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Abstract

Magnetic navigation using the Earth’s magnetic anomaly field has proven to be a

promising alternative that can provide coverage for a navigation system. This research

demonstrates a magnetic navigation system using an extended Kalman filter (EKF)

to aid an aircraft’s inertial navigation system (INS). Traditional magnetic anomaly

navigation uses a “static calibration method,” which takes post-processed data to

calibrate, obtaining the Tolles-Lawson coefficients needed for magnetic anomaly nav-

igation filter compensation. These coefficients are constant and may cause drifts in

the navigation filter if not re-calibrated. The online calibration method continuously

updates the Tolles-Lawson coefficients as a state of the filter, reducing the need for

calibration flights. This research uses F-16 data to demonstrate the effectiveness of

this method.
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Magnetic Navigation Using Online Calibration Filter Analysis

I. Introduction

1.1 Problem Background

The Global Positioning System (GPS) is the primary navigation system used by

various platforms in the Department of Defence (DOD) or Air Force. It is a system

that is available worldwide and is passive for the user. However, GPS is highly

susceptible to jamming or spoofing. The navigation community has stressed the

need for alternative navigation techniques. A technique that has had high interest

is magnetic anomaly navigation. It has shown promise, and it is passive and not so

easily jammed or spoofed like GPS.

1.1.1 Magnetic Anomaly Navigation

Magnetic anomaly navigation uses scalar intensity measurements with vector mea-

surements of the Earth’s magnetic field. This alternate form of navigation uses a

reference map of the magnetic anomaly of the Earth to estimate the position and

aid inertial measurements. The increase of interest in this type of navigation is rising

because Earth’s magnetic anomaly field is available worldwide and magnetic field sen-

sors are entirely passive. Previous research in magnetic anomaly navigation has shown

great effectiveness in ideal conditions [1]. Traditionally magnetic anomaly navigation

has used a static calibration. This calibration is done with post-processed data for

calibration. Then these parameters are then used in the next flight for the navigation

filter to compensate the aircraft disturbance field and estimate the measurements.
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Due to various conditions and operational objectives, the platform may change its

configuration, or other conditions may cause calibration perimeters to lose accuracy.

This calibration drift has given researchers interest in a calibration type that will

continuously update the calibration parameters as the platform operates.

1.2 Research Objectives

There are two areas explored in this thesis. The first is to implement in Nav-

ToolKit both static and online calibration magnetic anomaly navigation filters. The

second is to test the online calibration magnetic anomaly filter with data recorded

from an F-16 aircraft. Both static and online calibration filters will be compared.

The main focus is to analyze the online calibration filter performance. The filter’s

performance shows the benefit of using online calibration over static calibration for

aircraft as the use of magnetic navigation in DOD or Air Force operations. Online

is more operational friendly because it reduces the need for calibration flights. In

real-world operations, the aircraft will not fly a calibration flight, then use that data

to get the calibration coefficient, fly the mission using the calibrations coefficients,

and fly calibration flights before each mission. A more realistic operational scenario

would be to fly a single calibration flight to initialize the online calibration. Then

have the navigation filter continuously update these calibration coefficients. Also, if

GPS is available, the calibration can be updated more accurately. Online calibration

lessens the need for calibration flights.

1.3 Document Overview

This thesis is organized into five chapters. Chapter I introduces magnetic nav-

igation and the need for online calibration. Chapter II provides the background

needed to perform magnetic anomaly navigation using Tolles-Lawson compensation.

2



Chapter III details the methodology used to conduct this research. This chapter

also provides the method used to analyze F-16 magnetic field data. Chapter IV dis-

cusses the results of the simulations and analysis. Finally, Chapter V contains with

a summary of the results and future work needed to improve online calibration.

3



II. Background and Literature Review

This chapter provides the background of aeromagnetic navigation and an overview

of related work. section 2.1 details the components that make up the Earth’s mag-

netic field. section 2.2 provides an overview of Aeromagnetic navigation. Also, the

concepts required for obtaining the position estimate are detailed. Section 2.3 covers

the extended Kalman Filter (EKF), and Section 2.4 the 15 state Pinson, inertial navi-

gation system (INS) error model. Section 2.6 highlights the plug-and-play framework

of NavToolKit.

2.1 Earth Magnetic Field Components

The Earth’s magnetic field components consist of four sources. Three of the four

primary measurable sources are the core, anomaly, and space weather effects. Aircraft

effect is the fourth source and will be discussed in more detail in section 2.2.2.1

2.1.1 Core Field

The component that contributes the most to the Earth’s magnetic field is the

core field. This field of electromagnetic currents is generated deep within the Earth’s

inner core [3]. The Earth’s inner core is a liquid core that contains conductive molten

iron. The average magnitude of the core field is about 50,000 nT, and it varies

by approximately ±20,000 nT based on global location[4]. This core field can be

exemplified when looking at a compass pointing North, it acts as a dipole along the

Earth’s axis of rotation. The core field has variations that change slowly, and the

changes are not very significant every year. The core field variations are accounted

for and remodeled every five years [5]. Systems like the World Magnetic Model

(WMM) model the Core field well . The WMM is a joint product of the United States

4



Figure 1: Earth’s magnetic field sources [2]

National Geospatial-Intelligence Agency (NGA) and the United Kingdom’s Defence

Geographic Centre (DGC). The core field is a low-frequency signal containing spatial

wavelengths in thousands of kilometers. Because of the spatial variation of the core

field, a magnetic navigation system can not use it for navigation. Figure 2 shows the

lack of spatial variation in the Core field[5].
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Figure 2: Earth’s core field at Earth’s surface [6]

2.1.2 Anomaly Field

The anomaly field is calculated form the Earth’s Crust field and Earth’s core

field. Earth’s crustal field, or lithosphere field, is caused by the permanent or induced

magnetization of rocks in the Earth’s crust. The Earth’s core and crust fields are

used in the calculation to measure the anomaly field. Magnetic navigation uses this

anomaly field measurement. The Earth’s crust comprises of different materials that

are magnetically susceptible. These materials can have magnetic fields induced by

the Earth’s core field. The Earth’s crust field ranges in the hundreds of nano-Tesla.

