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EASU E ENT OF MAGNETIC FIELD GRADIENTS

BACKGROUND

[0001] The Earth's magnetic field, also known as a geomagnetic field, is a

magnetic field that extends from the Earth's interior to a region above the Earth

that is exposed to solar wind (i.e., a stream of charged particles that are exposed

from the Sun). Magnetic fields are vector quantities that are characterized by both

strength and direction. The magnitude of the Earth's magnetic field at the Earth's

surface can range from 20 to 80 microtesia (mT). This range is equal to 0.20 to

0.80 gauss or 20,000 to 80,000 nanotesia (nT). The magnitude of the Earth's

magnetic field can vary depending on location.

[0002] Magnetic field variations due to magnetic anomalies can be in the

picotesia (pT) range. In general, magnetic anomalies are local variations in the

Earth's magnetic field resulting from variations in the chemistry or magnetism of

the rocks. For example, magnetic surveys over the oceans have revealed a

characteristic pattern of anomalies around mid-ocean ridges. These patterns

involve a series of positive and negative anomalies in the intensity of the

magnetic field, which form stripes running parallel to each ridge. The source of

these magnetic anomalies can be from magnetization carried by titanomagnetite

minerals in basalt and gabbros, which are magnetized when ocean crust is

formed at the ridge.

[0003] The Earth's magnetic field and magnetic field anomalies can be measured

using a measurement instrument referred to as a magnetometer. Examples of

magnetometer include vector magnetometers and scalar magnetometers. Vector

magnetometers can measure vector components of the Earth's magnetic field.

Scalar magnetometers can measure the magnitude of a vector magnetic field.

Magnetometers can also be classified based on their intended use. For example,

stationary magnetometers can be installed to a fixed position and measurements

are taken when the magnetometer is stationary. On the other hand, portable

magnetometers are usable while in motion and can be transported in a moving

vehicle.



BRIEF DESCRIPTION OF THE DRAWINGS

[0004] Features and advantages of the disclosure will be apparent from the

detailed description which follows, taken in conjunction with the accompanying

drawings, which together illustrate, by way of example, features of the disclosure;

and, wherein:

[0005] FIG 1 illustrates a system for determining a magnetic field gradient of the

Earth using a magnetometer installed on a moving platform in accordance with

an example;

[000S] F G. 2 illustrates a system and related operations for determining a

magnetic field gradient of the Earth using a magnetometer installed on a moving

platform in accordance with an example;

[0007] FIG. 3 illustrates a magnetometer on a moving platform that periodically

measures a magnetic field gradient of the Earth in accordance with an example;

[0008] FIG. 4 illustrates matching a sequence of magnetic field gradient

measurements to a reference magnetic field gradient map in accordance with an

example;

[0 9] FIG. 5 illustrates a technique for measuring a magnetic field gradient in

accordance with an example;

[00 ] FIG. 6 illustrates an output of a magnetometer in accordance with an

example;

[ 0 ] FIG. 7 illustrates a technique for computing a magnetic field gradient in

accordance with an example;

[0012] FIG. 8 illustrates a system and related operations for determining a

geographical location of a moving vehicle based on a plurality of magnetic field

gradient measurements of the Earth in accordance with an example;

[0013] FIG. 9 depicts a flow chart of a method for determining a magnetic field

gradient in accordance with an example;

[0014] FIG. 10 depicts a flow chart of a method for determining a magnetic field



gradient in accordance with an example;

[001 5] FIG. 11 depicts a system for determining a magnetic field gradient in

accordance with an example.

[001 6] FIG. 12 depicts a flow chart of a method for determining a geographical

location of a moving platform in accordance with an example;

[0 ] F G. 13 depicts a flow chart of a method for determining a geographical

location in accordance with an example; and

[00 ] F G. 14 depicts a system for determining a geographical location of a

moving platform in accordance with an example.

[00 ] Reference will now be made to the exemplary embodiments illustrated,

and specific language will be used herein to describe the same. It will

nevertheless be understood that no limitation of the scope of the invention is

thereby intended.

DETAILED DESCRIPTION

[0020] Before the present invention is disclosed and described, it is to be

understood that this invention is not limited to the particular structures, process

steps, or materials disclosed herein, but is extended to equivalents thereof as

would be recognized by those ordinarily skilled in the relevant arts it should also

be understood that terminology employed herein is used for the purpose of

describing particular examples only and is not intended to be limiting. The same

reference numerals in different drawings represent the same element. Numbers

provided in flow charts and processes are provided for clarity in illustrating steps

and operations and do not necessarily indicate a particular order or sequence.

EXAM PLE EMBODIM ENTS

[0021] An initial overview of technology embodiments is provided below and then

specific technology embodiments are described in further detail later. This initial

summary is intended to aid readers in understanding the technology more quickly



and is not intended to identify key features or essential features of the technology,

nor is it intended to limit the scope of the claimed subject matter.

[0022] A technology is described for collecting magnetic field gradient

measurements, and then using the magnetic field gradient measurements as a

navigation aid. A moving platform (e.g., a missile or an aircraft) can continuously

take magnetic field gradient measurements while traveling to a destination. The

magnetic field gradient measurements can be that of the Earth's magnetic

anomaly field. In one example, a magnetometer onboard the moving platform can

measure the Earth's magnetic field gradients as the moving platform travels to

the destination. The magnetometer can be a coil vector magnetometer. The

magnetometer can measure a change in the Earth's magnetic anomaly field as a

function of time. As a non-limiting example, the magnetometer can take magnetic

field gradient measurements according to a range of approximately 2000 to

50,000 times per second. The magnetic field gradient measurements can also be

referred to as a magnetic field gradient tensor. The magnetic field gradient tensor

is a 3x3 matrix, so the magnetic field gradient tensor has nine components. While

the platform is moving, the magnetometer may not measure all nine components

at the same time. Rather, the magnetometer can measure the components

associated with a current direction of the moving platform. Therefore, the

magnetometer can measure a projection of the magnetic field gradient tensor

onto the direction of motion in one example, the moving platform can travel to

the destination at a defined velocity, such as ach 0.8 or 280 meters/second.

[0023] in one configuration, the magnetometer can be coupled to a gyroscope.

The gyroscope coupled to the magnetometer can be separate from a gyroscope

that is part of the !nertial Navigation System of the moving platform. The

gyroscope coupled to the magnetometer can compensate for error in the

magnetic field gradient measurements due to, for example, the relatively high

velocity at which the moving platform is traveling. The relatively high velocity of

the moving platform can cause high frequency vibrations on the moving platform,

which can create undesired voltage in the magnetometer coils, thereby resulting

in less accurate magnetic field gradient measurements. Thus, the gyroscope



coupled to the magnetometer can compensate for fast vibration of the airframe.

[0024] In one example, the gyroscope coupled to the magnetometer can track a

difference in orientation between the onboard inertia! navigation system and the

magnetometer. In other words, the gyroscope coupled to the magnetometer can

track a misalignment between an orientation of an airframe body coordinate

system (in which the velocity of the moving platform is measured) and an

orientation of the magnetometer onboard the moving platform. The difference in

orientation (or the misalignment) can cause error in the magnetic field gradient

measurements. The gyroscope coupled to the magnetometer can generate a

correction value (e.g., a relative rotation matrix) to compensate for this error in

the magnetic field gradient measurements. The correction value can be applied to

the magnetic field gradient measurements with the errors, thereby resulting in

magnetic field gradient measurements having a reduced level of error. Without

the gyroscope onboard the fast moving platform to compensate for the error due

to the difference in orientation or misalignment, the accuracy of the magnetic field

gradient measurements would be below an acceptable level.

[002S] n another aspect of the current technology, the moving platform can use

the magnetic field gradient measurements for navigation purposes. The magnetic

field gradient measurements can be used as part of a magnetic field navigation

system. In other words, the gradient of the Earth's geomagnetic anomaly field can

be exploited to determine the moving platform's position. The magnetic field

navigation system can also be referred to as magnetic aided S navigation

(MAIN). The moving platform can utilize a global positioning system (GPS) aided

inertia! navigation system (INS). The magnetic field navigation system can be

used in place of GPS. In another example, the position provided by the magnetic

field navigation system can be used to correct for INS drift. Thus, an orientation of

the gyroscope that is part of the moving platform's S system (as opposed to the

gyroscope that is coupled to the magnetometer) can be corrected for INS drift.

The magnetometer onboard the moving platform can continuously measure the

magnetic field gradients of the Earth while the moving platform is traveling to the

destination. In one example, the magnetic field gradients can be measured



between 2,000 times per second and 50,000 times per second. The sequence of

magnetic field gradient measurements can correspond to the path traveled by the

moving platform. The sequence of magnetic field gradient measurements can be

compared to a reference magnetic field gradient map. in particular, the sequence

can be compared to a plurality of possible trajectories derived from the reference

magnetic field gradient map. Each of the possible trajectories is associated with a

set of known magnetic field gradients. The reference magnetic field gradient map

is a topographical map of the Earth's magnetic anomaly field. The reference

magnetic field gradient map can be provided by an external source, such as the

National Geophysical Data Center (NGDC). Based on the comparison, a

trajectory derived from the reference magnetic field gradient map that most

closely correlates to the sequence of magnetic field gradient measurements can

be identified in other words, the identified trajectory can be inferred as being

substantially the same trajectory (or path) taken by the moving platform. The

trajectory can have known geographical coordinates, and therefore, the

geographical location of the moving platform can be determined based on the

known geographical coordinates of the trajectory. As a result, the moving platform

can determine its geographical location using the magnetic field navigation

system and without reliance on GPS In particular, the known geographical

coordinates of the trajectory can be used to mitigate position error of the moving

platform. Thus, the known geographical coordinates can be used to improve an

INS solution, and thereby, lead to the determination of the moving platform's

latitude, longitude and altitude.

