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(54) Active impulse magnetometer

(57)  An active impulse magnetometer (50) includes
a magnetic field transmitter (52) which generates a low
frequency magnetic impulse waveform. A separate
magnetometer receiver (54) responds to the transmitted
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waveform, and produces a receive waveform which is
transformed by a Fast Fourier Transform device (78) in-
to the frequency domain. The transformed signal is
processed to indicate the presence of any detected ob-
jects.
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Description

TECHNICAL FIELD

The present invention relates to systems for detect-
ing metal objects such as mines in shallow salt water,
and more particularly to a detection system employing
a magnetic impulse waveform generated by a magnetic
field transmitter which is received by a separate receiver
element.

BACKGROUND OF THE INVENTION

The detection and identification of objects at rela-
tively close ranges requires either high range resolution
or some other form of "contrast" which will allow the dis-
crimination between targets and clutter to be made. This
contrast must be sufficiently unique to allow "automatic”
recognition of the contrast and thus "detection" of the
desired targets (mines). Clutter, on the other hand, is all
of the other fluctuations of the signal which may have
some characteristics which appear as atarget of interest
but which are not. It the separation of "targets" from
“clutter" which limits the performance of all electronic
detection systems.

In the classical "balanced coil" techniques used for
metal detection (like those found in airports), a fixed fre-
quency oscillator is used as the transmitter. The trans-
mitter develops an "electro-magnetic field" in some form
of a coil. A similar coil arrangement is used at the re-
ceiver. The receiver is designed so that the direct path
energy is canceled in the receiver. The receiver output
is sensitive only to disturbances in the "electro magnetic
field" near the coil. (Frequently these changes are just
capacitance or inductance change effects on a tuned
circuit.)

Metal targets are detected as an "unbalanced" con-
dition in the receiver. The closer the field coils are to a
metal object the greater the unbalance condition. The
coils are moved around over the suspected target area.
The metal object is located at the point where the max-
imum receiver output is achieved, directly over the mine
or other metal object.

These "classical" balanced coil systems work quite
well when the sensor is directly over the metal object at
close range. However, they lose performance rapidly as
the distance between the sensor and target increases.
These systems also suffer from high levels of attenua-
tion in the salt water because of the carrier frequencies
used by the oscillators.

Conventional "hand held" metal mine detection de-
vices have provided a degree of effectiveness for the
detection of shallow metal mines on land. However,
such devices are typically limited to a few feet range,
directly above the metal object being detected. They
have been of little or no value in salt water.

Sonar systems have also been tried for mine detec-
tion in shallow salt water. However, sonar has a very
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difficult time operating in shallow water and near the
surf. Sonar also has a difficult time with mine size targets
on the bottom or which are buried.

Impulse radars (Ultra Wide Band) have been suc-
cessfully used for detection of both metal and non-metal
buried mines under some conditions. These 1 to 10 na-
nosecond impulse radars work quite well in dry soil and
even in fresh water or snow. However, with salt water
the attenuation of greater than 60 db per foot is a pro-
hibitive signal loss factor.

Devices known as magnetometers have been very
successful in the detection of slight variations in the
earth's static magnetic field. These devices are used for
submarine detection at depths of more than 500 feet.

The Navy has long used VLF communications sys-
tems which have negligible salt water signal attenua-
tions at 10 KHz to 40 KHz carrier frequencies for com-
munications with submarines below the sea and around
the world.

SUMMARY OF THE INVENTION

An active impulse magnetometer is described for
detecting metal objects such as mines in shallow water.
The magnetometer comprises a magnetic transmitter
element secured on a movable vehicle, and a pulse gen-
erator for driving said transmitter element to transmit
first and second magnetic pulses of opposite polarity. A
magnetic receiver element is secured on the vehicle in
a spaced relationship relative to the transmitter element.
The magnetometer further includes means for measur-
ing an impulse response to the magnetic pulses, com-
prising means responsive to magnetic signals received
at the receiver element in response to the transmitted
magnetic pulses for performing a fast Fourier transfor-
mation of the received signals. The magnetometer in-
cludes means for providing a vehicle location signal in-
dicative of a present location of the vehicle, and signal
processor responsive to the transformed received sig-
nals and to the vehicle location signal to locate metal
targets causing disturbances in the magnetic impulse
response.

