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SUMMARY

This study has demonstrated that the coneept of magnetic signature duplication
appears feasible and that it offers an effective step toward countering the threat of
target-activated munitions, Through careful design of magnetie field parameters for a
device or method to be used, a valid target signature can be artificially created and con-
trolléd in order to neutralize a mine sensor.

It has been shown that magnetic sensors can be classified into two basie groups:
() those sensitive to flux-rate changes. and (b) those measuring total flux change.
From these. a multitude of configurations and sensing methods have been developed
which offer direet applicability to target sensing requirements. Despite the availability
of many sensor and attendant signal-processing techniques, effeclive signature duplica-
tion countermeasuring of these techniques appears possible.

A primary aspeet of this study co-cerned the magnetic signatures venerated by
. L

combat vehicles. Tt was found that the use of ferromagnetic materials in vehicles con-
tributex toward producing a dipolar magnetic field around a vehicle. This permanent
field plus the field induced by vehicular motion through the geomagneltic field com-
prize the Total magnetic signature of a vehicle. The actual spatial and time distribution
of a sigmature is a complex phenomenon due to the many variables. such as vehicular
mass. size. and geomagnetic field inhomogeneity. which produee the signature.

To facilitate data comprehension, a simple magnetie-dipole model for a vehiele
was proposed. The model assumed that at some distance away from a ferromagnetic
masx the signature resembled that of a dipole. The dipole axis generally coincided with
that of the vehicle, Subsequent test data was in general agreement with the approxi-
mation and gave further support to the coneept thal magnetic signature duplication
could be achieved by using methods which generated dipoles.

A countermeasures analysis demonsteated that magnetic sensors are constrained
by technical practicalities to operational envelopes making them vulnerable to counter-
meazures, This situation arizes due Lo upper and lower signal-threshold requirements,
~ensor bandwidth. mine size limitations, and available eleetrie power for the sensor:
and other considerations which seeve to limit the aperating oplions available in sensors.,
The se it tations help to quantify and define a number of possible solutions toward
conntermeasures, 1 was finally coneluded that methods using eleetromagnetie coils
appear to provide the necessary requirements and versalility needed Lo generate an ac-
ceplable signal for magnetic conntermeasares,
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MAGNETIC SIGNATURE CHARACTERISTICS INVFSTIGATION

. INTRODUCTION

1. Scope. Mine neutralization by attack of the target-sensing clement of em-
placed mines may be achieved by projection of a false target signature (signature duphi-
cation) to effeet premature mine actuation, target-signature suppression to inhibit mine
actuation, or physical attack of the sensor components to make the device inoperative.
The effort reported herein was directed toward the achievement of mine neutralization
by target-signature duplication. Specifically, significant aspects associated with the def-
inition of effective countermeasures for combat vehicles against magnetically activated
land mines are addressed.

2. Principle of Operation. Sensible target signatures available for practical land
mine sensors are limited. The greater number of Jand mines comprising the current and
projected threat employ contact or overpressure/duration mine sensors. Magnetically-
activated sensors have been developed to provide effective influence fuzing for land
mines designed to attack combat vehicles. The operational principle of these sensors
rests on the fact that a vehicle containing considerable ferromagnetic material will pro-
duce a localized perturbation in the geomagnetic ficld near the target. This magnetic
anomaly is a complex phenomenon and is a function of such quantities as the target
vehicle’s size, mass, orientation in the gcomagnetic field, and geographic location.

3. Signature Duplication. The general amplitude and shape of a target signature
can be predicted, within limits, to provide a basis for mine-sensor design. Mines employ-
ing these sensors could be effectively neutralized by a device or technique which pro-
jeets a false target signature in the vicinity of the mine.

A magnetic signature duplication device could be mounted on a combat vehi-
¢le and operated in such a manner as to project a false target signature in front of the
vehicle to provide continuous neutralization of encountered mines employing magnetic
sensors. Such a deviee could also be incorporated into other countermine equipment
~to provide such devices with an increased capability. Still another potential application
of the magnetic-signature-duplication techniques includes aerial sweeping of suspeeted
mined routes,

Suceessful magnetic signature duplication requires thorough understanding
of the physical processes producing magnetic signatures in vehicles and the operation
of mine magnelic sensors, The investigation deseribed by this report addresses these
requirements and also includes an analysis of the methods and design of potential
countermeasures,



1. SENSORS

4. Sensor Types. A magnetic sensor is a deviee which detects or senses the pres-
ence of a maymetie field at some location. The sensor may be designed to be actuated
by the amplitude of the field or its time rate of change. The most widely used and most
versatile sensors are magnetometers using search coils, fluxgate, Hall effects, and reson-
ance effects, Thin film, magneto-resistance, and superconducting magnetometers arc

usually either specially built or adapted by the user to meet a particular magnetic-field
measuring problem.

It is possible to divide the above groups of sensors into two basic categories
according to their detection methods. The first category includes sensors that detect
cithor the time rate of flux change or the total flux or some magnetic ficld component
of the total. An induction coil magnetometer (scarch coil) is in the first category. This
is a fluxmeter whose output is a function of flux-rate changes occurring through the
windings of the coil. The sccond category includes magnetic-ficld-component sensors
which scnse flux changes also but which do not require scnsor movement or flux change
of the field for measurement or detection. Using this categorization, a brief summary
of how the two basic sensor types operate, their potential use, and currently available
sensitivitics is provided in the following discussion.

5. Search-Coil Magnetometer. The scarch-coil magnetometer (Fig. 1) operates on
an induction principle. The output voltage of the scarch coil is given by Faraday's law,

F =10 N [(d/d1) (B) (A)],

where l: is the voltage induced in a coil of wire by a changing magnetic flux (l-;). The sen-
sitivity can be controlled by varying N, the number of turns in the coil, and A, the area
of the coil. For periodic magnetic fields, i.c., those varying in some repetitive manner, the
coil sensitivity increases with the field frequency until coil resonance effects limit further
increases. Various search coils (both air and iron core) have been built to cover wide fre-
quency and sensitivity ranges. Utilization of an iron core tends to concentrate the mag-
netic flux and thereby increase sensitivity. Sensitivity here means the ability of a coil to
sense small variations in the mag;:. *° Ti~'4d, thereby cither sensing a small vehicle at close
range or a large vehicle at a great range. The coil sensitivity range is from 1010 107
oersted. R
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Fig. 1. Represemative search-coil schematie.
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A fundamental problem with sensors employing these methods is that their
usefulness is limited to a.c. field measurements in the low frequency range, such as that
generated by moving vehicles. This means that the sensor output is a direct function of
vehicle velocity unless additional signal integrating and processing electronics is added
to a particular sensing system. As an example, the sensor would have zero output, thus
indicating no vehicle present, were it to stop within sensor range. Alternatively, a time-
varying magnetic field due to natural sources such as lightning or man-made sources
such as powerlines could cause a sensor output.