Measuring Magnetic Field Gradients

[0026] FIG. 1 illustrates an exemplary system for determining a magnetic field

gradient of the Earth using a magnetometer 122 installed on a moving platform

110 (e.g., an aircraft). The magnetic field gradient (or magnetic field gradient

tensor) can be of the Earth's magnetic anomaly field. The magnetic field gradient

can also refer to measured spatial variations in the Earth's magnetic anomaly

field. The magnetometer 122 can be a vector magnetometer or an inductive coil



vector magnetometer. The magnetometer 22 can be part of a measurement

device 120 that is installed on the moving platform 110. The moving platform 110

can be traveling at a defined velocity (e.g., ach 0.5 or higher). As explained in

greater detail below, magnetic field gradient measurements can provide a

navigation aid for the moving platform 1 0 .

[0027] In one example, the magnetometer 122 can include a 3-axis coil magnetic

antenna to measure the magnetic gradient of the Earth's anomaly field. The

magnetometer 122 can measure the magnetic field gradient while the moving

platform 110 is traveling over land or water. The magnetic antenna can take

readings of the magnetic field as the moving platform 110 (or airborne platform)

moves along its trajectory in one configuration, the magnetometer 122 can

continuously measure (e.g., 20,000 measurements per second) the magnetic

field gradient associated with the moving platform's current position on the Earth.

[0028] one configuration, with respect to performing the magnetic field gradient

measurements, a magnetic coil of the magnetometer can generate voltage that is

proportional to a change of magnetic flux through that magnetic coil. The

magnetic flux through the magnetic coil is described by: " = A;_ B , where / =

x,y,z. The magnetometer can measure three components: the changes of

magnetic flux through each of the magnetic coils x , y and z . Each of these are

described by a voltage in the magnetic coil "Γ ~>where = x,y,z. Note that

the subscript " can be used to describe the three components if the magnetic

coil is moved through a magnetic field, then the change in magnetic flux can be

caused by three mechanisms. A first mechanism is the time dependent change of

the magnetic field itself, whether the magnetic coil moves or does not move. A

second mechanism is a change in orientation of the magnetic coil with the

magnetic field regardless of whether the magnetic field is constant or not

constant. A third mechanism is the movement of the magnetic coil from a location

with one value of the magnetic field to a location with another value of the

magnetic field.

[0029] The three components measured by the magnetometer are the terms



dAjdescribed by the three terms in the following equation: A + A ; V B
d t

v . The third term of the equation (i.e., A V B v ) can also be represented as

[0030] The first part of the third term of the equation (i.e., A A \\) is a

vector orientation of the coi "/" . The second part of the third term of the equation

(i.e., is a magnetic field gradient tensor. As shown, the

magnetic field gradient tensor is a 3x3 matrix. The magnetic field is a vector with

three components, and the magnetic field gradient can exist when the moving

platform travels in one of the three directions. The third part of the third term of

the equation (i.e., is the platform velocity v . The velocity of the moving

platform can be used as a tool in measuring the magnetic field gradients.

[0031] In the present application, although the magnetic field gradient tensor has

nine components, the magnetometer onboard the moving platform may not

measure all nine components. Rather, the magnetometer can measure the

components associated with the direction of the moving platform. Thus, the three

components of the product V B · v can be measured, which is the projection of the

magnetic field gradient onto the direction of motion. In one example, the vertical

component of this projection, or A z V B - v , can be used.

[0032] The magnetometer can measure the magnetic field as the platform is

moving. As an example, the magnetometer can measure the magnetic field in

Point A . The magnetometer can move to Point B and measure the corresponding



magnetic field. The magnetic field gradient in Point A can be subtracted from the

magnetic field gradient in Point B in order to determine a change in the magnetic

field gradient when the moving platform travels from Point A to Point B. Therefore,

the magnetometer can measure the change in magnetic fieid as a function of

time.

[0033] in one configuration, as the flight trajectory is traversed, each coil of the

magnetometer 22 can generate a voltage that is proportional to the speed at

which the platform 110 is traveling. The magnetometer 122 can measure a signal

that is proportional to a time derivative of the magnetic fieid sensed by the

magnetometer 122. As the platform 110 moves, the value of the time derivative is

equal to the projection of the magnetic field gradient tensor upon the direction of

a velocity vector (corresponding to the moving platform's velocity) multiplied by

an amplitude of the velocity vector (or a ground velocity) . Transient magnetic

phenomena can inject additional signal into the magnetic fieid gradient tensor

outputted by the magnetometer 122.

[0034] n one configuration, the signal in the magnetometer 122 is determined by

the electromotive force in each of the three orthogonal coils that comprise the

magnetometer 122 (e.g. , a vector magnetometer). The signal from each of the

coils is proportional to the change of the magnetic flux through the coil as it

moves through the magnetic fieid. The signal in each of the coils is:

d t '

wherein V \s the voltage in the coil / , A is the orientation of coi ;, and B is the

magnetic field. In addition, the equation above can be expanded as follows:

= ~^~~~^ + VI A B ) — = A , — + B + A ; VB ) v ,
d t d t 1 d t ' at d t J

wherein VB is the magnetic gradient tensor, and v represents the platform

velocity vector.

[0035] The magnetic field represented above includes a total magnetic fieid that

is exposed to by the magnetometer 122. The total magnetic field includes the

magnetic anomaly field of the Earth, as well as other sources that can generate a



detectable magnetic field. The other sources include magnetic fields induced by

globally occurring phenomenon such as space weather, diurnal variations to the

field, lightning strikes (nearby and far away), magnetic jammers set by

adversaries, and power transmission lines. Additionally, local magnetic sources

such as fields generated by power supplies onboard the moving platform 110 and

stray magnetic fields of the onboard motors and actuators can contribute to the

total magnetic field.

[0036] Each of these magnetic fields is grouped into one of the different terms of

the equation above. For example, the term A - VB) · v describes the gradient of

the magnetic field component in the direction of ί differentiated over the

direction of the velocity vector (v). This term represents the signal from the

magnetometer 22 . This signal is measured in the magnetic sensor coordinate

system, as signified by the presence of vector The term B = dA dt describes

the signal due to changes in the orientation of the magnetometer 122 in the

external magnetic field. As described below, this is a noise source that is caused

by mechanical vibration of the magnetometer 122. In one example, vibration

caused by a motor is correlated with the variable magnetic field of that motor. The

term A dB j d describes the signal due to temporal changes in a background

magnetic field. These changes can be separated into two distinct groups: local

environment and global environment. Local environment describes variable

magnetic fields generated by elements of the moving platform 110 (e.g., an

aircraft), such as motors, actuator, electronics, and ferromagnetic elements of the

moving platform 110. The global environment refers to variable fields that are

generated outside the moving platform 110, such as space weather and diurnal

variation.

[0037] in one configuration, the magnetometer onboard the moving platform can

continuously sample the magnetic field gradient in other words, the

magnetometer can perform high frequency sampling of the magnetic field

gradient. The magnetometer can continuously output the magnetic field gradients

as a function of time. As a non-limiting example, the magnetometer can measure



the magnetic field gradient approximately 2,000 times per second. As another

non-limiting example, the magnetometer can measure the magnetic field gradient

approximately 50,000 times per second.

[0038] The moving platform 1 0 can travel at a defined velocity. As a non-limiting

example, the defined velocity can be at least ach 0.5. The magnetometer 122

on the moving platform 110 can take measurements of the magnetic field gradient

of the Earth as the moving platform 110 travels at the defined velocity. In one

example, the relatively high velocity of the moving platform 110 can cause a

misalignment between a local coordinate system associated with the moving

platform 110 and an orientation of the magnetometer 22 . In particular, the

misalignment can be a result of vibrations of the moving platform 110 due to the

relatively high velocity of the moving platform 110. This misalignment can result in

errors in the magnetic field gradient measurements. As a non-limiting example,

when the moving platform 110 is traveling at a speed of Mach 0.5 or higher, the

amount of resulting error in the magnetic field gradient measurements due to the

misalignment can be beyond an acceptable noise level. As a result of the error,

the magnetic field gradient measurements can be inaccurate. On the other hand,

moving platforms that travel at slower speeds have a reduced signal to noise

ratio (S R) as compared to moving platforms that travel at higher speeds, which

results in difficulty when isolating the real magnetic field from the error.

[0039] The high frequency vibrations can cause misalignment of the local

coordinate system associated with the moving platform 110 and an orientation of

the magnetometer 122. The local coordinate system can include an airframe

body coordinate system in which the velocity of the moving platform 110 is

measured using global coordinates. In particular, an onboard navigation system

that operates using the local coordinate system can provide the velocity (or

velocity vector) for the moving platform 110. The misalignment (or the difference

in orientation between the magnetometer and the onboard navigation system)

can result in additional noise in the magnetic field gradients measured at the

magnetometer 122. As a result of the noise, the magnetic field gradient

measurements can be inaccurate or invalid.