In a preferred embodiment, the movable vehicle is
a water vessel, and the magnetic transmitter element is
mounted along one of the port or starboard sides of the
vessel, and the magnetic receiver element is mounted
along the other of the port or starboard sides.

Accordingto one aspect of the invention a controller
for controlling is provided for controlling the operation of
the pulse generator and measuring means. The control-
ler comprising means for blanking operation of the
measuring means during the first magnetic pulse trans-
mission, and for enabling operation of the measuring
means during transmission of the second pulse.

BRIEF DESCRIPTION OF THE DRAWING

These and other features and advantages of the
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present invention will become more apparent from the
following detailed description of an exemplary embodi-
ment thereof, as illustrated in the accompanying draw-
ings, in which:

FIGS. 1 and 2 are top and side views, respectively,
of a vessel fitted with a mine detection system in
accordance with the invention.

FIG. 3 is a schematic block diagram of the mine de-
tection system of FIG. 1.

FIG. 4A shows an exemplary transmit magnetic
pulse waveform generated by the system of FIG. 3,
and FIG. 4B shows an exemplary corresponding re-
ceive waveform.

FIG. 5 shows an exemplary raster display compris-
ing the system of Claim 1.

FIG. 6 is a schematic diagram of a current switcher
circuit used in the system of FIG. 3.

FIG. 7 shows a schematic diagram of an exemplary
implementation of a pulse generator comprising the
system of Claim 3.

FIG. 8 shows a switch drive waveform for the cur-
rent switcher of FIG. 6.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENT

This invention is an active impulse magnetometer
(AIM). It uses a magnetic impulse wave form generated
by a magnetic field transmitter which is received by a
separate bi-static "active magnetometer" receiver ele-
ment. This unique waveform has been found to pene-
trate through aluminum, steel and other metals with little
or no attenuation. Tests have demonstrated that a low
frequency magnetic impulse has very little loss through
ocean salt water. Tests further show that metal targets
which are in the sensor field anywhere around the mag-
netic field generator can be detected as the cause of
variations in the received field.

The AIM system is well suited for the detection of
metal mines in ocean water. Other applications such as
enhanced submarine detection and underwater com-
munications are contemplated.

Inafully operational configuration the complete AIM
sensor can be mounted on a "mini-sub" or small remote
controlled vehicle. It might be lowered over the side or
fixed mounted on a small patrol craft. FIGS. 1 and 2
show an embodiment of the sensor 50 mounted on a
vessel 20 such as a ship or boat. The sensor system 50
includes a transmitter transducer element 52 and a re-
ceiver transducer element 54 mounted on opposite
sides of the vessel 20. The objective of the sensor sys-
tem 50 is to detect the presence and location of a sub-
merged metal target 80.

FIG. S illustrates a schematic block diagram of the
sensor system 50. A system controller 60 controls the
operation of the system. A transmit section 56 compris-
es a pulse generator 62, a current switcher 64 and the
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transmit propagator element 52. The controller 60 trig-
gers the pulse generator to generate a two pulse wave-
form, as shown in FIG. 8. The current switcher 64 oper-
ates to invert the polarity of the second pulse, to create
the transmit waveform shown in FIG. 4A. The transmit
waveform is applied to the transmit propagation element
52, which comprises coil 52A wound about a core 52B.
This unique bipolar magnetic impulse waveform is pre-
ferred over more conventional mono-polar waveforms
because the rate of change of the magnetic field from a
positive field to a negative field provides improved re-
ceiver sensitivity, better time reference as well as better
control of the transmitted magnetic field waveform.

The receiver section 58 of the sensor 50 includes
the receiver element 54, a preamplifier 70 for applying
a first amplification level to the signals received by the
receiver transducer element 54. The output from the
preamplifier is passed through a programmable attenu-
ator 72, whose attenuation level is set by the controller
60 to operate the receiver in an effective desired on/off
state. When the attenuator 72 is controlled to provide
maximum attenuation to the received, pre-amplified sig-
nal, the receiver 58 is effectively "off"; with a minimum
attenuation level set in the attenuator, the receiver is ef-
fectively "on." The controller 60 provides a blanking sig-
nal to the attenuator 72 to put the receiver in an "off"
state during transmission of a positive magnetic pulse,
and removes the blanking signal to put the receiver in
an on state during transmission of the negative magnet-
ic pulse.