Compared to the Earth’s core field, the Earth’s crustal field is significantly smaller.

The Magnetic anomaly field is the scalar deviation from a reference field. The

reference field is the core Earth field, and the anomalies come from the Earth’s crustal

field[1]. This anomaly field has a frequency content that is significantly higher than

the core field. Magnetic navigation uses high-frequency content maps of the anomaly

6



Figure 3: World Digital Magnetic Anomaly Map [7]

field as a reference.

2.1.2.1 Anomaly Definition

The following is a derivation to define the anomaly field. The total magnetic

field (Btotal) is a vector summation of the Earth’s core field (Bcore) and the magnetic

anomaly field (Banomaly), as in eq. (1).

Btotal = Bcore +Banomaly (1)

An approximation of the magnetic anomaly’s magnitude is the scalar subtraction

of the core field from the core field, shown in eq. (1).

||Banomaly|| ≊ ||Btotal|| − ||Bcore|| (2)

The scalar anomaly approximation represents the projection of the magnetic

7



Figure 4: Projection of magnetic anomaly onto the core Earth field

anomaly along the reference field direction, in this case, the Earth’s core field. This

approximation is only valid when ||Bcore|| >> ||Banomaly||[1]. Figure 4 illustrates this

vector projection, the length of the anomaly vector is exaggerated for reader visibility,

as the core field vector is much greater that the anomaly vector. [4].

2.1.3 Space Weather Effects

The space weather effects are time-varying components from space interacting

with the Earth’s magnetic field components. This time-varying field corrupts mag-

netic measurements, and its effects are unpredictable. The temporal variations origi-

nate in the ionosphere, and magnetosphere, see Figure 1. Contributions include cou-

pling of the magnetosphere sources and the ionosphere sources, and others [8]. The

ionosphere is ionized by solar radiation, creating an electrically conducting plasma

where electric currents flow. As the electrically conducting plasma moves relative to

the core Earth magnetic field, electric currents develop, creating magnetic fields. The

magnetic field induced from differential solar heating is called the Sq, or “solar quiet”

variations. The “Solar-Quiet (Sq) currents” produce magnetic fields of their own.

Another primary ionospheric current system is the auroral currents. The transient

currents influenced by the surface activity of the Sun cause auroral currents[8].

The space surrounding the Earth in which charged particles from the Sun interact

with the Earth’s magnetic field is called the Earth’s magnetosphere. The currents of

the magnetosphere are driven primarily by the solar wind coming from the Sun. These

8



interactions can cause currents, which create their magnetic fields. These currents

primarily drive the magnetosphere field. Ring currents are electric currents carried by

charged particles trapped in a planet’s magnetosphere. The magnetopause current is

the abrupt boundary between a magnetosphere and the surrounding plasma. These

currents and more can be seen on Figure 5 [9].The daily cycle for these variations are

on the order of 10s of nano-Teslas [10].

Figure 5: Magnetospheric Currents [9]
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2.2 Aeromagnetic Navigation

Aeromagnetic navigation using magnetic anomaly fields can overcome drawbacks

from other types of navigation. Magnetic navigation allows for navigation in deserts,

oceans, and other types of areas. The anomaly field availability allows magnetic

navigation to overcome the drawbacks of weather, visibility, and other features within

the area. Another advantage is that magnetic fields are much less susceptible to

jamming or spoofing than electromagnetic signals. Canciani’s work [1] presented a

navigation filter that utilizes scalar magnetic intensity measurements of the Earth’s

anomaly field to aid an aircraft’s INS. A marginalized particle filter compares anomaly

field measurements to a map of anomaly field values. They were able to demonstrate

the navigation accuracy of the system, obtaining a DRMS error of 13 meters with

data in ideal conditions [1].

2.2.1 Measurements and Sensors

Magnetic anomaly navigation requires two types of magnetic measurements: scalar

and vector. The Btotal is the measurement from the scalar magnetometer. The vector

magnetometer measurements are only used in calibration to compensate for aircraft

effects. Magnetic navigation sensors are generally low in size, weight, and power

(swp). These sensors can be carried or positioned onboard an aircraft and are passive

devices.

2.2.1.1 Scalar Measurements and Sensors

The scalar magnetometer sensor measurement captures a surrounding magnetic

field’s total intensity or magnitude. Modern scalar magnetometers have accuracies

of the order of 1 nano-Tesla and sensitivities on pico-Teslas [5]. A scalar magnetic

intensity measurement would be a constant at a given point in time and space, inde-

10



pendent of the orientation of the measurement. Scalar magnetometer measurements

are the primary reference when using scalar magnetic anomaly maps for navigation

and are used to obtain the navigation signal. When scalar magnetometer sensors are

on aircraft, the scalar measurements include a corrupting magnetic field beyond the

Earth’s anomaly field, which will be further discussed in Section 2.2.2.

2.2.1.2 Vector Measurements and Sensors

Vector magnetometer sensors measurements capture the individual components

of the surrounding magnetic field, where Bx, By, Bz are the individual components.