[0040] n one configuration, the magnetometer 122 can be coupied to a high rate

gyroscope 124. The magnetometer 122 coupied to the gyroscope 124 can be

referred to as a gradiometer. The gyroscope 124 can generate a correction value

that compensates for the error in the magnetic field gradient measurements due

to the misalignment between the magnetometer 122 and the onboard navigation

system (e.g., the INS system). Since the gyroscope 124 coupled to the

magnetometer 122 may not be coupied to the INS system, the high frequency

vibrations of the mechanical frame of the moving platform can result in the errors

in the magnetic field gradient measurements. The gyroscope 124 can also be

referred to as a compensation gyroscope 124 that provides motion

compensation. In particular, the gyroscope 124 can track a difference in

orientation between the onboard navigation system (which operates using the

local coordinate system and provides the moving platform's velocity) and the

magnetometer 122. The difference in orientation can be the correction value. The

correction value can also be referred to as a rotation matrix or a relative rotation

matrix. The gyroscope 124 can operate in the high frequency domain and provide

the relative rotation matrix to relate a magnetometer antenna and the local

coordinate system (e.g., the airframe body coordinate system). The rotation

matrix can be 3x3 in size, which corresponds to the three dimensions X , Y and Z

The rotation matrix can effectively fix the magnetometer's disorientation. The

correction value (or rotation matrix), when applied to a magnetic field gradient

measurement, having error can result in a magnetic field gradient measurement

with a reduced level of error. Therefore, the gyroscope 124 can effectively

correct the orientation of the magnetometer 122.The gyroscope 24 coupied to

the magnetometer 122 for correcting the orientation can be distinct from a

gyroscope that is part of the moving platform's S system.

[0041] As previously described, the magnetic field gradient can be calculated

based on the magnetometers orientation (as well as the voltage in the coil, the

magnetic field, and the velocity). Thus, if the orientation is inaccurate, the

calculated magnetic field gradient can be inaccurate as well. Therefore, the

correction value (or rotation matrix) can effectively correct or compensate for the



inaccuracies in the magnetometer's orientation. As a result, the calculated

magnetic field gradient can be substantially accurate, even when the

magnetometer 122 is disoriented due to the moving platform's high velocity.

[0042] in one configuration, a magnetic field gradient determination module 130

can be onboard the moving platform 110. The magnetic field gradient

determination module 130 can receive the signal (or 3-coil output) from the

magnetometer 122. The signal can be low-pass-filtered, as well as related to the

magnetic field gradient and the speed vector of the magnetometer 122 in an

Earth-fixed coordinate system. The signal (or output) from the magnetometer 122

can be a projection of the magnetic field gradient onto the moving platform's

velocity vector. In addition, the magnetic field gradient determination module 130

can receive the correction value from the gyroscope 124. The magnetic field

gradient determination module 130 can reduce the error in the signal (i.e., the

magnetic field gradient measurements) by applying the correction value to the

noisy magnetic field gradient measurements. In other words, the magnetic field

gradient determination module 130 can calculate the three components of the

magnetic field gradient tensor in the local coordinate system as a product of the

signal or 3-coil output provided by the magnetometer 122 and the 3x3 rotation

matrix provided by the gyroscope 124. Therefore, even when the magnetometer

122 becomes disoriented due to the moving platform's relatively high speed and

produces magnetic field gradient measurements with errors, the gyroscope 124

can compensate for the error, such that accurate magnetic field gradient

measurements are taken from the moving platform 110.

[0043] in one example, the gyroscope 124 operates alongside the magnetometer

122 (or a magnetic antenna of the magnetometer 122) for the purpose of

compensating for high frequency airframe vibrations (or platform instability). The

output of the magnetic antenna and the output of the gyroscope 124 (i.e., the

rotation matrix) can be provided to a subsequent function to determine the

components of the magnetic field (X, Y, and Z) in a local sensor coordinate

system. The components can be converted to a North East Down (NED)

coordinate system of the moving platform 110 (or airborne platform) in order to



generate the magnetic field gradient components

[0044] As shown in the equation A + B - + A B v , the signal amplitude

is proportional to the velocity (v) As the velocity is increased, the amount of

vibration can increase. The compensation gyroscope that is coupled to the

magnetometer, as described earlier, can mitigate this vibration. The velocity

Aindirectly contributes to the second term of the equation, or B ~ This term

describes the magnetometer vibrating in the constant B field. The rotation of the

magnetometer due to the vibration can negatively impact the accuracy of the

magnetic field gradient measurements if the magnetometer vibrates without

changing its orientation, the term above is zero if the magnetometer does not

rotate, then the values of the individual components of A do not change.

Therefore, the derivative of the second term is zero, which results in the whole

second term being zero. Therefore, linear translation of the magnetometer does

not cause extra noise in the magnetic field gradient measurements, whereas

rotation of the magnetometer can cause additional noise in the magnetic field

gradient measurements. Therefore, the gyroscope coupled to the magnetometer

can compensate for the magnetometer's rotation, which is measured by the

gyroscope.

[004S] n one configuration, the magnetometer 122 is a vector magnetometer as

opposed to a single coil magnetometer. While orientation variation of the single

coil magnetometer cannot be compensated using a gyroscope, a vector

magnetometer output can be corrected for noise by using a gyroscope.

[0046] in one configuration, the moving platform can include a magnetic

navigation system (which includes the magnetometer coupled with a first

gyroscope) and an inertia! navigation system that includes a second gyroscope.

in one example, the same gyroscope can be used for both the magnetic

navigation system and the inertial navigation system. Over a period of time, the

second gyroscope for the inertial navigation system can drift As a non-limiting

example, the inertia! navigation system can drift by X degrees per minute. In

order to determine how much the gyroscope has drifted, the magnetic field



gradient measurements can provide an independent source for determining the

moving platform's location. Therefore, the magnetic field gradient measurements

can be used to correct for orientation drift of the inertia! navigation system's

gyroscope (i.e. , the second gyroscope).

[0047] n one example, the magnetic field gradient measurements can be affected

by noise in the system. Once source of the noise can be due to the vibration of

the magnetometer. There are several ways in which the vibration of the

magnetometer can impact the magnetic field gradient measurements that are

being collected. In one example, the magnetometer can point in an incorrect

direction as compared to the direction in which the inertia! navigation system is

pointing. For example, the inertia! navigation system can be located in the nose

of an aircraft, whereas the magnetometer can be located in the tail of the aircraft.

The fact that these two systems are not collocated can introduce certain errors

due to the vibration of the mechanical frame of the aircraft. n one example, the

vibration of the aircraft can create an undesired signal in the magnetometer,

which is another source of noise in the magnetic field gradient measurements.

[0048] A compensation gyroscope (or the first gyroscope coupled to the

magnetometer) can compensate for errors in the magnetic field gradient

measurements due to the vibrations. The first gyroscope coupled to or collocated

with the magnetometer does not measure the slow rotation of the airframe, but

rather can compensate for fast vibration of the airframe. This high frequency

vibration can create an undesired voltage (or undesired signal) in the

magnetometer coils, which causes errors in the magnetic field gradient

measurements. The correction value from the first gyroscope can compensate for

errors due to vibrations that cause the magnetometer to vibrate, as well as the

vibrations that cause the magnetometer to not be oriented correctly with the INS

system. Therefore, the moving platform can include two separate gyroscopes -

the first gyroscope is collocated with the magnetometer and the second

gyroscope is part of the INS system. The first gyroscope can compensate for

vibration of the magnetometer and undesired signals that are created at the

magnetometer due to the vibration. The second gyroscope that is part of the S



system can be used for navigation of the moving platform. Orientation drift of the

second gyroscope can be corrected based on a known orientation determined by

the magnetic navigation system.

[0049] F G. 2 illustrates an exemplary system and related operations for

determining a magnetic field gradient of the Earth using a magnetometer 222

installed on a moving vehicle 210. Non-limiting examples of the moving vehicle

210 can include an aircraft or a self-propelled guided weapon, such as a missile.

The magnetometer 222 (e.g., an induction coil vector magnetometer) can take

magnetic field gradient measurements as the moving vehicle 210 travels to a

destination. The magnetometer 222 can be part of a measurement device 220,

such as a gradiometer. The measurement device 220 can also include a

gyroscope 224. The gyroscope 224 can compensate for measurement errors of

the magnetometer 222. The measurement errors can result from noise in the

magnetic field gradient measurements due to the moving vehicle's velocity. For

example, if the moving vehicle's velocity exceeds a certain threshold (e.g., ach

0.5), then the amount of noise in the magnetic field gradient measurements can

exceed a noise threshold and the gyroscope 224 can be activated. In other

words, the gyroscope 224 can be used to reduce the noise in the magnetic field

gradient measurements.

[0050] In one configuration, the magnetometer 222 can produce a noisy magnetic

field gradient 226. As previously described, the noisy magnetic field gradient can

result from a difference in orientation between the magnetometer 222 and an

onboard navigation system (e.g., an INS system). The difference in orientation

can occur due to the moving vehicle's relatively high velocity, which causes

vibrations in the mechanical frame of the moving vehicle 210. The noisy magnetic

field gradient 226 can be provided to a magnetic field gradient determination

module 230. In addition, the magnetic field gradient determination module 230

can receive a rotation matrix 228 from the gyroscope 224. The rotation matrix 228

can also be referred to as a correction value. The rotation matrix 228 can be used

to effectively reorient the magnetometer 222. The magnetic field gradient

determination module 230 can multiply the noisy magnetic field gradient 226 with



the rotation matrix 228 in order to produce a corrected magnetic field gradient

232. The corrected magnetic field gradient 232 can be a magnetic field gradient

with a reduced amount of noise. As a result, even when the moving vehicle 210

travels at a relatively high speed that would ordinarily result in noisy magnetic

field gradients, the use of the gyroscope 224 can result in relatively accurate

magnetic field gradients. The relatively high speed can cause vibration noise that

can limit the usefulness of the signals, but the gyroscope 224 can effectively

remove that vibration noise.