The output of the attenuator 72 is passed to an am-
plifierffilter section 74, where the received signal is am-
plified further and filtered. This filtering is preferred to
reduce 50 Hz or 60 Hz and harmonics thereof, and/or
other primary power line frequencies which are often
found in harbors and near shore. An analog-to-digital
convertor (ADC) 76 converts the amplified, filtered sig-
nal into a digital value. In the preferred system there are
1024 digital samples over a 100 millisecond period of
time. The digitized signal is applied to the Fast Fourier
Transform device 78, which produces a frequency spec-
trum with 10 Hz resolution over a frequency range of 10
Hz to 10.24 kHz. The transformed signal is processed
by the digital signal processor (DSP) 80, which also
knows the vessel location as a result of a vehicle loca-
tion log 82. The DSP 80 controls a falling raster display
84 to display the frequency domain signals versus the
vehicle location, as shown in FIG. 5.

The transmitter section 56 of the sensor system 50
provides an impulse magnetic field waveform. In order
to transmit information from one location to another, a
carrier signal is usually employed, upon which "modu-
lation" is placed which contains the information to be
transmitted. It is equally reasonable to transmit the in-
formation by a "coded sequence" of impulses which are
one cycle of the center frequency of the radio band se-
lected for the data transmission. Multiple single impuls-
es would form a data stream which could be transmitted
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directly, without a carrier, from one location to another.
This form of communication is referred to as impulse da-
ta transmission.

FIG. 6 illustrates a schematic diagram of an exem-
plary embodiment of the current switcher 64 comprising
the transmitter. The current switcher 64 includes two
pairs of switches S11, S12, S21 and S22, each of which
is controlled by a switch control gate comprising the
pulse generator 62. Two resistors 64A and 64B are con-
nected in parallel to a voltage source at +V. Switches
S11 and 812 are connected in series from node 64C to
ground. Switches S21 and S22 are connected in series
from node 64D to ground. Capacitors 64E and 64F are
connected from respective nodes 64C and 64D to
ground, in parallel with the respective switch pairs. Node
64G and 64H are connected to the transmission line 641.
The other end of the transmission line 64l is connected
to the transmitter coil 64J.

It will be apparent that the switch pairs provide a
means of applying a voltage of selectable polarity to the
transmitter coil 64J. Each capacitor 64E and 64F will be
charged to a voltage V. Closing switches S11 and S22
while leaving open switches S12 and S21 will apply a
voltage pulse of afirst polarity to the transmitter coil 64J.
Closing switches S21 and S12 while leaving open
switches S11 and S22 will apply a voltage pulse of a
second polarity to the transmitter coil 64J.

FIG. 7 is a schematic diagram of an exemplary
pulse generator 62. The switches S11, S12, S21 and
S22 of the current switcher 64 are controlled by a pair
of switch control gates 62A and 62B comprising the
pulse generator 62. A trigger generator 62C is clocked
by a clock signal, and receives a code signal from the
system controller 60. This code signal operates the trig-
ger generator 62C to initiate trigger pulses +P and -P.
The pulse waveform is shown in FIG. 8. During the first
half of the trigger duty cycle, the pulse +P is active, to
close switches S11 and S22, and the pulse -P is not ac-
tive, leaving open switches S12 and S21. During the
second half of the trigger duty cycle, the pulse -P is ac-
tive, to close switches S21 and S12, and the pulse +P
is not active, leaving open switches S11 and S22.

The output power of the impulse switch is primarily
dependent upon the maximum voltage allowed for
switching and on the impedance of the devices S11,
S§12, S21 and S22 being switched. The faster the switch
is toggled from ON to OFF the smaller the amount of
heat that must be dissipated from the device during
switching. Fast switching times faster than 100 micro-
seconds are preferred to create a good harmonic con-
tent in the waveform.

The switches can be implemented by FET switch
devices. Commercially available FET devices can
switch up to 2000 volts. Because peak power is deter-
mined by E2/R, the lower the total resistance of the
switch devices (including the load) the greater the power
level that can be generated. If, for example, the load im-
pedance was 10 ohms, then the total peak power
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switched would be (2000x2000)/10 = 400,000 watts.