The other basic type of sensor measures the magnetic field itself. From the
many variations available, three appear to be of sigmficant countermine interest because
of their use in existing systems and their future potential in sensor applications. They
are the fluxgate, Hall-effect, and thin-film magnetometers.

6. Fluxgate Magnetometer, A fluxgate magnetometer is a device for measuring
magnetic fields by utilizing the nonlineai magnetic characteristics of ferromagnetic core
material in its sensing element. Figure 2 shows a typical represeatation and schematic
of a fluxgate magnetometer. The device shown is known as a parallel-gated fluxgate
sensor because the signal field H is parallel to the driving or excitation field. It is a di-
rectional device, measuring the (,omponent of the ficld parallel to the axis of the sensing
coil. This magnetometer is and has been attractive to many civilian and military appli-
cations because of its reliability, relative simplicity, low power, and ruggedness.

C—3
| —Y Y e
Sensing Output (
[—

Core Bias Sensor

Core Excitation

Fig. 2. Fluxgate magnetometer schematic,

There are several modes of operation for fluxgate sensors based on variations
in sensor configuration, driving source, and detection method. In a general sense, the
ferromagnetic core of the sensor is driven cyelically to aturation by means of a period-
ic current in the drive windings. In the absence of a signal tield (usually d.c. or very
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low frequency a.c. from a vehicle), the voltage induced in the sense winding i symmet-
rical with the driving current. In the presence of a signal field, the sense-winding voltage
becomes asymmetrical. For example, in the schematic shown in Fig. 2, in the absence
of a signal, flux changes in the two cores are identical, and the induced voltage is zero
because of the opposed orientation of the excitation. When this balanced condition is
altered by the vehicle’s signal, flux charges in the cores are not identical and a voltage

is induced in the output windings. This change is very sensitive to the signal field and

is detected for signal processing. Typical sensitivities are in the gamma to oersted range
(1 gamma is 10* ocrsted) with a frequency bandpass of 0 to 10 Hz.

For applications such as vehicle sensing at relatively close range, high sensiiiv-
ity and absolute accuracy are not required. Construction simplicity, low cost, low
power coasumption, and small size requirements are met at the price of degradation in
perforraance. Often the signature signal is processed with simple circuitry variously
called “peak” or “‘peak difference” detectors. In the specific case of magnetometers
for use in land mines, low cost, low power consumption. and small size are critical de-
sign factors. An example of a sensor huving many of these necessary capabilities is a
simple ring-core fluxgate magnetometer Such a unit uses a toroidally-wound core. A
transistor oscillator usually supplies the necessary excitation current.

7. Hall-Effect Devices. One of the most versatile genre of available magnetome-
ters is based on the Hall effect. The basic effect occurs when an electrical current flows
through a conductor placed in a transverse magnetie field. An emf is generated in a di-
rection normal to both the current and field directions. This emf is proportional to the
transverse magnetic field, the control current. and the cosine of the angle between them
as follows:

EH =K IBcosé,
where £y is the Hall-effect emf, K is a constant dependent on conductor material, 1 is
the current, B is the vehicle’s magnetic field, and 0 is the ungle between T and B.

Conducting Strip
L N N A Y
1
+ + + + 4+ +

+ 4+ + 1 F + 4+ +

Signal Field Into Page
X |m———— Eh —d Y

Fig. 3. General schematic of Hall-effect sensor.
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4 . Figure 3 shows a schematic presentation of a copper strip in which a current
i 1 is set up in the direction of the arrow. The magnetic signal ficld is considered to be at
- ¥ right angles to the plane of the strip, in this case perpendicular to the plane of the paper.
: This field exerts a deflecting force F on thi- atrip (given by Lenz’s Law) pointing to the
:33 right in the figure. Since this sideways force on the strip is due to the sideways forces

u : on the charge carriers, it follows that the carriers will tend to drift toward the right as
T . they drift along the strip, producing a transverse Hall potential difference Ey, , such as

. 3 between points x and y. This voltage is directly proportional to the sign... field in fre-
3 quency and magmitude. The sensors based on the Hall effect are mainly limited by two
factors: deviations from linearity, and temperature dependence,

. : 8.  Plated-Wire Magnetometer. The most promising sensor using thin {ilms is the
- plated-wire magactometer. The device ttilizes the anisotropic characteristics of thin
3 magnetic films to detect magnetic fields, The basic configuration of this magnetometer
. is shown in Fig, 4, The signal field is being applicd along the “hard” axis of magnetiza-
oY ' tion, while the excitation field is varied across the “easy™ axis. A representative voltage

output is shown at the bottom of the figure.

Film
NSRS SISO S S N OSSN
Vehicle Field
SO Substrate
SSSSS==

g VOltage Out

f <N V\ A wAl ﬂ lf\lﬂ

ldealiced Signal Output

Fig. 4. Pluted-wire nagnetometer: operation/principle.

i The plated-wire magnetometer is fabwicated by depositing a magnetic film on
a wire substrate while direet current is passing throngh the wire, The film thereby is
magnetized circumforentially around the wire, This direction of magnetization is called
the casy axis, while the axis perpendicular to the magnetization (wire axis) is called the
hard axis. A locally produced a.c. magnetic field across the deposited film produces an
emf in the wire due 1o the rate of change in magnetization circumnferentially around the
wire, In the presence of a vehicula signal field which is applied along the hard axis. a
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voltage. which varies in magnitude with the sigaature rate (Fig. 4. is developedin the
magnetometer, This modulated signel 12 then processed for further use. These filie
magnetometers are most useful in the J10- to 20-0crsted range.