Using Magnetic Field Gradients as a Navigation Aid

[0051] GPS signals are vulnerable to jamming and spoofing, especially in Anti-

Access, Area Denial (A2AD) regions. As the concern of GPS-deniai becomes

more prevalent, the military's ability to maintain mission readiness and carry out

operations becomes jeopardized. This drives the need for innovative capabilities

to provide accurate navigation over extended periods of time and long distances,

while acting independent of the GPS satellite network. The magnetic navigation

system described herein, referred to as Magnetic Aided INS Navigation (MAIN),

provides a technique for airborne platforms to navigate over long distances with

no dependency on GPS.

[0052] The magnetic navigation system can utilize the measured magnetic field

gradients (as described above) in order to provide a navigation aid. The magnetic

navigation system can exploit the gradient of the Earth's magnetic anomaly field

to provide error correction to onboard I S. The magnetic navigation system can

be capable of operating in all weather conditions, day or night, over featureless

terrain, over rough terrain, and over water. In addition, the magnetic navigation

system can be effective during long-range and high-speed missions. The

magnetic navigation system can operate without using additional infrastructure

(e.g., radio towers or satellites).

[0053] Another benefit of the magnetic navigation system is its robustness with

respect to jamming. Since magnetic waves are attenuated inversely proportional



to a distance cubed, a large amount of energy is needed to distort the magnetic

field over even a relatively small area. For an adversary to jam the magnetic

navigation system, a magnetic field would have to be created that is strong

enough to reach the system at the operational altitude and have an effect on the

magnetic field gradient that is sensed by the system. For a mission of several

hundred kilometers, the jamming signal would need to cover a large area to have

an effect on the measured gradient value. Thus, the magnetic navigation system

is substantially unsusceptible to jamming from adverse parties.

[0054] n one configuration, a moving platform (e.g., a cruise missile) can operate

effectively in an A2AD environment where GPS is jammed using the present

technology. During a launch phase of the mission, the cruise missile can be

boosted in the direction of the target and guided using an inertia! navigation

system (INIS). In this case, GPS is available to the missile during launch and

early in the cruise phase of the mission. At some point during the cruise phase,

the missile enters the A2AD area and no longer has access to the GPS satellite

constellation. At this point, the missile can rely solely on the magnetic navigation

system to guide the missile during the remainder of the cruise phase. The

magnetic navigation system can guide the missile to a target area, at which time

a terminal phase is initiated. During the terminal phase, the missile can use more

accurate seeker technology in order to guide the missile to the target.

[00S5] FIG. 3 illustrates a magnetometer 332 on a moving platform 310 that

measures a magnetic field gradient of the Earth in particular, the magnetic field

gradient is of the Earth's magnetic anomaly field. In some examples, the

magnetometer 332 is an induction coil vector magnetometer, and the moving

platform 310 is a missile. However, the moving platform 310 can also include

aircrafts (e.g., airplanes, helicopters) or other weapon systems. The

magnetometer 332 can be included in a magnetic field navigation system 330

that is installed on the moving platform 310. The magnetic field navigation system

330 can be operable to provide the moving platform 310 with navigational

capabilities using a plurality of magnetic field gradient measurements in one

configuration, the magnetic field navigation system 330 can be activated when a



global positioning system (GPS) 320 on the moving platform 310 is jammed or

inoperable. In an alternative configuration, the magnetic field navigation system

330 can be utilized even when the GPS 320 is functioning correctly or is not

jammed.

[0056] The moving platform 310 can also include a navigation subsystem (not

shown in F G. 3). The navigation subsystem can include an inertial measurement

unit (IMU), an inertia! navigation unit (INU) and a Kalman filter. The I U provides

accumulated velocity change and angle change that corresponds to the trajectory

of the moving platform 310 (e.g., an aircraft or weapon). These measurements

are inputted to the INU for computation of a strapdown inertial navigation

solution. Measurements from the NU are integrated to form position, velocity and

attitude estimates for the moving platform 310. Errors in the MU output and

errors in the inertia! navigation solution can be corrected using the Kalman filter.

n other words, corrections to the NU can be provided via the Kalman filter in

addition, the MU can be calibrated using the GPS 320 before the moving

platform 310 enters a GPS-denied area. As explained in greater detail below, the

magnetic field navigation system 330 can be used to correct drift in the NS.

[0057] in one example, the magnetometer 332 (e.g., via a magnetic antenna) can

take magnetic field gradient measurements as the moving platform 310 travels to

a destination in the example shown in FIG. 3 , the moving platform 310 can take

magnetic field gradient measurements when traveling between positions A-H

along a path to the destination. In other words, the magnetometer 332 can take

magnetic field gradient measurement at position A , position B, and so on. In one

example, the magnetometer 332 can continuously take magnetic field gradient

measurements (e.g., the magnetometer 332 can continuously fake

measurements of the magnetic field gradient at 2,000 measurements per second

or greater), and the moving platform's position estimate can be derived every so

often (e.g., every 150 seconds or 56 km of travel). For example, the

magnetometer 332 can take magnetic field gradient measurements at a rate of

2,000 measurements per second (or greater) over a duration of 150 seconds,

and the magnetic field navigation system 330 can provide the navigation aid



based on this information

[0058] As previously described, each coil of the magnetometer 332 can generate

a voltage that is proportional to the speed at which the platform 310 is traveling.

The magnetometer 332 can measure a signal that is proportional to a time

derivative of the magnetic field sensed by the magnetometer 332. The signal in

the magnetometer 332 is determined by the electromotive force in each of the

three orthogonal coils that comprise the magnetometer 332 (e.g., a vector

magnetometer). The signal from each of the coils is proportional to the change of

the magnetic flux through the coil as it moves through the magnetic field. The

signal in each of the coils is:

v -
d '

wherein is the voltage in the coi ;, A , is the orientation of coil / , and B is the

magnetic field. In addition, the equation above can be expanded as follows:
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wherein V B is the magnetic gradient tensor, and v represents the platform

velocity vector.

[0059] The magnetometer 332 can provide measured values of a magnetic field

tensor gradient. n an ideal scenario, the only magnetic field that would be

present is the magnetic field of the Earth's magnetic anomaly field, as it is the

magnetic anomaly field that is used by the magnetic field navigation system 330.

However, other sources (e.g., global and local sources) that will be measured by

each individual magnetometer coil in addition, there are other sources

associated with the coil assembly and calibration. The coils of the magnetometer

332 can also pick up changes of the magnetic flux due to the platform's motion

through the Earth's magnetic field. The combined total magnetic field that these

sources make up is defected by the individual coil assemblies of the

magnetometer 332. n one example, proper calibration of the coil assemblies can

allow for changes in the magnetic field in a magnetic sensor coordinate system to

be accurately measured. In addition, knowledge of magnetometer orientation can



allow for the change in magnetic field in a global North East Down (NED)

coordinate system to be extracted. By combining the change of magnetic field,

magnetometer (or sensor) orientation, and the moving platform's speed, the value

of the magnetic field gradient can be determined.

[0060] n the technology described herein, the sensed magnetic gradients and

errors that are internal to the moving platform 3 0 (e.g., due to motors, actuators,

electronics) are evaluated in a local sensor coordinate system (or a

magnetometer coordinate system). The magnetometer 332 can be aligned with

the aircraft body or weapon body and co-located (or not co-located) with the

navigation subsystem in the NED coordinate system, North, East, Down (NED)

is a local level frame. North is defined as the X
N

-axis and East as the Y
N

-axis.

Thus, by the right hand rule, the Z - s is the negative geodetic normal, or

down. The origin moves with the missile or aircraft. The airframe body coordinate

system has its origin at the center of gravity (CG) of the airframe. The airframe

can be that of the moving platform 3 0. The X-axis points out the nose, Y-axis

points out the right wing when in the airframe-up configuration, and Z-axis points

down.

[0061] FIG. 4 illustrates matching a sequence of magnetic field gradient

measurements in a magnetic profile 420 to a reference magnetic field gradient

map 430. The sequence in the magnetic profile 420 can be compared to the

reference magnetic field gradient map 430 in order for a moving platform 410 to

determine its geographical location. The sequence of magnetic field gradients

can be from a plurality of magnetic field gradient measurements taken using a

magnetometer onboard the moving platform 410 (as previously described in FIG.

3). In other words, the plurality of magnetic field gradient measurements can be

compiled to form the magnetic profile 420. Each magnetic field gradient

measurement included in the magnetic profile 420 is associated with a distinct

position on the Earth in addition, each magnetic field gradient measurement is

associated with the Earth's magnetic anomaly field. Since the gradient of the

Earth's geomagnetic field is of interest, the magnetic profile 420 can include a

series of measured spatial variations in the Earth's magnetic field. A rate of



change of the magnetic field (i.e., the gradient) can be measured using the

magnetometer that is onboard the moving platform 410. The magnetic field

gradient measurements can be along the moving platform's direction of motion.

Thus, the magnetic profile 420 can include a history of magnetic gradient

measurements (or magnetic gradient tensor measurements) for the moving

platform 410.

[0062] In the example shown in FIG. 4 , the magnetic profile 420 can include

magnetic field gradient measurements for position A , position B, position C,

position D and position E . Therefore, the magnetic profile 420 can include a first

value that corresponds to the magnetic field gradient measurement at position A ,

a second value that corresponds to the magnetic field gradient measurement at

position B, and so on. The sequence of measurements included in the magnetic

profile 420 can correspond to a path traveled by the moving platform 410. in

other words, a portion of the moving platform's path can include traveling through

positions A through E In one example, the magnetic profile 420 can indicate a

rate of change in the magnetic field with respect to each of the magnetic field

gradient measurements.