Atthe FFT output, the amplitude and phase of each
of the harmonic spectral lines will be determined by the
net sum of all of the energy received at the receiving
element 54, from all fixed metal objects near the system.
When the platform is moved through the water, the net
sum of the received energy will change based upon
changes in the fields caused by other metal objects
when encountered. Because the magnetic lines of force
are curved, the sensor will indicate changes at any lo-
cation around the craft. A computerized histogram of the
relative amplitude and phase disturbances (or differenc-
es) will localize the location of the metal device at right
angles to the path of fravel. This is in effect a "spherical
ring" around the platform of maximum sensitivity.

Because different types of metal have different re-
sponses to magnetic impulse fields, to some degree the
type of targets can be identified to aid in clutter reduc-
tion. Such thing as large metal pipes buried under the
beach will be indicated, but the response characteristics
will be much different than the much smaller metal
mines.

The output from the sensor will depend on the spe-
cific user's needs. In an operational system, audio out-
put signals could be provided to a swimmer using ear-
phones or some other form of audio transducer. Indica-
tor lights could also be used when desired.

In the side looking search mode, the AIM system
can be maneuvered along the beach 300 to 500 feet
fromthe beach on thefirst pass. The data from this pass
is recorded in a computer and displayed as an "intensity
varying strip chart" on the display screen. The boat
would then move in closer by 100 feet or so and make
another pass. This would continue until the boat was as
close as safely possible. The mines and any other metal
objects would show up as changes in intensity on the
display screen at the point in the path where the sensor
was the closest to the mines. This same process can be
done covertly using a submerged mini-sub or remotely
controlled vehicle.

In the forward looking search mode, swimmers fol-
low behind the AIM system. Any metal objects detected
ahead of the sensor would cause an alarm. The forward
looking mode is possible because the lines of magnetic
force curve around the magnet rather than going in
straight line as radar or sonar waves do.

In an exemplary system, the magnetic propagators
(coils with cores) are mounted on each side of a small
boat below the water line. In an exemplary embodiment,
each element is approximately 1.5 to 2 inches in diam-
eter. Each element is housed in a PVC plastic tube (or
equivalent) which is sealed. The transmitter propagator
elements and the receiver elements are 6 to 8 feet long
for target ranges of 20 to 40 feet. It is preferred to have
a spacing of 6 to 8 feet between the propagator and re-
ceiver elements.

The mines in the shallow water areas are typically
in metal containers with pressure sensors, magnetic
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sensors or trip wire activators. They may be on the bot-
tom or buried in the sand. The typical water depths of
up to 40 feet are expected.

A sensor which detects these mines should be ca-
pable of working while submerged with distances be-
tween the surface and the bottom of 5 feet to as much
as 50 feet. Preferably, there is a method of "marking”
the mine location once they have been detected to that
they can be avoided or destroyed. It would also be highly
desirable to identify mines located in the surf and onthe
beach. A global positioning system (GPS) device could
provide a reasonable method of mine location identifi-
cation.

An active impulse magnetometer in accordance
with the invention provides efficient detection of metal
mines in shallow sea water. Some of the characteristics
of the system are:

1. A non-fluctuation or stationary "DC Magnetic
Field" (for example, the earth's magnetic field) suf-
fers little or no attenuation by salt water or even met-
al objects.

2. If a magnetic field is "amplitude modulated" with
information, that information may also be propagat-
ed through metal or salt water. There will be little or
no attenuation other than the normal (1/R%) one way
loss. The magnetic field become the information
carrier.

The range loss (R) is strongly affected by the
relative distance between the magnetic poles of the
propagator elements. As the distance between the
magnetic poles of a single magnet becomes great-
er, so does the relative magnetic field at a given dis-
tance become greater. Thus, the increased dis-
tance between the magnetic poles produces a
"gain" effect similar to the "gain" effect experienced
in electro magnetic radiator where the antenna area
is increased to increase the gain. The length of the
path or area covered by these lines of force is de-
pendent upon the distance between the two dipoles
(N-8). Likewise, the "field strength" is also related
to the dipole separation. The earth is a good exam-
ple of widely spaced dipoles with lines of magnetic
force extending thousand of miles away from the
earth's surface.

3. As the magnetic field modulating frequency is in-
creased above 10 KHz, some information loss is ex-
perienced in salt water and through some metals.
As modulation frequencies increases above 100
KHz, the attenuation becomes significant but pre-
dictable. This is true for each different type of media
being penetrated.