The choice of a particular magnetometer appears to depend almost exclasive-
Iy on a particular requiremient or system application. Constraints arising from mine
hardware reguirements may dictate low power and small size. Also. as previously men-
tioned in discussing the fluxgate magnetometer, performance degradation with respeet
to sensitivity may be acceptable or even desirable for certain applications. In this sense
then, all of the sensor types uiseussed could be considered as having real and valid utility
i a system requiring e sensing of vehicular signatures,

The next section will address how and why these magnetic signatures orig-
nate in ferromagnetic objects such as combat vehicles,

HI. SIGNATURES

9. Signature Types. The signature of a vehicle is any combination of physical
disturbances caused by the presenee or motion of a vehicle, These disturbances can be
magnetic, eleetric, seismie, acoustic, or mechanical in nature, Different types of trans.
ducers can be used to deteet and record the various types of disturhances. These re-
cordings can be analvzed to evaluate differences and similarities among numerous types
of vehicles producing their own unique signature.

One primary concern of this study is the magnetic signature peculiar to dif-
ferent vehieles. The use of ferromagnetic materials in vehicles gives rise to a dipolar
magnetiv firld at puints in space outside the vehicle, The distribution and density of
ferromagmetic materials throughout a vehicle determine the spatial distribution of the
magnetic flux ax well ax its time rate of change s the vehicle moves, The latter effect
determines the vehicle's dynamic magnetic signature.

10. Geomagnetic Field. One of the major external influences on the intrinsic
magnetic signature of a vehicle is the Earth's magnetic field. 1 is the interaction of a
vehicle’s own field with the peomagnetic field which actually produces the external
magnetic signature of a vehicle.

The permanent. or main, field is that portion of the geomagnetic field origi-
nating inside the Earth, This field is roughly equivalent to a center dipole which is in-
clined slightly to the Earth's axis of rotation. The magnitude of the field strength at
the surface is approximately 0.6 oeisted in the northern regions and decreares to about
0.3 oersted in the equatorial arcas. There are other natural and manmade magnetic

- . e RO GeL BT .
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sources. However. due to their small magnitude and high frequency, they can be safe-
ly ignored here. Power lines are a good example of a small-magnitude, high-frequency
type of disturbanee. Figure 5 presents the different components of the Earths field
and their assodiated angles. The magnetic induction at a point in space is the vector F;
the scalar ¥ describes the intensity of the total field. The Cartesian components of the
field are x, y, and z. The vertical field intensity is Z and is positive in the downward
direction. The scalar intensity of the horizontal component of the field is designated
H. The deviation D is the angle between north (x) and H. 1t is measured clockwise
from north. The inclination (or dip) 1 is the angle between H and F and is positive
when directed downward from H to F. As an example. the vertical intensity of the
Earth’s magnetic field varies from about 0.4 to 0.6 ocrsted in moving from south to
north in the Northern Hemisphere,

D Magnelic declination Y East component
I Inclination {or dip) Z Vertical intensity
It Horizontal intensity ¥ Total intensity

X North .omponent

Fig. 5. Geomagnetic field vectors.

A portion of a vehicle’s signature is the interaction between its own magnet-
ic dipole moment and the geomagnetic field. The resultant ficld is simply the distor-
tion, or vector sum. of the geomagnetic and vehicle field intensities. Therefore, the
resultant vertical and horizontal components are both a function of the vehicle’s geo-

graphic location and the orientation of its niagnetic-moment axis with the geomagnetic
field.
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15 4 function of the quantity of ferromagnetic material present in the objecet. Different.

11. Local Disturbanee of Field. The actual amplitude of the ma

sizedd objects at different ranges may present similar magnetie signatures to a sensor,
vehicular signatures may vary by an order of magnitude at the sime range when com-
pared to cach other. For example, an armored vehicle, due to its large ferromagnetic
mass, would present a larger magnitude signature than a Jeep, Generally, the total mag-
netie field measures four times that of the loeal undisturbed geomagnetic field, The
magnitude of the signature decreases as the eube of the distanee from the object, the
exact expression being mven by the equation,

o - P) rll
o Loom
2 or

. . g J . ] . e
wherg g is the magnetic permeability of the space surrounding the magnetie dipole m
and r is the distance fram the center of the dipole. In this particular expression, the
field is given along the axis of the dipole.

Figure 0 s a typical contowr map of the vertical, magnetic components of an
armored vehicle, The particular measurements were taken with the vehicle heading due

magetic north. The vertical-field component is the most informative of the three direc-

tional components for targel senzor parameters and is most frequently wtilized in mag-
netie =nsors for mines,

An examination of Fig. 0 reveals several interesting features regarding the sig-
nature of this vehicle in particulsi and signatures in general. The vehicle contains sev-
cral areas of hign, magnetic intensity arising from loeal, magnetic anomalies. These
arcas are not direetly related to a particular physical feature: rather, they appear to be
a function of construction methods, Tt will be noted that the contour distribution is
asymmetrie with respeet to both the fateral and longitudinal axes of the vehicle, 1t can
be shown that this total line distribution appears to shift over the general area of a ve-
hicle (in the figure, the flux lines are slightly forward) ax the orientation of the vehicle
ix changed from a north to south heading.