The orientation of these components is along the axes of the vector measurement

sensor. Both the magnitude and the direction information are measured with these

sensors. Vector magnetometers have worse performance at low frequencies, which

magnetic navigation uses [1]. Aircraft magnetic compensation uses vector magne-

tometer measurements for some forms of compensation. The vector measurements

allow for observing the magnetic field changes based on the aircraft’s orientation.

The vector measurements include the same corrupting magnetic fields as the scalar

measurements. The aircraft magnetic compensation concept is further described in

Section 2.2.3.

2.2.2 In flight measurement

Aeromagnetic navigation uses the Earth’s magnetic anomaly field as the naviga-

tional signal. The anomaly field cannot be measured directly in flight, however it can

be isolated from the scalar magnetic intensity measurements. The scalar magnetic

measurement measures the total magnetic intensity of the surrounding magnetic field.

This total magnetic intensity consists of four components in a flight environment.

1. Earth’s Core Field

11



2. Earth’s Anomaly Field

3. Space Weather Effects

4. Aircraft Disturbance Field

Non-anomaly field components can be considered measurement errors or corrupt-

ing sources [1]. There are methods for removing the corrupting sources from the total

magnetic intensity. The most accessible corrupting source to remove is the Earth’s

core field. The core field, as previously discussed, has an average magnitude of about

50,000 nT. This magnitude is much greater than any of the other corrupting sources.

The core field changes slowly over the aircraft’s position in the WMM models. The

core field can be known even if the position is not known precisely, allowing the

removal of the core field from the total intensity measurements.

2.2.2.1 Aircraft Disturbance Field

The aircraft disturbance field is the most challenging component to remove from

the total intensity measurement. The aircraft’s generated magnetic fields make up the

aircraft disturbance field. These fields are caused primarily by magnetically sensitive

Figure 6: Tail mounted stinger on survey aircraft. [11]
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materials of the aircraft and their orientation with, and flow through, the Earth’s

core field [10]. Additionally, aircraft systems and electronics can cause disturbances

depending on the component’s size, power, function, and relative location to the

magnetometers.

Three types of disturbance sources are caused by magnetically sensitive aircraft

materials:

1. Permanent magnetization

2. Induced magnetization

3. Eddy currents

Magnetic components of the aircraft cause the aircraft’s permanent field. A per-

manent magnet, for example, creates a field on board the aircraft, which impairs

the magnetometer’s ability to accurately measure the Earth’s magnetic field. This

field is a relatively constant magnitude to the aircraft, but its direction changes with

attitude [10]. Magnetically permeable materials of an aircraft flying in an external

magnetic field, the Earth’s magnetic field, causes the induced aircraft field. The air-

craft’s orientation within the Earth’s magnetic field significantly contributes to the

magnitude and direction of the aircraft’s induced magnetic field [1].The aircraft en-

gine, often magnetically susceptible, will typically create a large, induced field. Eddy

currents are electrical currents running through conductive materials on the aircraft.

According to Faraday’s law of induction, these electrical currents are caused by con-

ductive material moving within an external magnetic field. The Eddy currents create

their corrupting magnetic field following the Bio-Savart law [1], which describes the

magnetic field generated by an electric field.

The preferred method for reducing the aircraft disturbance field is to place mag-

netometers as far away from disturbance-causing sources as possible. Geo-survey
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aircraft typically use a “stinge” to place the magnetometers far away from the air-

craft engines, their primary source of the induced disturbance. Figure 6 shows a

tail-mounted stinger on a geo-survey aircraft. Magnetometer placement must still

be studied and considered, as it is by far the most effective means of reducing the

aircraft disturbance field. Aircraft magnetic compensation systems can estimate and

remove the aircraft’s magnetic fields based on the orientation of the aircraft within

the Earth’s magnetic field [1]. Additionally, compensation systems can incorporate

other known and observable corrupting sources (i.e., aircraft systems and electronics)

into the compensation estimation methods [12]. Section 2.2.3 introduces traditional

aircraft compensation methods used in previous research on magnetic navigation.

2.2.3 Traditional Calibration and Tolles-Lawson

Tolles lawson’s compensation model divides the aircraft’s disturbance field into

three parts: the permanent magnetic field, induced magnetic field, and eddy cur-

rent magnetic field. Eighteen coefficients represent the compensation parameters, a

mathematical model for predicting the aircraft disturbance field During the flight,

Figure 7: Aircraft reference frame used during aeromagnetic compensation [13]
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the onboard scalar magnetometer reads Earth’s magnetic field intensity given by:

Bsensed(x,θ) = BE(x) +Bdist(x,θ, ϵ) (3)

where,

x =

[
x y z

]T
denotes the spatial positioning of the magnetometer on Earth with

repect to the aircraft,

θ =

[
θ ϕ ψ

]T
denote the aircraft’s orientation relative to the geomagnetic field

vector

Each term in θ denotes the angle between the geomagnetic vector and one of the

aircraft’s primary axes. Since the scalar magnetic values measure the intensity and

not direction, we know that the platform effects are often highly correlated with the

aircraft’s orientation with respect to the geomagnetic vector.

In (3) the Bsensed is the scalar magnetometers measurements of the BE and

Bdist. This measurement output is the primary reference when using scalar mag-

netic anomaly maps for navigation. BE is the Earth’s magnetic field that the WMM

can reference. Bdist consists of all the corrupting sources, and the most significant

component comes from aircraft effects. However, this term encompasses all nuisance

sources of magnetic disturbances.