[0063] in one configuration, the magnetic profile 420 can be compared to a

reference magnetic field gradient map 430. n other words, the sequence of

magnetic field gradient measurements included in the magnetic profile 420 can

be compared with the reference magnetic field gradient map 430. The reference

magnetic field gradient map 430 is similar to a terrain map or topographical map,

but indicates a magnetic field gradient for a given position on the Earth. The

reference magnetic field gradient map 430 can provide information about the

Earth's magnetic anomaly field. The reference magnetic field gradient map 430

can be considered as a truth source for magnetic field gradient information in

one example, the reference magnetic field gradient map 430 is provided by the

National Geophysical Data Center (NGDC). The reference magnetic field gradient

map 430 can provide a spatially stable representation of the gradient of the

Earth's magnetic anomaly field in one example, the reference magnetic field

gradient map 430 can be periodically updated (e.g., every year or every five



years)

[0064] n one example, the sequence of measurements in the magnetic profile

420 can be compared with the reference magnetic field gradient map 430 in order

to identify a set of corresponding measurements from the reference magnetic

field gradient map 430. In other words, if the moving platform 4 10 does not

exactly know its geographical location (e.g. , the moving platform 4 10 has a

general idea of its location, but with some level of uncertainty), but has a set of

previous magnetic field gradient measurements, those previous magnetic field

gradient measurements can be attempted to be found in the reference magnetic

field gradient map 430. By identifying those previous magnetic field gradient

measurements on the reference magnetic field gradient map 430, which are each

associated with a known geographical location, the moving platform 4 10 can

determine its own geographical location. Thus, the sequence is a unique set of

values, and these same values (in the same order) are searched for in the

reference magnetic field gradient map 430. As previously explained, the

reference magnetic field gradient map 430 can be regarded as a truth source, so

each gradient value on the map is associated with a known geographical location

(e.g. , longitude and latitude).

[0065] in one configuration, the sequence of measurements in the magnetic

profile 420 can be compared to a plurality of possible trajectories derived from the

reference magnetic field gradient map 430. These possible trajectories can be

generated based on a general knowledge of the moving platform's location (e.g. ,

a general region in which the moving platform 4 10 is likely to be within) . In

addition, the possible trajectories can be generated based on predicted

trajectories of the INS onboard the moving platform 4 10 . In other words, the INS

can provide a general indication of the moving platform's movements, and based

on that information, the moving platform's most likely trajectories can be

predicted. In one example, the most likely trajectories can be negatively affected

by navigation errors of the INS (e.g. , gyroscope and accelerometer drifts) .

However, if the moving platform's estimated position is determined, this estimated

position can be used to improve the accuracy of the NS.



[0066] Each possible trajectory can include a series of known magnetic field

gradient values. A trajectory that most closely correlates to the sequence of

magnetic field gradient measurements in the magnetic profile 420 can be

identified in other words, the trajectory that is identified can be inferred as being

substantially the same trajectory that the moving platform 410 is following. The

geographical coordinates of the identified trajectory are known based on the

reference magnetic field gradient map 430. As a result, the moving platform 4 0

can determine its own geographical location based on the known geographical

coordinates of the identified trajectory.

[0067] in one example, the accuracy of the estimated geographical location (or

position) of the moving platform 410 based on the magnetic field navigation

system can be subject to a number of error sources. These error sources include

intrinsic magnetic sensor errors, errors in the magnetic gradient maps, external

magnetic sources (e.g., micropulsations diurnal variation, magnetic storms),

environmental electromechanical noise aboard the vehicle, unpredictability of the

S errors, etc.

[0068] n one configuration, the moving platform 410 can update its INS with the

geographical location that is determined using the magnetic navigation system.

I S drift can occur over time, which can affect the accuracy of the S.

Therefore, the INS can periodically be informed of an updated geographical

location of the moving platform 410. As a result, the impact of INS drift can be

minimalized. In one example, the moving platform 410 can employ a Kalman filter

to process measurements from independent aiding sources to compensate for

the inertial navigation errors resulting from IMU imperfections, mechanical

misalignments, and dynamic responses.

[0069] in one example, the moving platform 410 can be equipped with a magnetic

gradiometer (or magnetometer) and pre-existing magnetic gradient maps. The

magnetic gradients can be sensed along the moving platform's trajectory, which

can result in the magnetic profile 420 of the magnetic gradients. When a sufficient

number of sensed gradient values are available in the magnetic profile 420, a

map matching algorithm can be used to fit the magnetic profile 420 to the stored



magnetic gradient map in order to determine the moving platform's location n

one example, measured magnetic field gradients (i.e., derived from the magnetic

antenna of the magnetometer and provided in a global coordinate system) can be

compared with predicted magnetic field gradients (i.e., a set of magnetic gradient

profiles based on values from a database or map of magnetic field gradients that

are generated along predicted trajectories of the INS). In another example, a

Non-Gaussian stochastic estimation technique can be used to estimate the

moving platform's position from the magnetic field gradient measurements and

the associated reference map.

[0070] in one configuration, the number of magnetic field gradient measurements

included in the magnetic profile 420 can impact the accuracy of the magnetic field

navigation solution in general, a greater number of magnetic field gradient

measurements can provide a more accurate magnetic field navigation solution.

For example, if the magnetic profile 420 includes a series of fifty magnetic field

gradient measurements, then the likelihood of the series being matched to a

possible trajectory (that accurately reflects the actual trajectory of moving

platform 410) is greater than if the magnetic profile 420 were to include a series

of only ten magnetic field gradient measurements. The navigational accuracy can

be dependent on the number and shape of the anomalies that are traversed

during the mission in one example, the accuracy can improve after three or more

magnetic anomalies are traversed by the moving platform 4 0. In another

example, the moving platform 410 can obtain an increased number of magnetic

field gradient measurements in a reduced period of time when traveling at a

relatively high speed. In other words, a slower speed implies that few magnetic

anomalies are traversed, which leads to a less diverse path. As a result, a longer

time period is likely in order to converge to a navigation solution.

[0071] In the example shown in FIG. 4 , the magnetic profile 420 that includes the

sequence can be compared with the reference magnetic field gradient map 430.

As shown in FIG. 4 , the reference magnetic field gradient map 430 can illustrate

magnetic field gradient values at particular positions on the Earth in particular,

the magnetic profile 420 can be compared with a plurality of possible trajectories



from the reference magnetic field gradient map 430 The possible trajectories can

include a first possible trajectory 440, a second possible trajectory 450 and a third

possible trajectory 460. The possible trajectories can be derived from the

reference magnetic field gradient map 430. Each possible trajectory can

comprise a series of individual magnetic field gradient measurements in one

example, the possible trajectories that are selected can be selected from a

defined region 470 within the reference magnetic field gradient map 430. The

defined region 470 can be determined based on general knowledge of the

moving platform's location. For example, the moving platform's starting location

can be known, and based on a period of time since the moving platform 4 0

started traveling from the starting location and a predicted average speed, the

defined region 470 can be determined. In other words, the defined region 470

represents a likely region in which the moving platform 410 is located at a

particular time. As a result, the magnetic profile 420 does not need to be

compared with a magnetic map of the entire Earth, but rather can be compared

with a portion of the reference magnetic field gradient map 430.

[0072] n one example, the sequence of magnetic field gradient measurements in

the magnetic profile 420 can be compared with the first possible trajectory 440,

the second possible trajectory 450 and the third possible trajectory 460,

respectively. Based on the comparison, one of the possible trajectories (e.g., the

second possible trajectory 450) can be identified as being a closest match to the

sequence of magnetic field gradient measurements in the magnetic profile 420. n

other words, the known magnetic field gradient values that comprise the second

possible trajectory 450 substantially match the magnetic field gradient

measurements in the magnetic profile 410. Thus, in this example, the second

possible trajectory 450 can be inferred as being substantially the same trajectory

that is being followed by the moving platform 410. Since the geographical

coordinates of the second possible trajectory 450 are known, the moving

platform's geographical location can be determined.

[0073] FIG. 5 illustrates an exemplary technique for measuring a magnetic field

gradient. As previously discussed, individual coils of a magnetometer can



measure the Earth's magnetic field. In addition, the individual coils can pick up

other magnetic field sources, such as space weather, temporal sources or man-

made sources in addition, there are sources associated with the coil assembly

and calibration. Proper calibration of the coil assemblies can allow for the change

of magnetic field to be accurately measured. By combining the change of

magnetic field, sensor orientation, and a platform speed, the magnetic field

gradient can be determined.

[0074] In one example, a magnetic sensor motion compensation system can

operate to correct errors in the magnetometer (e.g. , orientation drift of the

magnetometer). The motion compensation can operate separately from an

inertia! navigation system ( INS) that is responsible for the platform orientation and

velocity. The magnetometer (and magnetometer antenna) is not likely to be co-

located with the INS, so the magnetometer's orientation is likely to be different in

addition, vibration frequencies that influence the magnetometers signal can

occur at a higher rate than most genera! purpose INS are designed to handle.

[0075] FIG. 6 illustrates an exemplary output of a magnetometer along an actual

flight trajectory of a moving platform. As shown in FIG. 6 , the signal (e.g. , a signal

generated by a gradiometer), noise, bias, and discrete events describe events

that occur outside the moving platform. These events occur in the global NED

coordinate system and are modeled in that coordinate system. The signal NAV

INS (e.g. , an idea! INS output that is used to convert the signal into the magnetic

sensor coordinate system in which the magnetometer is calibrated), the S error

and the electro-mechanical noise and bias shown in FIG. 6 are related to the

transformation between the NED and the sensor coordinate system. The

calibration, internal noise, discrete events and correlated noise shown in FIG. 6

take place aboard the moving platform and are modeled in the platform body

coordinate system.