Figure 6 shows the overall magnetie intensity of & vehicle at a relatively close
range. Since this amplitude deercases by the cube of the distance from the vehiele, the
signature magnitude is rapidly reduced and loses its detailed aspect quickly. At some
distunce from the vehicle, the magnetie disturbance resembles that of a simple magnetic
dipole or sinusoidal shape,

12. Vertical Field Component. Another <igificant aspeet in analyzing a magnet-
ie sgmature is the vertival amplitude versus the longitudinal (long-axis) distanee at, or
near, a vehiele, As previously stuted. the vertical-sinature component is most often
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utilized and is casily measured by a sensor. A sample signature appears in Fig. 7. It
shows the vertical amplitude variation along the centerline of a vehicle. Of interest
here is variation of ar:plitude as the vehicle passes uver a sensor. There is a pronounced
rise in amplitude above the local ambient field, a reversal of the field, and then another
peak followed by a return to approximately the previous ambient conditions, This sig-
nature was taken in the d.c. mode. If the amplitude were measured farther out on a ve-
hicle, low-frequency effects from road wheels and other slow moving parts would also
be observed. In addition there are high-frequency. or a.c., components due to rapidly
moving mechanical components such as engine parts, Fleetrical and electronic equip-
ment provide an additional contribution. The high-frequency components, while signif-
icant in vehicle detection and classification work, provide little additional information
to conventional signature studies and are therefore not considered further.
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Fig, 7. Typical vehicular-magnetic-signature vertical component,

Another feature of interest is that the slope of the amplitude variation ix
altered by vehicle velocity, While velocity is not specified in Fig. 7, the slope would
inerease or decrease as the vehiele velocity changed in either direetion.

IV, MAGNETIC MODEL ANALYSIS

13. Dipole Moment. Magnetic effects in materials have their origin in the atomice
structure of the atoms constituting the material, The circulation of charge and clectron
spin within the aton gives rise to magnetic dipoles. Their strength and direetion are
measured in terms of the magnetic dipole moment m. Ferromagnetic materials such as
iront and nickelare composed of atoms having large moments. The moment of a sample
of material is determined by the alignment of atomie dipoles within the sampic. The
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atomic and erystal structure of the material determines the net dipole moment in the
absence of an external magnetizing fiekd.
>
The magnetization M of a material is defined as the vector sum of all atomic
dipole moments per unit volume. Consequently, the total dipole momen? results from
multiplying the magnetization by the volume V of wi object and thus,

> EY
m=MV,
The moment is also equal to
> + >
m=MAL-= mpl, .

A I " > . .
where the quantity MA is defined as the pole strength my, of a bar of the material hav-
ing a cross-sectional arca A, and L is the bar length,

A dipole produces a magnetic field which depends upon the distance and
orientation with respecet to the dipele. The magnetic field is difficult to define close to
the dipole, but for distances greater than about three times the dipole length, the equa-
tions for the ficld redyee to a simple form. The important feature of these equations is
that the flux density B due to the dipole is inversely proportional to the cube of the
distance r frowm the dipole. The cquation for this can Le expressed as

r3

where K depends on the orientation of the dipole and the units used.

14. Vehicle Model. A theoretical and idealized model can be conposed to de-
seribe the magnetic simature of a vehicle, Assume that the sum of the dipole moments
for the vehicle can be represented by a large, single dipole for the entire vehiele and that
this dipole follows the above equation for distances greater than three times its length.
Other sourees of dipole moments exist in vehicles and include the indueed moments
due to the geomagnetic field and cureent loops in eleetrical equipment. These sources
contribute to the vehicle sigmature but serve only to modulate the predominant features
peeuliar to a single, large dipole.

The madel is represented pictorially in Fig, 8. The vehicle is represented as a
single. large dipole with an effective length €, when viewed from a distance greater
than 32, This effective length and the model’s total magnetization M are determined by
the vector sum of the distributed dipole strengths in the vehicle, There is no simple re.
lation hetween the effective dipole length and the vehiele dimensions, nor can the net
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magnetization be predicted along any preferred spatial axis within the vehicle, 1t will
be assunied for simplicity that the dipole center € (Fig. 8) cotacides with the center of
mass of the sehicle. The dipole axis subtends an angle 0 relative to the position of an
arbitrartly placed sensor at a distance r 2 30 e Additionally . the sensor is higher by a
vertical distance 2 above a surface-implanted sensor. The total flus density and its com-
ponent strengths (using evlindrical coordinates) may be represented by

>

i 1\_‘1 (1 + Beast0)2,

- ‘}l R

By = = <inf0.and
r

-> “'.\l

I = 2 cosl

waere B, By, and B_are defined by Fig. 8. The vquutinns are cach an approximation to
an infinite series hut are reasonably mlul fore = 3¢

Using these expressions, it is possible to predict the signature of a whi(-l(‘ at
large distances. The masimum magnitude ocears along the dipole axis when 0 - 07, An
interesting feature of all the magnetie field componentsis their trigonometrie de p«'ml
ence, with that of Br and By being most obvious, For example, let the sensor be located
at some arbitrary angle 0 off to cither side of a vehicle as the dipole moves past it at
sume selovity. Considening the Bg component, the sensor would experienee a sinusoidal
inerease in total flux amphitude with the maximum oceurring at ¢ < 90° and then a sub-
wquent deerease until at @ > 180° it would deerease to a very small value.
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The second factor will be the r-dependence. Again, considering the sensor to
e stationary and the vehicle 'n motion, we have a situation where ¢ will have some ini-
tial large value when 0 is small and then deerease to a minimum at the point or closest
approach: then r will increase again as the vehicle moves past the sensor. If the disiance ,

factor ix considered ta give some absolute flux amplitude, the sinusoidal aspeet could

be interpreted as a modulating component. The vehicle siunature for a side pass could

be represented by Fig. 9 where at some time T, the amplitude By risex above the de.

teetor threshold, reaches a peak atr (), and then decreases helow threshold at
mn [l

time T,

_'_Thteshold

Fig. 9. Flux-component waveform.

AR e atres

Inspection of the equation for B shows that it will be at some maxinum
value for small values of § and then decrease to zero at §=90%; then it will be increas-
ing again toward another maximum as the vehicle moves past the sensor. If this were ;
plotted versus time, an identical picture as the one [or the previous argument results. !
Lo the only difference heing that the curve is now inverted. This would not make any dif- :
; ference o a sensor because it would not distinguish between the polarity of a signal— :
Just amplitude variations, !