The magnetic disturbances are compensated with the Tolles-Lawson compensation

model [14]. The Tolles-Lawson equations, given in their modern form in [15], assert

that the disturbance field can be modeled by:

Bdist = Bperm +Bind +Beddy (4)

Bperm is the portion of the disturbance field created by objects in the aircraft with
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permanent magnetization. Bind is from magnetically susceptible materials, which

produce an induced magnetic field when placed inside the Earth’s core field. Beddy

models the effects of eddy currents; undesired currents created in the bulk of a con-

ductor similar in nature to induced currents. Eighteen coefficients are estimated to

predict the Bdist field and include three permanent, six induced, and nine eddy current

magnetization coefficients [14].

The compensation coefficients can be obtained by the least squares solution from

eq. (5) assuming A is the matrix of the direction cosines, y is the aircraft disturbance,

and x represents the 18 Tolles-Lawson coefficients to be fitter by the least squares

solution.

y = A1x18xTL18x1 (5)
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The A matrix is represented by:

A =



cos θ

cosψ

cosϕ

Bt cos θ
2

Bt cos θ cosψ

Bt cos θ cosϕ

Bt cosψ
2

Bt cosψ cosψ

Bt cosϕ
2

Bt cos θ cos θ̇

Bt cos θ cos ψ̇

Bt cos θ cos ϕ̇

Bt cosψ cos θ̇

Bt cosψ cos ψ̇

Bt cosψ cos ϕ̇

Bt cosϕ cos θ̇

Bt cosϕ cos ψ̇

Bt cosϕ cos ϕ̇


18x1

(6)

where,

Bx, By, Bz are the magnetic flux along the i-th aircraft axis, as in fig. 7.

cos θ = Bx/Bt is the X direction cosine term

cosψ = By/Bt is the Y direction cosine term

cosϕ = Bz/Bt is the Z direction cosine term
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Bt is the raw scalar magnetometer measurement

The different components of Equation 4 are defined as [16] :

Bperm = a1 cos θ + a2 cosϕ+ a3 cosψ

Bind = Bt(a4 cos
2 θ+a5 cos θ cosϕ+a6 cos θ cosψ+a7 cos

2 ϕ+a8 cosϕ cosψ+a9 cos
2 ψ)

Beddy = Bt(a10 cos θ(cos θ)
′ + a11 cos θ(cosϕ)

′ + a12 cos θ(cosψ)
′

+ a13 cosϕ(cos θ)
′ + a14 cosϕ(cosϕ)

′ + a15 cosϕ(cosψ)
′

+ a16 cosψ(cos θ)
′ + a17 cosψ(cosϕ)

′ + a18 cosψ(cosψ)
′)

(7)

The use of the 3-axis vector magnetometer is essential. The vector magnetometer

sensor measures the magnetic direction and orientation of the aircraft within the earth

field. A calibration flight to collect the data for a Tolles-Lawson calibration is used to

compensate for platform-induced effects. During a calibration flight, the aircraft flies

in an area where the geomagnetic field varies as little as possible and away from other

sources of magnetic disturbance to isolate the aircraft’s effect on the magnetometer.

The aircraft flies in a tight pattern to ensure that the area’s magnetic gradient is flat

or linear over the calibration flight. A space where the geomagnetic field has a low

gradient indicates a flat, constant field, and flying through that field should ideally

not cause any variation in the scalar magnetometer.

Calibration flights typically include flying in four orthogonal directions and per-

forming small-angle banking maneuvers along with each heading, normally 5° to 10°

[15]. The maneuvers consist of actuating the ailerons, elevator, and rudder to induce

roll, pitch, and yaw maneuvers, see fig. 8 for a example. These maneuvers are criti-

cal for seeing the aircraft’s orientation with respect to the geomagnetic vector. The
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variation in the measurements from aircraft attitude changes is used to determine the

calibration coefficients, which can estimate the aircraft disturbance field for the rest

of the flight or following flights.

Figure 8: Fixed wing aircraft with stinger seen extending beyond the rudder. [10]
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2.3 Extanded Kalman Filter

The extended Kalman filter (EKF) is the traditional estimation method used

for non-linear dynamics or non-linear measurement models applications. While it

may not be the best solution for magnetic navigation it is a simple and computa-

tionally inexpensive method to apply to a navigation system that utilizes magnetic

measurements. This section provides the basic equations needed to implement an

EKF following [17], referenced for the full derivation. System state dynamics and

measurement models are governed by non-linear functions f and h, respectively. The

non-linear system is expressed as

xk = f(xk−1,uk) +wk (8)

zk = h(xk) + vk (9)

where

xk is the state vector at discrete time step k

xk−1 is the state vector at the previous time step

uk is the input vector at time k

wk is the additive white Gaussian noise (AWGN) vector of the state dynamics model,

with covariance matrix Q

zk is the measurement vector at time k

vk is the AWGN vector of the measurement model, with covariance matrix R

Like the Kalman filter, the EKF implements propagation and measurement update

steps to estimate the system’s states. The state estimates are normally distributed
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and are defined by an estimated mean vector (x̂) and covariance matrix (P ). Mea-

surement updates are denoted with a minus sign (−) before and with a plus sign (+)

after a measurement update. Each time step is denoted by a subscript k, where k−1

would mean the previous time step.