[0076] FIG. 7 illustrates an exemplary technique for computing a magnetic field

gradient in a sensor coordinate system. A rate of change of the magnetic field

(i .e. , the gradient) that a platform is measuring can be determined using the

platform's location to query the magnetic gradient maps. The queried gradient is



in the NED coordinate system, and can be translated to a magnetic sensor

coordinate system. As shown in FIG. 7 , the rate of change of the magnetic field

with respect to time can be computed in the sensor coordinate system.

[0077] In one configuration, a map matching algorithm can evaluate a set of

hypothetical candidate trajectories to determine a likelihood of any of these

candidate trajectories being the correct trajectory of the moving platform. In other

words, the map matching algorithm determines the likelihood of any one of the

hypothetical trajectories being the one that best represents the moving platform's

actual trajectory. The algorithm selects the trajectory that is most likely to be

correct, and based on this trajectory, a measured position error can be computed.

[0078] The map matching algorithm can generate and evaluate a set of

hypothetical trajectories to determine which hypothetical trajectory most closely

represents the sensed trajectory. In this way, the algorithm can obtain an estimate

of the latitude, longitude, and altitude correlated path that was flown. The

hypothetical trajectories are generated based on the navigation solution,

hypothetical initial position, velocity errors and attitude errors

[0079] Furthermore, the hypothetical magnetic measurement for each point on a

hypothetical trajectory is determined using a magnetic sensor model embedded

in the algorithm which has access to a magnetic map database. The history of the

hypothetical magnetic measurements is compared to the history of the sensor

measurements for each of the hypothetical trajectories. This comparison yields a

measure of the likelihood of a particular hypothetical trajectory being the correct

one relative to the other hypothetical trajectories. The algorithm can collect

several seconds worth (e.g., nominally 150 seconds) of sensor measurements.

As each sensor measurement is received, the algorithm can update each of the

hypothetical trajectories and update the likelihood calculation for each trajectory.

This is more computationally efficient when compared with the alternative of

calculating the likelihood of each trajectory when the 50 seconds lapses.

[0080] The first step in calculating the hypothetical trajectories is to determine the

number of offsets that will be performed for each measurement update in the



measurement period (e .g., 150 seconds). This determination is performed prior to

receiving any sensor measurements for the current measurement period and is

based on the size of the search grid ( M ) . n general, as the value of M

decreases the closer together the hypothetical trajectories will be. The algorithm

can perform offsets for eight different types of data accounting for hypothetical

initial attitude, position and velocity errors. The eight hypothetical trajectory

offsets can be for a total number of different attitude offset values about the north

axis, a total number of different attitude offset values about the east axis used, a

number of different position offset values in the north direction, a number of

different position offset values in the east direction, a number of different position

offset values in the down direction, a number of different velocity offset values in

the north direction, a number of different velocity offset values in the east

direction, and a number of different velocity offset values in the down direction.

The value of RM can initially be 60 meters. This value is increased as required to

reduce the number of hypothetical trajectories due to memory and throughput

constraints. The offset size for attitude, position, altitude, and velocity can be

calculated. These offsets are used in the process for generating the hypothetical

trajectories.

[0081] Each hypothetical trajectory can be updated each time a magnetic sensor

measurement is received. Upon receipt of a new magnetic sensor measurement,

the location, altitude and velocity for the current point in each hypothetical

trajectory is calculated. The hypothetical velocity, latitude, longitude, and altitude

are the three values used as inputs to a sensor model. The sensor model returns

the expected measurement at the hypothetical location and with the hypothetical

velocity. The value obtained from the sensor model will be compared against the

hypothetical rotations of the sensor measurement to determine the likelihood of

the each hypothetical trajectory being the solution.

[0082] The sensor model has an embedded database of the rate of change (i.e.,

gradient) of the magnitude of magnetic field in the down direction relative to

position in NED. The model then obtains anc a he location and

altitude for a hypothetical trajectory by using tri-iinear interpolation on the values



obtained from the database. The rate of change of the magnitude of the magnetic

field in the down direction with respect to time is computed as follows: - - =

B
yVdRN d R

which is the value used for comparison against along
dRr,

all hypothetical trajectories to determine which trajectory is the most likely to be

correct.

[0083] The map matching algorithm can compute and provide position error

measurements to a navigation ai an filter. The navigation Ka an filter can

process the measurements and provide strapdown equations with corrections

used to contain the error growth of the navigation solution.

[0084] F G. 8 illustrates an exemplary system and related operations for

determining a geographical location of a moving vehicle 810 based on a plurality

of magnetic field gradient measurements 822 of the Earth. The moving vehicle

8 0 can include, but is not limited to, a self-propelled weapon system (e.g., a

missile) or an aircraft. The magnetometer 820 (e.g., a vector magnetometer) can

be installed onboard the moving vehicle 810. As the moving vehicle 810 travels

along a path to a destination, the magnetometer 820 on the moving vehicle 810

can take magnetic field gradient measurements 822. For example, the

magnetometer 820 can take a magnetic field gradient reading (corresponding to

a distinct position on the Earth) X times per second for a duration of Y seconds.

As a non-limiting example, the magnetometer 820 can collect magnetic field

gradient measurements at a rate of 2,000 measurements per second (or greater)

over a duration of 150 seconds. As a result, the magnetometer 820 can collect a

plurality of magnetic field gradient measurements 822 that correspond to the

moving vehicle's path. The plurality of magnetic field gradient measurements 822

can be compiled into a sequence and included in a magnetic profile 824. The

magnetic profile 824 can represent the magnetic field gradients 822 that have

been sensed by the magnetometer 820 while the moving vehicle 810 travels to

the destination.

[0085] The magnetic profile 824 can be provided to a location determination

module 840. in addition, potential trajectories 832 of the moving vehicle 810 can



be determined by the location determination module 840. The potential

trajectories 832 can be derived from a reference magnetic field gradient map 830

stored in a database. The location determination module 840 can determine the

potential trajectories 832 in real-time and at periodic intervals based on the

reference magnetic field gradient map 830. The potential trajectories 832 can be

predicted based on the moving vehicle's last known position (e.g., as provided by

GPS or INS systems of the moving vehicle 810). The reference magnetic field

gradient map is a topographical map representing the magnetic field at specific

positions of the Earth. In other words, the reference magnetic field gradient map

provides known magnetic field values. Thus, the potential trajectories 832 can

each comprise of a series of points (or magnetic field gradient values) that are

selected from the reference magnetic field gradient map. These potential

trajectories 832 are predicted as being traveled on by the moving vehicle 810. In

other words, as the moving vehicle 810 travels along the path, the potential

trajectories 832 that the moving vehicle 810 might take are predicted.

[0086] The location determination module 840 can compare the magnetic profile

824 with the potential trajectories 832 (or hypothetical trajectories) based on the

database 830, and based on the comparison, the location determination module

840 can identify the vehicle's trajectory 842. In other words, the identified

trajectory 842 includes magnetic field gradient values that most closely correlate

to the magnetic field gradients 822 in the magnetic profile 824. Thus, this

trajectory 842 can be assumed as being the trajectory that is followed by the

moving vehicle 8 0. In this example, a direct correlation is made between

measured gradients and the map, but a set of gradient values on the map are

selected in order to perform the comparison. Since the geographical coordinates

of the trajectory 842 are known, the moving vehicle's geographical location 844

can be determined. The geographical location 844 can include a longitude and

latitude that describes the moving vehicle's position. The geographical location

844 can be provided to an inertial navigation system (INS) 850 of the moving

vehicle 8 0. By receiving an updated geographical location, the INS 850 can

correct for drift that occurs over time.



[0087] FIG 9 depicts a flow chart of a method for determining a geographical

location of a moving platform. The method can be executed as instructions on a

machine, where the instructions are included on at least one computer readable

medium or one non-transitory machine readable storage medium. The method

can be implemented using one or more processors of the machine. The method

can include the operation of performing magnetic field gradient measurements

from the moving platform, each magnetic field gradient corresponding to a

position on the Earth, the magnetic field gradients being continuously measured

while the moving platform is traveling along a path to a destination, as in block

910. The method can include the operation of creating a sequence of magnetic

field gradient measurements that correspond to the path traveled by the moving

platform, as in block 920. The method can include the operation of comparing the

sequence of magnetic field gradient measurements for the path to a plurality of

possible trajectories derived from a reference magnetic field gradient map, as in

block 930. The method can include the operation of identifying a trajectory from

the reference magnetic field gradient map that correlates to the sequence of

magnetic field gradient measurements, the trajectory having known geographical

coordinates, as in block 940. The method can include the operation of

determining the geographical location of the moving platform based on the known

geographical coordinates of the trajectory, as in block 950.

[0088] in one example, the method can further include the operation of updating

an inertial navigation system (INS) of the moving platform with the geographical

location in order to mitigate S drift. In another example, the operation of

determining the geographical location includes determining latitude and a

longitude associated with the moving platform based on the trajectory identified

from the reference magnetic field gradient map.