PR TR A
b

>
The total flux density B shows basically the same variation as its components.
) Inspection of the expression as 6 goes from 0° to 180° reveals that B has two relative
. -
f , . 2(m
- maximums at @ = 0° and 0 = 180° where the B-values are approxinately ——-(3—) The
T
b minimum occurs when the vehicle is directly abreast of the sensor and has an amplitude
-

of E} ., This shows then that the maximum is twice the minimum for the total flux den-

sity. Any sensor measuring total flux would thus also experience a sinusoidal variation
' in detector output with « 2 to 1 amplitude difference between the minimum and
maximum.
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Another useful aspect of the analysis is to consider the gradient of the com-

I
S

- ponents and the total flux density. If again one considers B (angular component), By
. ‘. (radial component), and B (total flux density), partial differentiation with respect tor
3 ¥ and @ yields the following expressions for the components:
. d > . >
0By _ -3msing 3By
r r? o
‘ L + > >
7 OB, _-6mcos6 -3B
E ar r? v
. '5 - The dipole-field gradient for the total flux density is given by:
. f‘ﬁ : alt 3
" s = (14 Bews?d)
ar r ¢ )
; , " - and

> >
3B _ -Om sing cosf
80 r} '
The interesting aspect of these expressions is that they clearly show how the
’ >
previously analyzed features originate. The components, as well as the expression -g-—lé—
r

have a basic inverse-r dependence in addition to their regular dipole expres-ions when i
>

. . Do . . aB
the extreme right term in cach equation is considered. The expression for —— demon-

SR X

strates that the flux-density gradient is zero from three 8-values of 0°,90°, 180°, and
some maximum value(s) in between. This corresponds to what was shown previously,
namely, that the signature follows 4 sinusoidal pattern with a maximum (zero gradient)
at one point during the side passage.

15. On-Axis Detection. Previous sections have dealt with the off-axis, or side-
pass, situations. This section will consider the on-axis case. This is interpreted as con-
sidering the flux density when the vehicle moves directly toward and over the sensor,
The vehicle and dipole axes (Fig. 8) are considered lying along the same line. The di-
pole equations introduced previously are still valid; however, the situalion must now be
considered in the three-dimensional sense. This means that the model and vehicle have
three dimensions, and the vehicle is actually at some distance off the ground plane--the
dipole also being situated at somie corresponding distance above the surface. The situa-
tion can be interpreted as corresponding to Fig, 10.

14




Z ‘ velocity dipole

dipole

Fig. 10, Theoretical dipole orientation.

The dipole is situated (diagram (a)) at a distance Z above the surface and is
hd . . . . ~ .
moving forward with velovity v. Point Pis at a distance ¢ from the center of the dipole.
As the vehicle now moves toward P, the geometrical situation is shown in diagram (b)

for one distance mterval. and it can be seen that:

ar Y -Y, vt

ov r
}

Utilizing the foregoing equations for the dipole, it is obvious that, forr 2 1,
>

RTINS 2m . . . .
B will initially have a =5—expression which then changes aceording to the gradient term
r

-
for B. The interesting and important feature here is that while the cosine term tends to
decrease fictd strength B. the r term inereases B sinee the distanee to the seasor is de-
ceeasing constantly as the vehiele moves toward it. However, the slope of the amplitude
(starting al zero) will increase to some maximum valae as the dipole movex ¢loser and
then (as y * o) reach zero at the point of elosest approach (7 = 1), Ao, according to
the expression for %% the slope will be a funetion of the velovity of the vehiele, Aecord-

ing to the above, the dipole curve should give an appearance as depicted in Fig, 11,

The nuiximum amplitude veenrs at the point of closest approach. and the
veetor nature of B and m serves to foree the curve negative since, after the dipole center
is passed. the vectors will e oppositely directed. Aw implicit assumption for the dipole
analysis hax been that, at the point of closest approach to Pz 2 30 For distances eloxer

than 3L, the cube relationship is no longer totally valid.
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Fig. I'l. Dipole signature characteristie (B vs R).

16. Practicali Example. As previously stated, one of the problems in relating the
model coneept to actual vehicles arises due to the inhomogeneity of the vehicle’s mass
and the existence of several dipoles in one vehicle (turret, engine. ete.). However, one
shonld look for the dipole equations to be generally valid and for the other terms to
take over at close distances. Figure 12 ix a representative signature of a ferromagnetic
vehiele and shows the basie features discussed in the above model analysis,
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0 (closest point < * approach)
Distance {ft)
Fig. 12, Vertical component of vehienlar signuture,
The horizontal scale of the figure has been divided into arbitrary distance

units te facilitate (!im-ussign. The smplitude shown represents the vertical component
of the total flux density (B). Date analysis was done on this and other signatures and
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resulted in several inieresting findings. As the signature develops from left to right in

Fig. 12, the amplitude follows essentially an r™* dependence from 49 to about 20 on

the distance scale. Sections of the curve from 20 to 0 appear to have an r'? dependence

with small sections representative of ¢! laws. Figure 13 is a graph showing a plot of ,
vertical signal amplitude versus distance. In order to arrive at the values indicated by
the points, the vehicle’s center was considered to be at about 14 on the distance scale. '
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Fig. 13, Vertical amplitude of signature.
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[t should be pointed out that the vehicular and magnetic centers do not necessarily
coincide. nor is there always a direct correlation between the magnetic field from the
vehicle and a structural feature. This results from the complex interaction of all the
dipole sources on 2 ferromagnetic object. The graph actually shows Ar? versus r, there-
by giving a straight line if the law is applicable. This line provides a means by which the
slope can be measured. The scatter of data indicates that other than r? influences are
preseni and are serving to modulate the signature. The breakpoint appears to be where
the first major deviation occurs and other dipole influences serve to make the slope
positive.

One ol the real difficulties encountered in all the analyses is the placement of
dipole centers or deciding from which point on the curve the magnitude of the flux de-
pendence on distance should be calculated. In the case of one simple dipole, the field
would have the general form shown in Fig. 11. Actual data appear to indicate that mul-
tiple dipoles exist within vehicles and that these dipoies interact in a complex and vee-
torial manner to produce the resultant field. One interpretaiion of the large flux build-
up with its attendant “bumps” is that the various dipoles in the vehicle first give an
overall additive ¢ fect; then, as the sensor finally passes under one or several dipoles,
the Ticld drops slightly and then increases again as other dipoles begin to interact. When
a large number of the dipoles have been passed, the field then shows a general and final
return to an ambient level.