2.3.1 Linearization and Jacobian Matrices

If the functions f and h of the system state are non-linear. They will have to

be linearized to form their respective Jacobian matrices F and H. The linearization

is performed by the first order Taylor series expansion, and the Jacobians will be

defined as:

Fk =∆
δf(x, u)

δx

∣∣∣∣
x=x̂+

k

(10)

Hk =∆
δh(x)

δx

∣∣∣∣
x=x̂−

k

(11)

2.3.2 State Propagation

The propagation step propagates the state mean vector and covariance matrix

forward in time. Propagation is performed with

x̂−k = f(x+k−1, uk) (12)

P−
k = Φk−1P

+
k−1Φ

T
k−1 +Qd (13)

where,

Φ is the matrix exponential of the state dynamics Jacobian matrix, F

Qd is a discretized version of the dynamics model noise covariace matrix, Q [18].
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2.3.3 Measurement Update

The next step is to update the states of the EKF with the measurement. The

measurement update is performed with

x̂+k = x̂−k +Kk[zk − h(x̂−k , k)] (14)

P+
k = (I −KkHk)P

−
k (15)

where,

I is the identity matrix

K is the Kalman Gain term defined by

Kk = P−
k H

T [HP−
k H

T +R]−1 (16)

2.4 15 State Pinson INS Error Model

A set of 15 state blocks that model the errors of an INS of the complex and non-

linear system dynamics of a moving vehicle can be modeled using INS measurements.

The Pinson Error Modelmay be used to describe the state dynamics of x. A 15 state

Pinson INS Error Model can be described as the following [19]:
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x =



δpn

δpe

δpdown

δvn

δve

δvd

ϵn

ϵe

ϵd

bax

bay

baz

bgx

bgy

bgz



(17)

where,

δpn, δpe, δpdown is NED position errors

δvn, δve, δvd represents NED velocity errors

ϵn, ϵe, ϵd are the tilt errors about the NED axis

bax , bay , baz are accelerometer time-correlated biases

bgx , bgy , bgz are gyro time-correlated biases

The Pinson error model states propagate according to the linear dynamics equa-

tion:

ẋ = F (x̂, ins)x+ w (18)
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where,

F is the inertial error dynamics model linearized about x̂

w is white Gaussian noise characterized by N(0, Q)

The linearized dynamics model can be expressed as:



δ̇p

δ̇v

δ̇ϵ

ḃa

ḃg


=



Fpp Fpv Fpϵ 03×3 03×3

Fvp Fvv Fvϵ Cn
s 03×3

Fϵp Fϵv Fϵϵ 03×3 −Cn
s

03×3 03×3 03×3 Faa 03×3

03×3 03×3 03×3 03×3 Fgg





δp

δv

δϵ

ba

bg


(19)

where,

Cn
s is the standard direction cosine matrix representing platform attitude.

2.5 Noise Models

2.5.1 First Order Gauss Markov Process

FOGM is a low-pass filter on white Gaussian noise.

X(tk+1) = ΦX(tk) +W (tk) (20)

where,

Φ is equal to eF∆t

F the dynamics model matrix is equal to − 1
τ

W (tk) is white Gaussian noise with zero mean and unity variance
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2.5.2 Brownian Motion Process

A Brownian motion process is the integral of white Gaussian noise. It is a special

case of a FOGM process where the time constant τ is infinity.

X(t) =

∫ t

0

w dw (21)

where,

X(t) is the systems response

w ∼ N (0,Q) is white noise with a variance of Q

2.6 NavToolKit Plug and Play Navigation Frame work

The aerial magnetic navigation filter will be implemented using NavToolKit. Nav-

ToolKit is a plug-and-play framework designed to create modular components for

real-time navigation filters. Pluggable modules for alternative navigation systems,

such as magnetic navigation, can be used with existing INS models and estimation

filters. This plug-and-play framework allows sensor modules, measurement proces-

sors, algorithms, and estimation filters to be designed separately then plugged into

the framework
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III. Methodology

The objective of the research is to design a functional magnetic navigation mod-

ule in NavToolKit and demonstrate a magnetic navigation system with actual post-

processed F-16 data. Description of the magnetic navigation filter will be in Sec-

tion 3.1. This work will reference the previous research on Online Calibration by

Maj. Aaron Canciani [20]. Section 3.2 will detail the F-16 data used for the analyti-

cal analysis of this navigational filter. Section 3.3 details the magnetic anomaly maps

referenced by the magnetic navigation filter. Lastly, Section 3.4 provides insight into

some of the tuning done to the filter.

3.1 Navigation Filter

The filter is part of a NavToolKit plug-and-play navigation framework used to

implement magnetic navigation systems. The magnetic navigation filter can obtain

a real-time navigation solution with F-16 flight sensor data playback. A magnetic

navigation measurement processor was developed in NavToolKit for the navigation

filter previously. This measurement processor is leveraged by this research. The

navigation filter consists of an augmented extended Kalman Filter (EKF) to aid in

positioning the inertial navigation system (INS). Existing modules for an EKF and

an INS are available in NavToolKit. The magnetic navigation filter used in this thesis

is detailed in the following sections.

