die dem abklingenden Antwortsignal entspricht, in einer Datenbank von Objektsi-
gnaturen.

17. Verfahren nach Anspruch 15, dadurch gekennzeichnet, dass es weiterhin den Schritt des Vergleichens der be-
stimmten Merkmale des besagten abklingenden Antwortsignals mit den Objektsignaturen der Datenbank umfasst,
um wenigstens den Typ des verborgenen Gegenstands (202) oder die Art des unterirdischen Hohlraums (204) zu
bestimmen.

18. Verfahren nach Anspruch 15, dadurch gekennzeichnet, dass die Erzeugung des mit der Zeit abklingenden Ant-
wortsignals etwa 3 bis 5 µs nach dem Abschalten des Stroms in der Sendespule (116) ausgelöst wird.

19. Verfahren nach Anspruch 15, dadurch gekennzeichnet, dass es weiterhin den Schritt des Messens der Abkling-
zeitkonstante entsprechend dem verborgenen Gegenstand (202) oder dem unterirdischen Hohlraum (204) ab nur
1,4 µs umfasst.

20. Verfahren nach Anspruch 15, dadurch gekennzeichnet, dass es weiterhin den Schritt umfasst, bei dem die zwei
Empfängerspulen (124, 128) so verwendet werden, dass die Wirkungen elektromagnetischen Rauschens und
entfernter Metallgegenstände kompensiert werden.

21. Sensorsystem (100) zum Auffinden verborgener Gegenstände (202) durch Induktion von Wirbelströmen in diesen,
dadurch gekennzeichnet, dass es eine Antenne umfasst, die ihrerseits besteht aus einer Sendespule (116), zwei
Empfängerspulen (124, 128), umgeben von der Sendespule (116), wobei die Empfängerspulen wenigstens um
einen Empfängerspulendurchmesser voneinander entfernt und im wesentlichen in einer Ebene der Empfänger-
spulen (124, 128) liegen, wobei jede der Empfängerspulen (124, 128) so eingerichtet ist, dass sie die Wirbelströme
in ein erstes Signal und in ein zweites Signal umsetzen; und dass das System einen Differenzverstärker (134)
umfasst zum Subtrahieren des ersten Signals vom zweiten Signal.

22. System (100) nach Anspruch 21, dadurch gekennzeichnet, dass die Sendespule (116) rechteckig gestaltet ist
mit einer Länge von etwa 60 cm und einer Breite von etwa 20 cm, und jede der zwei Empfängerspulen (124, 128)
ähnlich einem Quadrat gestaltet ist mit einer Seitenlänge von etwa 10 cm.

23. System (100) nach Anspruch 21, dadurch gekennzeichnet, dass die Sendespule (116) rechteckig gestaltet ist
mit einer Länge von etwa 100 cm und einer Breite von etwa 60 cm, und jede der zwei Empfängerspulen (124,
128) ähnlich einem Quadrat gestaltet ist mit einer Seitenlänge von etwa 30 cm.

24. System (100) nach Anspruch 21, dadurch gekennzeichnet, dass die Sendespule (116) wenigsten 6 Windungen
aufweist und jede der zwei Empfängerspulen (124, 128) 16 Windungen hat.

Revendications

1. Système (100) pour détecter un objet visuellement masqué (202), ledit système (100) comprenant : des moyens
pour générer un premier signal et un second signal de courants de Foucault induits comprenant un émetteur (102)
et un récepteur (104), caractérisé en ce qu'il comprend des moyens (134) pour déterminer si le premier signal
est supérieur au second signal, le premier signal est inférieur au second signal, et si le premier signal est approxi-
mativement égal au second signal ; et des moyens (108) pour déterminer la détection de l'objet visuellement
masqué (202) si le premier signal est supérieur au second signal, la détection d'un vide souterrain (204) si le
premier signal est inférieur au second signal, et la non détection de l'objet visuellement masqué si le premier signal
est approximativement égal au second signal.