The departure from the model can thus be interpreted as arising from other
than r? influences and the fact that various unspecified vehicle components are assumed
to contain their own effective dipoles. The total signature uf the vehicle, then, appears
to be a function of the composite vector field of all dipoles present (some being time-
dependent in orientation and magnitude) and of the r'* functions, some of which have
been identified as having r! and r'? dependence according to existing data,

B ks e o

V. COUNTERMFASURES ANALYSIS

17. General Considerations. Most magnetic signatures, especially vehicular mag-
netic signatures, are complex phenomena arising from the induced and inherent dipole
of an object. It is difficult, if not impossible, to exactly and totally duplicate the signa-
ture of a particular vehicle. Within a specific class of vehicles, e.g., armored vehicles,
there exists a large variance in signature from one vehicle to another. The sensor that
activates a munition must accept a range of possible signatures. Additionally, current
fuze design uses only one spatial component of a signature—the vertical. The attractive-
ness of using the vertical component lies in its ability to provide information regardis g
a vehicle’s location relative to the sensor. Also, a single, spatial-component sensor re-
quires minimum processing electronics for firing a warhead. It is realistic to assume,
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however, that future sensors may use two- or three-dimensional sensing teehnigues.

Any countermessures using magnetic signature duplication, irrespective of
method or form. must produce a magmetic field comparable to a particular vehicle or
seriex of vehicle types being defensed. This requires that countermeasures produce the
general equivalent dipole of vehicles upon which the sensors are targeted. Consideration
of countermeasures neeessarily involves simultancous discussions of sensors and signal-
provessing lechnigues,

Despite the multitude of detection methods available, one v consider that
the following features of a magnetic signature will be common to all signatures. These
are signal amplitude, threshold, slope, and the bandpass of the system.

The amplitude is the absolute value of the magnetic ficld or flux density pro-
duced by the vehicle itself plux that induced by virtue of the geomagnetie field.

The threshold is the signal amplitude below or above which a sensor should
reject information. This is required so that magnetic noise from sources other than
valid targets does not actuate a firing sequence,

The bandpass of asystem is the total time given for obtaining information
from the signal. The reazon for considering only certain-sized or -shaped pulses is to
improve target diserimination. Electronie filters accomplish this funcetion. These hand.
pass filters also improve the signal-to-noise ratio. However, the sensor design must in-
corporate a rather broad fiiter, since the signature frequency is a function of vehicle
velocity,

The slope of the signal is the change of its amplitude with time. It has been
experimentally shown that the value of the slope at a particular point in space and time
is related to vehicle location, Changes in the sign and value of the slope can be used to
relate the pusition of the vehicle relative to the sensor. The absolute value of the slope
is a function of vehicle velocity and consequently can be confined to values correspond-
ing to realizable vehicular velocities.

18. Range of Parameters. ISach of the previous quantities is a variable and can
have a range of expected values for a particular lasget. Sensor detection probabilities
are functions of a vehicle’s range, velocity, size, orientation of the vehicele dipole rela-
tive (o 4 sensor, and the Earth-field component ai the sensor site. A nother aspect of
sensor performance must ronsider environmental magnetic noise (man-made, atmo-
spheric, and geomagnetic) ax it affects the sensor’s noise threshold, bandpass, and
sensilivity.
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A primary requirement of any sensing system is 2 minimum threshold capabil-
ity which s immune to environmental noise. Of the three environmental magnetic noise
sources identified above, the geomagnetic is the largest, with the Earth's ficld being on
the order of 0.5 oersted. Also, a vehicle sensor should be insensitive to men or vehicles
smaller than those for which it is targeted. If the dipole moment of a rifle is gven as
H00 cgs units, the field will be about 0.1 oevsted at a distanee of } meter for an orienta-
tion g@iving maximum coupling, assuming no other dipole sources on a person. Another
threshold fuctor is that the detection radius of the sensor relates 1o the ferromagnetic
content of the vehiele, This means that a ferromagnetic object smailer than the vehicle
(mass coneept) can produce the same amplitude of signature at a smaller range,

It is possible 1 perform the same type of analysis for the upper. or maximum,
threshold of sensor operation, I, for example. one assumes a ferromagnetic objeet with
a d«-n;ily and mass representative of typical armored vehicle material, & 60-ton vehicle
(idealized as a sphere) would have a dipole moment of about 4 x 10° pole-em. This
would produee a field of about 1.0 ocersted at 2 meters from the vehicle for the best-case
situation. Therefore, the amplitude of any duplication signature should operate within
the upper and lower limits of the magnetic flux produced by the dipoles at distances
dictated by operational considerations. This situation is shown in Fig. 14 where a hypo-
thetical vertical signature of a duplication device or vehicle is shown,

L-1
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tig. 14 Hypothetica) signature of a vehicle.
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Retarnitig to the prior analvsis for two amplitude extremes of o man and a
tank. at | meter the tank model would resalt in an approsimately 8.0-0ersted ficld
while the man’s field would be 0.1 oersted. A sensor thus could be designed to reject
any flux amplitude below 0.6 and above 8.0 oersted as represented by L-Zand 1o e
spectivelyin Fig 1L

Consider a rudimentary type of sensor which responds only to a change of
tatal flux level. A good example of this would be w fuze employing a magnetic dip
necdle or any other mechanism which depends solely on a certain level of signal amph-
tude for actuation. Such a sensor would be cotntermeasure to any <seeptible tech:
nisjue capable of providing a sufficient magnetic field to exeeed the pre-set threshold of
the tran~ducer (L-2in Fig. 1E for example), Additionally f an apper-threshold capalil-
ity were present, a duplication technigque would hase to exercise caution =0 as not to
exceed a certain amplitude level and be rejeeted as a false target by the sensor. Such a
transducer would be vulnerable not only to duplication deviees passing over it but also
to side-pass situations, This arises because the Latter also geperates a sinnsoidal signal,

A exeeption would b the case where a magnetic sensor is used - conjune-
tion with other methods of target acquisition such as seismic and acoustie detection,
In these situations, the magnetic sensor wsually funetions as a range.gating deviee- heing
part of the decision cireuitey which only fiees a warhead when the target i< within muni-
tion range. FEaen thenhoweser o magnetio duplication device would cause erroneons
target range values and hope fully fead to s prematare mine detonation,