4. Magnetic lines of force always curve around the
magnetic dipoles (North pole - South Pole) of any
magnet. These lines form well defined curves as
they leave the North Pole and proceed to the South
Pole. Thus, these lines of force can be influenced
by any metal objects which are in the curved path.
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5. When the magneticfield receiver element (similar
to the transmitter propagator element) is placed in
an area of the lines of force (frequently parallel to
the other element) the receiver can detect any mod-
ulation which is placed on the originating magnetic
field. The greater the distance between the propa-
gator dipoles (propagator length) the greater the
distance would be between the transmitting and re-
ceiving elements for a give transmitter power level.
6. A magnetic impulse contains all frequencies.
Thus, a magnetic impulse which lasts for 10 milli-
seconds contains low frequency components (100
Hz) which can be used to establish a DC magnetic
field for a short period to time. All frequencies above
100 Hz will also be contained in the waveform.

7. The waveform received by the receiving element
is a modified version of the transmitted waveform.
A number of factors will modify this received wave-
form, one of which is the presence of any metallic
objects within the magnetic field envelope.

8. A Fast Fourier Transform (FFT) device is used to
establish the frequency domain characteristics of
the received impulse response. This FFT is ex-
fremely sensitive 1o slight changes of both ampli-
tude and phase in the overall received waveform.

It is understood that the above-described embodi-
ments are merely illustrative of the possible specific em-
bodiments which may represent principles of the
present invention. Other arrangements may readily be
devised in accordance with these principles by those
skilled in the art without departing from the scope and
spirit of the invention.

Claims

1. Anactive impulse magnetometer system (50), char-
acterized by:

a magnetic transmitter element (52);

a pulse generator (62) for driving said transmit-
ter element to transmit first and second mag-
netic pulses of opposite polarity;

a magnetic receiver element (54);

apparatus for measuring an impulse response
to said magnetic pulses, said apparatus com-
prising an FFT transformer (78) responsive to
magnetic signals received at said receiver ele-
ment in response to said transmitted magnetic
pulses for performing a fast Fourier transforma-
tion of said received signals; and

signal processor (80) responsive to said trans-
formed received signals to indicate the pres-
ence of metal objects causing disturbances in
said magnetic impulse response.

2. A magnetometer system according to Claim 1, fur-
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ther characterized in that said transmitter element
(52) comprises a coil having a ferrous core.

A magnetometer system according to Claim 1 or
Claim 2, further characterized in that said receiver
element (54) comprises a coil having a ferrous core.

A magnetometer system according to any preced-
ing claim, further characterized in that said trans-
mitter element (52) and said receiver element (54)
are mounted on a movable vehicle (20).

A magnetometer system according to Claim 4, fur-
ther characterized in that movable vehicle (20) is a
water vessel, and said magnetic transmitter ele-
ment (52) is mounted along one of the port or star-
board sides of said vessel (20), and said magnetic
receiver element (54) is mounted along the other of
said port or starboard sides.

A magnetometer system according to any preced-
ing claim further characterized by a controller (60)
for controlling the operation of said pulse generator
(62) and said FFT transformer (78), said controller
comprising apparatus for blanking operation of said
measuring apparatus during said first magnetic
pulse transmission, and for enabling operation of
said measuring apparatus during transmission of
said second pulse.

A magnetometer system according to Claim 4 or
Claim 5, further characterized by a vehicle location
log device (82) for providing a vehicle location sig-
nal indicative of a present location of said vehicle,
and in that said signal processor (80) is responsive
to said transformed received signals and to said ve-
hicle location signal to locate said metal targets.

A magnetometer system according to any preced-
ing claim, further characterized in that said system
is a mine detector for detection of sea mines, and
in that the magnetic transmitter element (52) is se-
cured on a movable sea-going vessel, the magnetic
receiver element (54) is secured on said vessel in
a spaced relationship relative the transmitter ele-
ment and the signal processor (80) is responsive to
said transformed received signals to detect mines
causing disturbances in said magnetic impulse re-
sponse.

A magnetometer system according to Claim 8, fur-
ther characterized by a vehicle location log device
(82) for providing a vessel location signal indicative
of a present position of said vessel (20), and said
signal processor (80) is responsive to said vessel
location signal to identify the location of detected
mines.
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