3.1.1 Filter states

The augmented EKF is a combination of Pinson error model states, a world-frame

bias state, first-order Gause Markov state, and Tolles-Lawson coefficient states. The

Pinson error model includes error states for position, velocity, and attitude and sensor
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bias states for the IMU as described in eq. (30). The bias state estimates a constant

scalar magnetic intensity bias inherent to the compensation process for the aircraft

disturbance field and space weather effects. A First-order Gauss Markov (FOGM)

state to estimate low-frequency variations in the scalar magnetic intensity from space

weather effects and additional unmodelled errors [1] . The final state block, the

Tolles-Lawson model, includes 18 states that track the values for the 18 compensation

coefficients [20]. The states of the complete augmented magnetic navigation model

may be given as:

x = [δp, δv, ϵ,a, g, biasmag, fogmmag, tL]
⊤
35x1, (22)

where,

δp is the INS latitude, longitude, and altitude errors,

δv are the INS north/east/down velocity errors,

ϵ are the 3 INS tilt errors,

a and g are the 3 accelerometer and 3 gyroscope biases,

biasmag is the constant scalar magnetic intensity bias (dc bias),

fogmmag estimate low-frequency variations in the scalar magnetic intensity from

space weather effects and additional unmodelled errors,

and tL are the 18 Tolles-Lawson Coefficients.

3.1.2 System Dynamics

There is no known prior dynamic coupling between the Pinson error model, the

Tolles-Lawson model, the world-frame time-correlated bias, and the vector magne-
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tometer states. The Pinson error model is given by P modeled using INS measure-

ments and a linearized INS error model. This dynamics model is previously discussed

in Section 2.4, and eq. (18). Note that the Tolles-Lawson states are modeled as Brow-

nian motion and have constant dynamics and a linearly growing variance [20]. The

biasmag is modeled as a constant DC bias. The fogmmag state is modeled as FOGM

process with dynamics determined by a time constant τ [20].

ẋ = Fx+ w (23)

describes the dynamics of the combined states where,

F =



P15x15 015x1 015x1 015x18

01x15 01x1 01x1 01x18

01x15 01x1 −1/τ 01x18

018x15 018x1 018x1 T l18x18


(24)

The term w is additive white Gaussian noise with zero-mean and a variance given

by Q = E[w2]. Q is given as

Q =



QP15x15 015x1 015x1 015x18

01x15 01x1 01x1 01x18

01x15 01x1 2σwf/τwf 01x18

018x15 018x1 018x1 QT l18x18


35x35

. (25)

QP is the dynamics noise model for the inertial navigation system comprised of

velocity random walk, angular random walk, an accelerometer, and gyroscope

driving noise.

QTL is the noise model for the Tolles-Lawson coefficients, which are modeled as
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Brownian motion. Parameter in achieving best performance for the navigation

filter.

Tolles-Lawson coefficients modeled as Brownian noise mean the Tolles-Lawson

coefficients have variances that grow linearly in time. QTL is composed of

QTL =


Qperm3x3 03x6 03x9

06x3 Qind6x6 06x9

09x3 09x6 Qeddy9x9


18x18

. (26)

Qperm3x3 models the linear drift of the variance of hard-iron magnetic sources (per-

manent fields).

Qind6x6 models the linear drift of the variance of soft-iron magnetic sources (induced

fields).

Qeddy9x9 models the linear drift of the variance of eddy-current magnetic sources.

3.1.3 Magnetic Navigation Measurement Module

A magnetic navigation measurement processor uses scalar intensity measurements

to refine the state’s estimates for position error. The measurement equation for the

Tolles-Lawson augmented magnetic navigation filter is performing both map interpo-

lation and Tolles-Lawson calibration.Consider the equation for scalar magnetic inten-

sity measurements in a flight environment

zt = Banomaly +Bcore +Bdist +Bswe + v (27)

where,

Banomaly is the anomaly field value,
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Bcore is the Earth’s core field value,

Bdist is the aircraft disturbance field value,

Bswe is the field contributed by space weather effects.

v additive white Gaussian noise (AWGN) v with variance σ2
mag

The anomaly field is given by;

Banomaly = f 3D
map(lat, long, alt) (28)

where f 3D
map is an interpolation function over a magnetic anomaly map given INS

corrected latitude, longitude, and altitude. The maps used with this filter are at

altitudes 1066m, 2134m, and 5334m, see Section 3.3 for more details. The 3-D grid is

created from a layered set of upward continuations of a 2-D magnetic anomaly map.

The Earth’s Core field is computed by

Bcore = WMM(lat, lon, alt, time) (29)

where WMM is the World Magnetic Model (WMM), a function of INS latitude, lon-

gitude, altitude, and time. Note that magnetic anomaly maps have had the core

field removed. However, the scalar measurement includes the core field. Using the

World Magnetic Model (WMM) the core field can be added when estimating the

measurement.

The aircraft disturbance field is estimated using the Tolles-Lawson compensation

model as explained in Section 2.2.3, and it is given by

Bdist = C(A,xtl) (30)
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C(A,xTL) is a function of the direction cosine matrixA, which uses vector magne-

tometer measurement (BX , By, Bz) and the 18 Tolles-Lawson calibration coefficients

xTL. The A matrix made up of direction cosines and their time derivatives. The di-

rectional cosines are formed by dividing each vector magnetometer axis by the scalar

magnetometer measurement, rather than with the norm of the vector magnetometer

flux-gate measurement.

The last component of the measurement equation is from space weather effects,

given by:

Bswe = FOGMmag (31)

Implementation of the measurement equation into the navigation filter results in

a non-linear measurement model. The general form for an Extended Kalman Filter

measurement equation is given as:

zt = h(x) + v (32)

For the magnetic navigation filter, the measurement function h(x) is given as:

h(x) = f 3D
map(latc, lonc, altc)+Wmm(latc, lonc, altc, t)+FOGMmag+biasmag+C(A,xtl),

(33)

with

f 3D
map as a interpolation function over a magnetic anomaly map,

WMM as the World Magnetic Model interpolation function to obtain the core field

intensity,

FOGMmag First-Order Gauss Markov Process, and
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biasmag dc bias.