2. Système (100) selon la revendication 1, caractérisé en ce qu'il comprend en outre des moyens (108) pour stocker
dans une bibliothèque de signatures d'objets des caractéristiques de signal de réponse de décroissance au cours
du temps générées en soustrayant le premier signal du second signal et une description de l'objet visuellement
masqué (202) ou du vide souterrain (204) détecté correspondant au signal de réponse de décroissance au cours
du temps.

3. Système (100) selon la revendication 1, caractérisé en ce qu'il comprend au moins un processeur (146) pour
exécuter des instructions programmables pour déterminer une réponse de décroissance au cours du temps cor-
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respondant à l'objet visuellement masqué (202) ou au vide souterrain (204) et identifier les caractéristiques de
ladite réponse de décroissance au cours du temps.

4. Système (100) selon la revendication 3, caractérisé en ce que ledit au moins un processeur (146) est configuré
pour comparer les caractéristiques identifiées de ladite réponse de décroissance au cours du temps à une biblio-
thèque de signatures d'objets pour identifier au moins le type d'objet visuellement masqué (202) ou la configuration
du vide souterrain (204).

5. Système (100) selon la revendication 3, caractérisé en ce que lesdits moyens (102, 104) pour générer les premier
et second signaux comprennent une antenne ayant une bobine émettrice (116) et deux bobines réceptrices (124,
128), dans lequel la bobine émettrice (116) entoure au moins l'une des deux bobines réceptrices (124, 128).

6. Système (100) selon la revendication 5, caractérisé en ce que les moyens (134) pour déterminer si le premier
signal est supérieur au second signal, le premier signal est inférieur au second signal, et si le premier signal est
approximativement égal au second signal comprennent un amplificateur différentiel (134) pour soustraire le pre-
mier signal du second signal et émettre un signal de réponse de décroissance au cours du temps.

7. Système (100) selon la revendication 5, caractérisé en ce que les deux bobines réceptrices (124, 128) de l'an-
tenne sont séparées par au moins un diamètre de bobine réceptrice.

8. Système (100) selon la revendication 5, caractérisé en ce que la bobine émettrice (116) a une configuration
rectangulaire ayant une longueur d'environ 60 cm et une largeur d'environ 20 cm, et chacune des deux bobines
réceptrices (124, 128) a une configuration de type carré, chaque côté mesurant environ 10 cm.

9. Système (100) selon la revendication 5, caractérisé en ce que la bobine émettrice (116) a une configuration
rectangulaire ayant une longueur d'environ 100 cm et une largeur d'environ 60 cm, et chacune des deux bobines
réceptrices (124, 128) a une configuration de type carré, chaque côté mesurant environ 30 cm.

10. Système (100) selon la revendication 5, caractérisé en ce que la bobine émettrice (116) a au moins six tours de
boucle et chacune des deux bobines réceptrices (124, 128) a 16 tours de boucle.

11. Système (100) selon la revendication 6, caractérisé en ce que l'amplificateur différentiel (134) est configuré de
telle manière qu'il commence à émettre le signal de réponse de décroissance au cours du temps environ 3 à 5 µs
après que le flux de courant dans la bobine émettrice (116) ait été désactivé.

12. Système (100) selon la revendication 1, caractérisé en ce que ledit système (100) comprend des moyens (146)
pour mesurer des constantes de temps de décroissance cibles correspondant à l'objet visuellement masqué ou
le vide souterrain aussi faibles que 1,4 µs.

13. Système (100) selon la revendication 5, caractérisé en ce que les deux bobines réceptrices (124, 128) sont
configurées de telle manière qu'elles annulent les effets du bruit électromagnétique et des signaux d'objet métal-
lique de champ lointain.

14. Système (100) selon la revendication 6, caractérisé en ce qu'il comprend un étage amplificateur (136) connecté
à l'amplificateur différentiel (134) pour recevoir et amplifier le signal de réponse de décroissance au cours du temps
avant de transmettre le signal de réponse de décroissance au cours du temps à un système de commande infor-
matique (108).