[0089] In one example, the method can further include the operation of

performing the magnetic field gradient measurements using a magnetometer that

is onboard the moving platform in another example, the moving platform is

traveling at a defined velocity of ach 0.5 or greater. In yet another example, the

moving platform is a self-propelled guided weapon or an aircraft n addition, the



magnetic field gradient measurements are of the Earth's magnetic anomaly field

in one example, determining the geographical location further comprises using

the known geographical coordinates of the moving platform to mitigate positions

errors in a previous inertia! navigation system (INS) solution

[0090] in one example, the method can further include the operation of

performing the magnetic field gradient measurements using a vector

magnetometer onboard the moving platform, wherein the vector magnetometer

includes a plurality of coils for performing the magnetic field gradient

measurements, wherein a signal for each coil / is represented as = - -,

which is equal to A t + B + A t VB) v , wherein a voltage in the coil / ,

A: is an orientation of the coil / , B is a magnetic field, VB is a magnetic gradient

tensor, and v represents a moving platform velocity vector in addition, each

magnetic field gradient measurement is a projection of a magnetic field gradient

tensor into a direction of motion associated with the moving platform

[0091] FIG. 10 depicts a flow chart of a method for determining a geographical

location. The method can be executed as instructions on a machine, where the

instructions are included on at least one computer readable medium or one non-

transitory machine readable storage medium. The method can be implemented

using one or more processors of the machine. The method can include the

operation of identifying a sequence of magnetic field gradient measurements for

specific positions on the Earth that correspond to a path traveled by a moving

platform, as in block 1010. The method can include the operation of comparing

the sequence of magnetic field gradient measurements for the path to a

reference magnetic field gradient map, as in block 020. The method can include

the operation of identifying a trajectory from the reference magnetic field gradient

map that correlates to the sequence of magnetic field gradient measurements,

the trajectory having known geographical coordinates, as in block 030. The

method can include the operation of determining the geographical location of the

moving platform based on the known geographical coordinates of the trajectory,

as in block 1040.



[0092] n one example, the method can further include the operation of updating

an inertia! navigation system (INS) of the moving platform with the geographical

location in order to mitigate INS drift in another example, the operation of

determining the geographical location includes determining a latitude and a

longitude associated with the moving platform based on the trajectory identified

from the reference magnetic field gradient map. In yet another example, the

method can further include the operation of measuring each magnetic field

gradient according to a defined frequency while the moving platform is traveling

along the path to a destination, wherein each magnetic field gradient corresponds

to a position on the Earth.

[0093] n one example, the method can further include the operation of measuring

each magnetic field gradient using an inductive coil vector magnetometer that is

onboard the moving platform. In another example, the operation of comparing

further comprises comparing the sequence of magnetic field gradient

measurements for the path to a plurality of possible trajectories derived from the

reference magnetic field gradient map. yet another example, the reference

magnetic field gradient map is a topographical map of the Earth's magnetic

anomaly field.

[0094] FIG. 11 illustrates a system 1100 for determining a geographical location of

a moving platform 120. The system 1100 can include a vector magnetometer

11 2 operable to measure a plurality of magnetic field gradients from the moving

platform 1120. Each magnetic field gradient can correspond to a position on the

Earth. The magnetic field gradients can be continually measured while the

moving platform 1 20 is traveling along a path to a destination. The system 1 00

can include a data store comprising a reference magnetic field gradient map 1114

that describes the Earth's magnetic anomaly field. The system 1100 can include

one or more processors 1116 operable to: identify the plurality of magnetic field

gradients; create a sequence of magnetic field gradient measurements from the

plurality of magnetic field gradients that correspond to the path traveled by the

moving platform 1120; compare the sequence of magnetic field gradient

measurements for the path to a plurality of possible trajectories derived from the



reference magnetic field gradient map 11 ; identify a trajectory from the

reference magnetic field gradient map 1114 that correlates to the sequence of

magnetic field gradient measurements, the trajectory having known geographical

coordinates; and determine the geographical location of the moving platform 1120

based on the known geographical coordinates of the trajectory

[0095] n one example, the one or more processors 1116 are further configured to

update an inertia! navigation system (INS) of the moving platform 1120 with the

geographical location in order to mitigate INS drift. In another example, the

system 00 is installed onboard the moving platform 1120. in yet another

example, the system 1100 is installed onboard a self-propelled guided weapon or

an aircraft. n addition, the vector magnetometer 1112 includes a plurality of coils

for measuring the magnetic field gradient, wherein a signal for each coil / is

represented as V, = ΐ which is equal to A ; — + B — + X ·VB v ,
dt ' dt dt

wherein is a voltage in the coil , A is an orientation of the coil /, B is a magnetic

field, VB is a magnetic gradient tensor, and v represents a moving platform

velocity vector.

[009S] FIG. 12 depicts a flow chart of a method for determining a geographical

location of a moving platform. The method can be executed as instructions on a

machine, where the instructions are included on at least one computer readable

medium or one non-transitory machine readable storage medium. The method

can be implemented using one or more processors of the machine. The method

can include the operation of performing magnetic field gradient measurements

from the moving platform, each magnetic field gradient corresponding to a

position on the Earth, the magnetic field gradients being continuously measured

while the moving platform is traveling along a path to a destination, as in block

1210. The method can include the operation of creating a sequence of magnetic

field gradient measurements that correspond to the path traveled by the moving

platform, as in block 1220. The method can include the operation of comparing

the sequence of magnetic field gradient measurements for the path to a plurality

of possible trajectories derived from a reference magnetic field gradient map, as



in block 1230 The method can include the operation of identifying a trajectory

from the reference magnetic field gradient map that correlates to the sequence of

magnetic field gradient measurements, the trajectory having known geographical

coordinates, as in block 1240. The method can include the operation of

determining the geographical location of the moving platform based on the known

geographical coordinates of the trajectory, as in block 1250.

[0097] In one example, the method can further include the operation of updating

an inertial navigation system (INS) of the moving platform with the geographical

location in order to mitigate S drift. In another example, the operation of

determining the geographical location includes determining latitude and a

longitude associated with the moving platform based on the trajectory identified

from the reference magnetic field gradient map.

[0098] In one example, the method can further include the operation of

performing the magnetic field gradient measurements using a magnetometer that

is onboard the moving platform in another example, the moving platform is

traveling at a defined velocity of ach 0.5 or greater. In yet another example, the

moving platform is a self-propelled guided weapon or an aircraft n addition, the

magnetic field gradient measurements are of the Earth's magnetic anomaly field

in one example, determining the geographical location further comprises using

the known geographical coordinates of the moving platform to mitigate positions

errors in a previous inertia! navigation system (INS) solution

[0099] in one example, the method can further include the operation of

performing the magnetic field gradient measurements using a vector

magnetometer onboard the moving platform, wherein the vector magnetometer

includes a plurality of coils for performing the magnetic field gradient

measurements, wherein a signal for each coi ; is represented as V = ,

which is equal to / + B + A VB) v , wherein V is a voltage in the coil / ,

A is an orientation of the coil , B is a magnetic field, VB is a magnetic gradient

tensor, and v represents a moving platform velocity vector in addition, each

magnetic field gradient measurement is a projection of a magnetic field gradient



tensor into a direction of motion associated with the moving platform .

[001 00] FIG. 13 depicts a flow chart of a method for determining a geographical

location. The method can be executed as instructions on a machine, where the

instructions are included on at least one computer readable medium or one non-

transitory machine readable storage medium. The method can be implemented

using one or more processors of the machine. The method can include the

operation of identifying a sequence of magnetic field gradient measurements for

specific positions on the Earth that correspond to a path traveled by a moving

platform , as in block 13 10 . The method can include the operation of comparing

the sequence of magnetic field gradient measurements for the path to a

reference magnetic field gradient map, as in block 1320. The method can include

the operation of identifying a trajectory from the reference magnetic field gradient

map that correlates to the sequence of magnetic field gradient measurements,

the trajectory having known geographical coordinates, as in block 1330. The

method can include the operation of determining the geographical location of the

moving platform based on the known geographical coordinates of the trajectory,

as in block 1340.

[001 0 1] In one example, the method can further include the operation of

updating an inertia! navigation system ( INS) of the moving platform with the

geographical location in order to mitigate INS drift. In another example, the

operation of determining the geographical location includes determining a latitude

and a longitude associated with the moving platform based on the trajectory

identified from the reference magnetic field gradient map. n yet another example,

the method can further include the operation of measuring each magnetic field

gradient according to a defined frequency while the moving platform is traveling

along the path to a destination, wherein each magnetic field gradient corresponds

to a position on the Earth.

[001 02] In one example, the method can further include the operation of

measuring each magnetic field gradient using an inductive coil vector

magnetometer that is onboard the moving platform. In another example, the

operation of comparing further comprises comparing the sequence of magnetic



field gradient measurements for the path to a plurality of possible trajectories

derived from the reference magnetic field gradient map. In yet another example,

the reference magnetic field gradient map is a topographical map of the Earth's

magnetic anomaly field.

[001 3] FIG. 1 illustrates a system 1400 for determining a geographical

location of a moving platform 1420. The system 1400 can include a vector

magnetometer 14 12 operable to measure a plurality of magnetic field gradients

from the moving platform 1420. Each magnetic field gradient can correspond to a

position on the Earth. The magnetic field gradients can be continually measured

while the moving platform 1420 is traveling along a path to a destination. The

system 1400 can include a data store comprising a reference magnetic field

gradient map 14 14 that describes the Earth's magnetic anomaly field. The system

1400 can include one or more processors 14 16 operable to: identify the plurality

of magnetic field gradients; create a sequence of magnetic field gradient

measurements from the plurality of magnetic field gradients that correspond to

the path traveled by the moving platform 420; compare the sequence of

magnetic field gradient measurements for the path to a plurality of possible

trajectories derived from the reference magnetic field gradient map 14 14 ; identify

a trajectory from the reference magnetic field gradient map 14 14 that correlates

to the sequence of magnetic field gradient measurements, the trajectory having

known geographical coordinates; and determine the geographical location of the

moving platform 1420 based on the known geographical coordinates of the

trajectory.