C(A,xtl) is the function which computes the Tolles-Lawson compensation and esti-

mate the aircraft disturbance field, and

v is white Gaussian Noise

The measurement Jacobian is most complex part of the Tolles-Lawson augmented

MagNav EKF. The measurement Jacobian created through a mix of both finite dif-

ferencing and analytical Jacobians. The measurement equation only interacts with

a subset of the 38 states in the overall measurement filter [1]. The measurement

Jacobian is:

H =

[
δz

δδlat
, δz

δδlon
, 01x13, 1, 1, A1x18

]
, (34)

where

δz
δδlat

, δz
δδlon

two terms in the Jacobian represent the gradient of the magnetic field

maps (anomaly field plus core field).

A is the Tolles-Lawson Jacobian matrix and is easily read off directly from the

measurement equation Tolles-Lawson function C(A, tl) given in Equation (33).

The contribution of the biasmag, and FOGMmag results in the 1’s

3.2 F-16 data

Data used in this thesis was recorded on a F-16 platform. The U.S. Air Force Test

Pilot School (TPS) collected magnetic navigation flight test data during September

2020 [21]. The test data consisted of 17 flight tests that were flown on an F-16 carrying

RASCAL Pod. All flight were flown over Edwards Air Force Base, CA see Figure 9

for overview of flight profiles. The following component data is used:
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1. Scalar Magnetic Intensity Measurements: Collected at 1kHz from a Geometrics

MFAM Scalar Magnetometer

2. Vector Magnetic Field Measurements: Collected at 1kHz from a Geometrics

MFAM Vector Magnetometer

3. Truth Position, Velocity, and Attitude: GPS-aided INS output of aircraft whole

state. Provided by Time and Space Positioning Information system (TSPI)).

4. IMU data: Colllected at 10 Hz from a High-performance tactical-grade Honey-

well HG1700

The scalar and vector magnetometer data is filtered using a Butterworth low-pass

filter. TSPI data is used for the truth PVA and Altitude. The scalar, vector, and

altitude data are down-sampled to 10 Hz for ease of computing.

Figure 9: 17 Flight Profiles[21]
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3.2.0.1 Flight Profiles

A majority of testing was flown over high fidelity anomaly maps, as detailed in

Section 3.3. Out of 17 test flights that were executed, eight profiles were selected for

this research and are summarized in Table 1. Each flight profile is approximately 60

minutes within the magnetic anomaly map area. The portions of the flight that are

not within the mapped area are removed.

The flight profiles consisted of five maneuvers: low-altitude, medium-altitude,

3D, rectangular calibration, and cloverleaf calibration. The low altitude maneuvers

consisted of constant altitude, constant heading (1D profiles), 1-3g turns (2D profiles)

flown over the map at altitude (1066 m). Test points consisted of 60 minutes of free

play during which the pilot maintained altitude±50ft within the lateral confines of the

anomaly map boundaries. The intent was to cover as much of the map area as possible

using 2-3g turns unless faster dynamics were needed for safety of flight [21].Medium

altitude maneuvers consisted of constant-altitude 1-3g turns (2D profiles) flown over

the medium altitude map (7,000 ft MSL). Test points consisted of 60 minutes of free

play during which the pilot maintained altitude and airspace within the specified map

Table 1: Summary of F-16 flight profiles

Profile Altitude, MSL (m) Date Maneuvering Acft. Magnetic Env.
1 1066 10 Sept 20 Low-Altitude Quiet
2 2134 10 Sept 20 Med-Altitude Quiet/Loud
3 2134 15 Sept 20 Med-Altitude Loud
4 2134-5334 11 Sept 20 3D Quiet
5 2134-5334 16 Sept 20 3D Quiet/Loud
6 2134-5334 21 Sept 20 3D Quiet/Loud
7 9144-2438 17 Sept 20 Cal-Rectangle Quiet/Loud

Med-Altitude
8 9144-2438 18 Sept 20 Cal-Clove Quiet

Med-Altitude
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boundaries [21]. 3D maneuvers were flown using 2-3g turns and vertical maneuvers at

±10 degrees of pitch (3D flight profiles) flown between the medium altitude and cap

altitude maps (2134 - 5334 m). Similar to the low and medium altitude maneuvers,

3D maneuver test points consisted of approximately 60 minutes of flight on conditions

[21]. For the calibration maneuvers on each of the straight sections (4 total) of the

patterns (inner straight sections on the cloverleaf pattern), a series of yaw, roll, and

pitch maneuvers were executed[21].Two categories for aircraft magnetic environment

configuration were established for flight test: quiet and loud. The only difference

between quiet and loud was the use of the radar during the loud configuration.

3.3 Magnetic Anomaly Maps

Three high fidelity magnetic maps are used for the magnetic navigation filter.

The three magnetic anomaly maps were created by Sander Geophysics Limited over

Edwards Air Force Base, California in 2019 [22]. Map details are summarized in

Table 2. The maps are shown in Figure 10 , 11, and 12.

Table 2: Summary of Edwards Air Force Base magnetic anomaly maps.
Map Map Traverse Control
Name Altitude (m) line Spacing (m) Line Spacing (m)

Cords Road 1066 300 3000
Medium Altitude 2134 1200 6000
Cap Altitude 5334 4800 12000
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Figure 10: Cords Road anomaly map (1066 m) [22]

Figure 11: Medium altitude anomaly map (2134 m)[22]
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Figure 12: Cap altitude anomaly map (5334 m) [22]
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3.4 Filter Tuning

3.4.1 FOGM State

The standard deviation and time constant of the FOGM state are tuned so that

it can estimate the space weather effects and other modeling errors in the navigation

solution. For each F-16 flight profile, the FOGM model parameters are estimated by

observing the static Tolles-Lawson compensation error. The σFogm is estimated by

simply taking the standard deviation of the compensation error, which is the unbiased

measured aircraft disturbance minus the unbiased estimated aircraft disturbance.