15. Procédé pour détecter un objet visuellement masqué (202), ledit procédé comprenant les étapes consistant à :
balayer une région avec un système de détection ayant une bobine émettrice (116), une première bobine réceptrice
(124) et une seconde bobine réceptrice (128) pour induire des courants de Foucault dans l'objet visuellement
masqué (202), un vide souterrain (204) et/ou le sol ; convertir les courants de Foucault reçus par la première
bobine réceptrice (124) en un premier signal et convertir les courants de Foucault reçus par la seconde bobine
réceptrice (128) en un second signal ; caractérisé en ce qu'il comprend en outre les étapes consistant à soustraire
le premier signal du second signal pour générer un signal de réponse de décroissance au cours du temps ; dé-
terminer si le premier signal est supérieur au second signal, le premier signal est inférieur au second signal, et si
le premier signal est approximativement égal au second signal ; et déterminer la détection de l'objet visuellement
masqué (202) si le premier signal est supérieur au second signal, la détection du vide souterrain (202) si le premier
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signal est inférieur au second signal, et la non détection de l'objet visuellement masqué si le premier signal est
approximativement égal au second signal.

16. Procédé selon la revendication 15, caractérisé en ce qu'il comprend en outre l'étape consistant à stocker dans
une bibliothèque de signatures d'objets des caractéristiques de signal de réponse de décroissance au cours du
temps générées en soustrayant le premier signal du second signal et une description de l'objet visuellement mas-
qué ou du vide souterrain détecté correspondant au signal de réponse de décroissance au cours du temps.

17. Procédé selon la revendication 15, caractérisé en ce qu'il comprend en outre l'étape consistant à comparer les
caractéristiques du signal de réponse de décroissance au cours du temps à une bibliothèque de signatures d'objet
pour identifier au moins le type d'objet visuellement masqué (202) ou les caractéristiques du vide souterrain (204).

18. Procédé selon la revendication 15, caractérisé en ce que la génération du signal de réponse de décroissance
au cours du temps est initiée environ 3 à 5 µs après que le flux de courant dans la bobine émettrice (116) ait été
désactivé.

19. Procédé selon la revendication 15, caractérisé en ce qu'il comprend en outre l'étape consistant à mesurer des
constantes de temps de décroissance cibles correspondant à l'objet visuellement masqué ou le vide souterrain
aussi faibles que 1,4 µs.

20. Procédé selon la revendication 15, caractérisé en ce qu'il comprend en outre l'étape consistant à utiliser les
première et seconde bobines émettrices (124, 128) pour annuler les effets du bruit électromagnétique et des
signaux d'objet métallique de champ lointain.

21. Système de détection (100) pour détecter des objets visuellement masqués (202) en induisant des courants de
Foucault dans ceux-ci, caractérisé en ce qu'il comprend une antenne comprenant en outre : une bobine émettrice
(116) ; deux bobines réceptrices (124, 128) entourées par la bobine émettrice (116), les bobines réceptrices étant
séparées par au moins un diamètre de bobine réceptrice pour l'essentiel dans un plan des bobines réceptrices
(124, 128), chacune des deux bobines réceptrices (124, 128) étant configurée pour convertir les courants de
Foucault en un premier signal et un second signal ; et un amplificateur différentiel (134) pour soustraire le premier
signal du second signal.

22. Système (100) selon la revendication 21, caractérisé en ce que la bobine émettrice (116) a une configuration
rectangulaire ayant une longueur d'environ 60 cm et une largeur d'environ 20 cm, et chacune des deux bobines
réceptrices (124, 128) a une configuration de type carré, chaque côté mesurant environ 10 cm.

23. Système (100) selon la revendication 21, caractérisé en ce que la bobine émettrice (116) a une configuration
rectangulaire ayant une longueur d'environ 100 cm et une largeur d'environ 60 cm, et chacune des deux bobines
réceptrices (124, 128) a une configuration de type carré, chaque côté mesurant environ 30 cm.

24. Système (100) selon la revendication 21, caractérisé en ce que la bobine émettrice (116) a au moins six tours
de boucle et chacune des deux bobines réceptrices (124, 128) a 16 tours de boucle.
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