19. Optimum Thresholds. 1t i~ apparcnt that apper and lower theeshold require-
ments limit the total range of flus asplitudes to which a sensor can respond advequately.
A it that s sl oo low can result in a multitude of premature or random firings due
to magnetio noise, Awplitude values set too high could cavse a sensor to never recog-
nize a vahid target, N nenmagnetie constraint onany manition would be the range of
it= warhead, With the continuing and inereasing employment of Miznay-Schardin-type
warheads in present and probably fatuee mines, a definite range himitation arises, There-
fore, threshold and ravge constraints dietate sehicle teead and belly restrie tions for mu-
mitions and sensors,

For close-in <ignatures. the sensor can assaine added degrees of sophistication,
A deviee conld contain ot an upper and lower theeshold comdition where activation
ocenrs aftera time T g and iFapreset time 1O were exereded would pejeeta signa.
ture as false, o addition, one must now consider certain signal features such as the
slope of the signal with respeet to distanee and/or time. the bandwidth of the amplitude
versus the handpass of the sensor, and any unigue signal featares a sensor conld ey on

for a vehivle or class of vehieles,
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Fige. 15, Signal amplitude vs time.

A hypothetical situation is shown in Fig. 15 where a signal amplitude (vertical
or horizontal) is plotted versus time, One of many potential methods to process this
Kind of signal would be a simple amplitude-histogram method. Here the signal iz divid-
ed into a series of time and amplitude cells into which target features fall, and by exam-
ining their content a firing decision is made, Another facet is that the slope of the signal
curve is dependent on the vehicle's velovity (flux-rate sensors), The velocity has a finite
limit: usually the velocity of a typical armored vehicle in a combat environment ranges
from 0 1o 40 mph. Another limiting assumption can be made in that minefield clearing
operations would probably restriet a vehicle to a velocity in the 2 to 5 m/see range (10
mph maximum). The slope is additionally influenced by the r¥ influences coming into
dominance at very vlose ranges. For the £ 2 38 condition, B = —’}-1 ., where the dipole

-
terms have been incorporated in the constant A, Taking the time derivative and s tting

up a ratio gives:

B -3y
B r
v . dB . .
where B = = and v is the velocity,
di
IWone assumes 12 and ! dependences, the same procedure gives ratios of
B
-2y N . - . , .
Foand = for these respeetively. This again shows that the stope of the signature is eon-

stantly changing and is also a funetion of vehicle veloeily. In reality, the <lope is more
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comple < than this because actual data show the exisicnee of a multiplicity of dipole
sources within vehicles,

The duplication effort must consider all of the features discussed above. The
velocity restriction of the vehicle would definitely characterize a general slope, while
the slope changes from the dipole effects would also oceur in a duplicating deviee whe-
ther mechanical or electrical. The exact slepe change could not be duplicated since the
dipole distributions could not be matehed exactly.

Referring to Fig. 15, it is apparent that a sensor could be configured to trigger
at any point along the curve. If an amplitude-histogrim method is used, then any dupli-
cation device must follow the general slope of an actual object. because the amplitude/
time cells AT, , AT, AT ;. . . must add up to certain preset values, I a slope method is
used, a decizion must be made by the fuze designer whether to trigger on negalive, posi-
tive, or zero slope and after which peak on the curve. It seems logical that a firing point
on the downward side of the curve or a zero-slope point would be chosen. Existing data
indicate that the first peak roughly represents the leading edge of the vehicle, so that for
belly targeting, the downward slope or any subsequent valley or peak would place the
explosive charge somewhere under the vehicle. From the eountermeasure viewpoint it
is. therefore, important to assure that any device attached to a vehiele is situated so that
the downward or zero slopes (A, B, C of Fig. 15) of the signal oceur at a location on the
vehicle or device which could survive a mine detonation. In the case of mechanical sys.
tems, this would require & device at a distance in front of the vehicle which takes the ve-
hicle specd and mine actuation delay into account.

20. Signature Simulation Methods. A varicty of methods are available to produce
and control magnetic ficlds in order to simulat  signatures, Of these, three concepts ap-
pear to be basic:

a.  Bulk Ferromagnetic Mass
b, Permanent Magnetic Material
v, Electromagnetic Coils

Prior discussion has already considered the production of magnetic dipoles by
feeromagnetic and pure magnetic materials. The difference between the two is that the
amount of mass or volume required for the bulk concept is considerably greater than
that for peymanent magnets. The magnetic moment of ferromagnetic material ix given
by M =« HV, where k is the magnetic susceptibility, H is the ambient ficld, and V is the
volume of the material. The expression shows that large amounts of material are need.
ed to produce a lorge magnetic moment, beeause k and  are fixed quantities. The mag-
netie suseeptibility k is dependent on the geometry of the material beeause it contains
the de-magmetizing factor, while H ix the geomagnetic field steength. A general guideline
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that bas beeo experimentally deseloped gives avalne for M oof approximately Jba LO"
units per ton of ferromagnetic material, For anideal situation where the field s mea-
sured on the dipole axis, the field at an arbitrary distance of 2 meters would be 0.5
oeested. This points out that a relatively large amount of material i needed to produce
a field roughly equivalent to the geomagnetiv field,

Permanent magnets produce a magnetic dipole field which depends on the
distance and orientation with respeet to the dipole. The flux density of the magnet on
its unis can be expressed by the equation:

1. .,Aﬂi‘l';_

R
Irz-(:i)l

where m i the dipole moment. ris the distance to the point of measurement. and L ix
the magnet length, Field strength B s given in units of gauss or oersted. since they are
equivalent in a nonmageetic medium such as air. The magnitude of the dipole moment
m is a funetion of the magnetization smd volume of the material used. 1 ean be shown
that the volume of material required to produce a specified flux density is proportional
to the flux density squared. The quality of o magnet is judged by the amount of volume
reqaired to produce a certain flux density and is siallest for those materials having the
greatest (BH), L value, The product is a measure of a magnets quality and is called its
energy product, This expression redures to the regular dipole equation for r 2 3% and
for any off-axis situations,

Av an illustration, relatively high flux densitics can be obtained by using such
materials ax Alnico 5, which has a residual induetion of slightly less than 1.2 x 10* gauss
for a rod havitga length-to-diumeter ratio of 8.0. The L/D ratio merely serves to reduace
the effective tield available, i the ratio is inveesely proportional to the demagnetizing
ficld for a erriain material configuration. The rod would produce a magnetie field of
about 250 oersteds at the pole faces of the magnet which of course would decrease cub-
ically away from it.