[001 04] In one example, the one or more processors 14 16 are further

configured to update an inertia! navigation system (INS) of the moving platform

420 with the geographical location in order to mitigate I S drift. n another

example, the system 1400 is installed onboard the moving platform 1420. In yet

another example, the system 1400 is installed onboard a self-propelled guided

weapon or an aircraft. In addition, the vector magnetometer 14 12 includes a

plurality of coils for measuring the magnetic field gradient, wherein a signal for

each coil / is represented as V = which is equal to A + B' +
i t dt dt



i VB) v , wherein V \ a voltage in the coi , A ;_ is an orientation of the coil , B

is a magnetic field, VB is a magnetic gradient tensor, and v represents a moving

platform velocity vector.

[00105] Various techniques, or certain aspects or portions thereof, may take the

form of program code (i.e., instructions) embodied in tangible media, such as

floppy diskettes, CD-ROMs, hard drives, non-transitory computer readable

storage medium, or any other machine-readable storage medium wherein, when

the program code is loaded into and executed by a machine, such as a computer,

the machine becomes an apparatus for practicing the various techniques in the

case of program code execution on programmable computers, the computing

device may include a processor, a storage medium readable by the processor

(including volatile and non-volatile memory and/or storage elements), at least one

input device, and at least one output device. The volatile and non-volatile memory

and/or storage elements may be a RAM, EPROM, flash drive, optical drive,

magnetic hard drive, or other medium for storing electronic data. One or more

programs that may implement or utilize the various techniques described herein

may use an application programming interface (API), reusable controls, and the

like. Such programs may be implemented in a high level procedural or object

oriented programming language to communicate with a computer system.

However, the program(s) may be implemented in assembly or machine language,

if desired. In any case, the language may be a compiled or interpreted language,

and combined with hardware implementations.

[00108] it should be understood that many of the functional units described in this

specification have been labeled as modules, in order to more particularly

emphasize their implementation independence. For example, a module may be

implemented as a hardware circuit comprising custom VLSI circuits or gate

arrays, off-the-shelf semiconductors such as logic chips, transistors, or other

discrete components. A module may also be implemented in programmable

hardware devices such as field programmable gate arrays, programmable array

logic, programmable logic devices or the like.



[ 0 7] Modules may also be implemented in software for execution by various

types of processors. An identified module of executable code may, for instance,

comprise one or more physical or logical blocks of computer instructions, which

may, for instance, be organized as an object, procedure, or function.

Nevertheless, the executables of an identified module need not be physically

located together, but may comprise disparate instructions stored in different

locations which, when joined logically together, comprise the module and achieve

the stated purpose for the module.

[00 8] indeed, a module of executable code may be a single instruction, or

many instructions, and may even be distributed over several different code

segments, among different programs, and across several memory devices.

Similarly, operational data may be identified and illustrated herein within modules,

and may be embodied in any suitable form and organized within any suitable type

of data structure. The operational data may be collected as a single data set, or

may be distributed over different locations including over different storage

devices, and may exist, at least partially, merely as electronic signals on a system

or network. The modules may be passive or active, including agents operable to

perform desired functions.

[00109] Reference throughout this specification to "an example" or "exemplary"

means that a particular feature, structure, or characteristic described in

connection with the example is included in at least one embodiment of the

present invention. Thus, appearances of the phrases "in an example" or the word

"exemplary" in various places throughout this specification are not necessarily all

referring to the same embodiment.

[00110] As used herein, a plurality of items, structural elements, compositional

elements, and/or materials may be presented in a common list for convenience.

However, these lists should be construed as though each member of the list is

individually identified as a separate and unique member. Thus, no individual

member of such list should be construed as a de facto equivalent of any other

member of the same list solely based on their presentation in a common group

without indications to the contrary in addition, various embodiments and



example of the present invention may be referred to herein along with

alternatives for the various components thereof. It is understood that such

embodiments, examples, and alternatives are not to be construed as defacto

equivalents of one another, but are to be considered as separate and

autonomous representations of the present invention

[001 ] Furthermore, the described features, structures, or characteristics may

be combined in any suitable manner in one or more embodiments. In the

following description, numerous specific details are provided, such as examples

of layouts, distances, network examples, etc., to provide a thorough

understanding of embodiments of the invention. One skilled in the relevant art

will recognize, however, that the invention can be practiced without one or more

of the specific details, or with other methods, components, layouts, etc. In other

instances, well-known structures, materials, or operations are not shown or

described in detail to avoid obscuring aspects of the invention.

[001 12] While the forgoing examples are illustrative of the principles of the

present invention in one or more particular applications, it will be apparent to

those of ordinary skill in the art that numerous modifications in form, usage and

details of implementation can be made without the exercise of inventive faculty,

and without departing from the principles and concepts of the invention.

Accordingly, it is not intended that the invention be limited, except as by the

claims set forth below.



What is claimed is:

1 . A method for performing magnetic field gradient measurements, the

method comprising:

performing the magnetic field gradient measurements for specific

positions on the Earth from a moving platform;

identifying that the magnetic field gradient measurements are

affected by a level of error that exceeds a defined threshold;

generating a correction value to compensate for the error in the

magnetic field gradient measurements; and

applying the correction value to the magnetic field gradient

measurements in order to obtain magnetic field gradient measurements

with a reduced level of error.

2 . The method of claim 1 , further comprising performing the magnetic field

gradient measurements using a magnetometer that is onboard the moving

platform.

3 . The method of claim 1 , further comprising performing the magnetic field

gradient measurements using an inductive coil vector magnetometer that

is onboard the moving platform.

4 . The method of claim 1 , further comprising generating the correction value

using a gyroscope that is coupled to a magnetometer onboard the moving

platform, the correction value compensating for a misalignment between

an orientation of an airframe body coordinate system associated with the

moving platform and an orientation of the magnetometer onboard the

moving platform.

5 . The method of claim , wherein the error is caused by high frequency

vibrations on the moving platform due to a speed of the moving platform.



6 . The method of claim 1 , wherein the magnetic field gradient measurements

are performed according to a range of approximately 2000 to 50,000 times

per second.

7 . The method of claim 1 , wherein the correction value is a rotation matrix.

8 . The method of claim , wherein a magnetic field gradient measurement is

a projection of a magnetic field gradient tensor into a direction of motion

associated with the moving platform.

9 . The method of claim , wherein the moving platform is traveling at a

defined velocity of ach 0.5 or greater.

10. The method of claim 1, wherein the moving platform is a self-propelled

guided weapon or an aircraft.

11.A method for determining a magnetic field gradient, the method

comprising:

measuring the magnetic field gradient for specific positions on the

Earth using a vector magnetometer onboard a moving platform, the

magnetic field gradient being affected by error that is caused by an

orientation misalignment of the vector magnetometer and a body

coordinate system of the moving platform;

generating a correction value to compensate for the error in the

magnetic field gradient using a gyroscope that is onboard the moving

platform, wherein the gyroscope is coupled to the vector magnetometer;

and

applying the correction value to the magnetic field gradient in order

to reduce the error in the magnetic field gradient caused by the orientation

misalignment of the vector magnetometer.



12. The method of claim 11 , further comprising generating the correction value

to compensate for the error in the magnetic field gradient when an error

level exceeds a defined threshold.

3 .The method of claim , further comprising generating the correction value

to compensate for the error in the magnetic field gradient when the moving

platform is traveling at a velocity that exceeds a defined threshold.

14. The method of claim 11 , further comprising generating the correction value

to compensate for the error in the magnetic field gradient when the moving

platform is traveling at a defined velocity of ach 0.5 or greater.

15. The method of claim 11 , wherein the correction value is a rotation matrix

that is provided by the gyroscope onboard the moving platform.

16. The method of claim 11, wherein the error is caused by high frequency

vibrations on the moving platform due to a speed of the moving platform.

17. The method of claim 11, wherein the magnetic field gradient is of the

Earth's magnetic anomaly field.

18. The method of claim 11 , wherein the vector magnetometer includes a

plurality of coils for measuring the magnetic field gradient, wherein a signal

for each coil ; is represented as V,- = which is equal to A,- — + B
a t d t

+ VB) v , wherein V \s a voltage in the coi ;, A is an orientation of

the coil / , B is a magnetic field, VB is a magnetic gradient tensor, and

v represents a moving platform velocity vector.

19. The method of claim 11, further comprising determining the magnetic field

gradient by converting the magnetic field gradient from a local coordinate



system to a North East Down (NED) coordinate system of the moving

platform.

20. A system for determining a magnetic field gradient, the system comprising:

a vector magnetometer operable to measure the magnetic field

gradient for specific positions on the Earth;

a gyroscope, coupled to the vector magnetometer, that is operable

to generate a correction value to compensate for error in the magnetic field

gradient; and

one or more processors operable to:

identify the magnetic field gradient;

identify the correction value; and

apply the correction value to the magnetic field gradient,

wherein the vector magnetometer and the gyroscope are onboard a

moving platform.

2 1.The system of claim 20, wherein the gyroscope is operable to generate the

correction value when the error in the magnetic field gradient exceeds a

defined threshold and the moving platform is traveling at a defined

velocity.

22. The system of claim 20, wherein the error in the magnetic field gradient is

caused by a misalignment of a ocal coordinate system associated with the

moving platform and an orientation of the vector magnetometer.
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