Electromagnetic coils are not limited by any material consideration as are per-
manent magnets but can operate at any flux density within the limits of parameters
such as space, weight, and available power. Any current-carrying wire has cireuliting
charge and therefore can be classed as a magnetic dipole. s dipole moment may he
citealated; the field equations for distances greater than three times the largest diinen-
sions of the voil berome identival to those for a magnetized bar. The magnetic field due
to any carrent-carrying wire may be caleulated by the Biot-Savart Law, Such caleulations
are straighttorward for simple arrangements such as long, straight conductors.
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For example, the flux density B ol a fhat eircular coil for an on-axis situation

15 given by:

B dnl A
(r + (12)37: ’

where nis the number of turns ona coill s the coil currentin amperes, A is its effective
area (equal o ;7—; [r? +rd + 10y ] where ry and ry are the inner and outer voil radii). ris
its effective squared vadius (122 1/ A and dis the distanee from the coil along the
axts. Note that the equation reduces to a regular dipole expression for d 2 r and that

the dipole mament of the coil ix equivalent to the numerator of the fraction,

21.  Comparison of Methods. Fach of the three general categories of magnetic
countermeasures has eertain advantages and disadvantages. The ferromagnetic mass, or
bulk, concept distorts the geomagnetie field and will generally produce a vertical com-
ponent similar to that produced by avehiele, The amplitude of the signal will of course
depend on the density and amount of ferromagnetic material present. A distinet advant-
age of this methe Tis that such a deviee would be passive and have no electrical power
requirements, The total mass required to produce a given B amplitude would be w high
pereentage of waehicle™s mass, The bandpass requirements of any potential sensor must
also be considered here because although a bulk deviee may meet the amplitude specifi-
cation, any significant deviation in amplitude-curve structure (wrong bandwidth) would
probably cause a moderately sophisticated sensor to rejeet the deviee as a false target,
Alzo, the large amount of mass required to fully duplicate a vehicle would make the de.
viee vulnerable to blast damage.

Permanent magnets offer essentially the same advantages of bulk devices,
There would be no electrical power requirements. Apgain, o magnet or series of magnets
would have to meet basic vehicle requirements for amplitude and bandwidth, The big
advantage of this coneept over the previous one is that much less mass would be required
to generate a given magnctic field. The field orientation, amplitude, and shape could be
arefully controlled and specified by judicious design, Current magnetic materials are
essentially immune to temperature, shock, and vibration effects and thus appear to have
an indefinite operating life in a ficld environment, It must be considered, however, that
since the dipole field has a negative-cubie dependence, the strength (dipole moment) or
size ol any magnet must be large to duplicate the vehiele over the area required.

The electromagnetie coil is not o passive deviee and requires clectrical power,
This is not wholly disadvantageous, sinee it provides a precise means for controlling the
ficld—an option not available with other methods, Coils can be mounted in a manner
similar to permanent magnets. One approach conld he to place the coil or combination
of coils in front of the vehicle, The design must be such as to produce the desired field




over the areas being defensed. Ty any practical approach. the combined effects of vehi-
cle and coil must be considered.

The use of pulsed electromagnetie coiis can resultin a reduction of power re-
quired to produce a mven fickd. The magnetie palses can be controlled to generate the
wuriety of pulse amplitudes and shapes requiced tor signature duplication, For example.
pulse rates cannot be too rapid, since a sensor will have a certain bandpass. Couversely,
the rate taust not be too stow or mine actuation may ocear too late,

Another advantage of a pulsed-coil system would be to neutralize sensors with
a veount™ feature. where certain pre-determined waveforms would simulate the passage
of & number of vehicles. Once the maximum count of a particular fuze is determined,
this method could simulate the required number of vehiele passes to cause detonation
ol mines,

VI. CONCLUSIONS

22. Conclusions. Depending upor the degree of sensor complexity and counter-
mewsures selected. magnetic signature duplication appears possible and offers a viable
means to defeat magnetic sensor mines. 1 has been found that these sensors are con-
strained by certain physical limitations imposed by signal threshold, handpass require-
mends, target range, and mass. These constraints serve to bracket the variables and de-
fine duplication effort: by providing for & means to produce a magnetic signal falling
within these limits. Ancther factor is that the basic magnetic similarity of ferromagnetic
vehicles further limits sensor targeting and may permit the duplication method to be the
samie for most vehicles. However, added degrees of sensor sophistication, such as possi-
ble future use of multiple-axis transducers, will require additional responses from coun-
termeasures to neet those problems.

The investigation has considere ! three fundamental methods for signature
duplication: bulk ferromagnetic material, permanent magnets, and clectromagnei e coils,
Each has merit when considered in a particular situation and application. The bulk
method could provide the required signal; but, due to its large size. would adver:ely af-
fect the mobility of any vehicle transporting it. The use of permanent magnets offers a
good solution in that a large number of desired amplitude and spatial configurations of
magnetic flux could be achieved by proper design. The method has a disadvantage be-
cause material and mechanical attachments required on the front of the vehicle could
pose a mobility problem. Vulneral -lity to shock and warhead blast would also require
study. Additionally, once a particular magnet configuration were adopter and mass.
prodi ~ed, it would not be easy to alter if found to be marginally effective aginst new
or modified munitions,
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Electromagnetic coils seem to offer the most versatile method for duplication. '
The magnetic signal amplitudes required can be achieved by coils of reasonable dimen-
sion and weight relative to an armored vehicle. The coils can produce virtually unlimited
types of waveforms and signal shapes. This is possible because modulation of the mag- 3 §
netic flux would only involve altering the current and voltage to the device. Thus, this ¥ !
method can be designed to meet the problems posed by present and future magnetic R
sensors as well as to offer good versatility and moderate size constraints,
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