Observing the compensation error’s auto-correlation, τFogm is when the compensation

error decreases to 36.8% of its starting value. The time constant describes how

quickly the data decorrelates with itself. The Python functions from the Scipy Signal

Library, Correlate, and Correlate Lags are used to compute the auto-correlation of

the compensation error, see table 3 for each profile tuning parameters. See fig. 13,

for example, using Profile 1.

Table 3: Magnetic Anomaly Navigation Filter Tuning Parameters
Profile Smag Vmag FogmMag Fogmmag biasmag

Name Cov Cov σFOGM τFOGM σbias
1 116 [50,50,50] 10 30 1000
2 116 [50,50,50] 10 32 1000
3 116 [50,50,50] 17 11 1000
4 116 [50,50,50] 33 384 1000
5 116 [50,50,50] 23 45 1000
6 116 [50,50,50] 21 146 1000
7 116 [50,50,50] 70 150 1000
8 116 [50,50,50] 72 881 1000
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Figure 13: Profile 4 auto-correlation with a line at 36.8%

3.4.2 Tolles-Lawson Coefficient State Covariance

Tolles-Lawson coefficients can be determined by the linear model of form y = Ax.

The A matrix can determine the estimate of the uncertainty of the coefficients. Also,

the A matrix can also help calculate the model fit error e = y −AxTL. The initial

covariance of the Tl state can be formed by:

PTL = (A⊤A)−1var(e), (35)

PTL allows the EKF to start with information of the cross-correlations between the

Tolles-Lawson coefficients
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IV. Results and Analysis

This chapter presents the results and analysis of online calibration compared to

static calibration. Three scenarios are analyzed in the performance of online calibra-

tion. Section 4.1, static and online calibrations are performed on all eight profiles

and analyzed using each profiles data. Section 4.3, static and online calibration per-

formance is analyzed using profile 1’s data for calibration for each profile. Profile

1 is utilized because it is one of the earlier flights flown out of the profile set. Sec-

tion 4.2 is similar to the second scenario with added GPS measurement. The GPS

aided results are then analyzed. All this will be compared to the navigation filter’s

performance if no GPS or alternative navigation aid is available. The inertial navi-

gation system (INS) drift see table 4 for each profile INS drift. The analysis of these

methods gives us a suitable basis for the performance of the online calibration.The

measurement used to compare the calibration performance is the distance roots mean

square (DRMS) of the position error.

4.1 Online Calibration

Static and online calibration is used in the navigation filter for every flight profile.

This scenario uses the first half of each profile to perform a static calibration, obtain-

ing the calibration coefficients. When using online calibration with the navigation

filter, the calibration coefficients are then used to initialize the Tolles-Lawson coeffi-

cient state. This differs from the static calibration case where the coefficient remains

static in the navigation filter. The navigation filter using static coefficients is used to

compare the performance of the online calibration. This comparison shows how well

the online calibration performed under the exact condition of the filter using static

calibration coefficients. See table 4 for each profile’s static and online calibration
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Table 4: Position Error DRMS(m) results for each flight profile using Static and
Online calibrations

Profile Unaided Static Online Online - Static
Name INS Cal. Cal. Cal.

DRMS(m) DRMS(m) DRMS(m) DRMS(m)

1 2328 152 134 -18
2 4444 557 578 21
3 2412 373 371 -2
4 2566 1091 949 -142
5 2933 490 485 -5
6 3010 327 314 -13
7 1211 1264 1124 -140
8 4570 1121 1109 -12

Average 3035.12 624.025 609.5 -15.125

performance results.

For the navigation filter using static coefficients, the first 30-minutes of flight data

is used to calibrate each profile, obtaining the calibration coefficient. Then the entire

60 min flight data is processed in the navigation filter. The same procedure is used

for all flight profiles. Similarly, the same is done for the filter using online calibration.

However, the static calibration performed in the first 30 minutes obtains the coeffi-

cients used to initialize the Tolles-Lawson coefficient state coefficients. The significant

difference in the static and online calibration is the state of the coefficients. In the

navigation filter using static calibration, the coefficients stay static for the flights en-

tirely; however, in the navigation filter using online calibration, the coefficients are

adjusted as the filter is updated.

The performance of online calibration is improved over that of static calibration.

Profiles 4 and 7 online did better than the other profiles, they achieved 140m of error

DRMS less than the static calibration. Online calibration in this scenario shows to

be a suitable method with similar or improved performance to the static calibration

method. Figure 14 shows the position error results and the DRMS achieved by both
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Figure 14: Comparing profile 1 with scenario 1 using static(left) and online(right)
methods.

methods. The performance by the filter using static and online calibration have very

similar results; however, online calibration improves by 18m DRMS. Profile 1 is one of

the first flights flown by calendar date and will be used in the following scenarios.Also,

Figure 15 shows the online calibration navigation filter updates and changes to the

first three coefficients in the Tolles-Lawson coefficients state, confirming that the

coefficients are not remaining static.

Figure 15: Profile 1’s first three coefficients in scenario 1 using online calibration.
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4.2 Online with different flight Coefficients

During this test, the static calibration coefficients are set using profile 1, and these

calibration coefficients are used for all remaining flights. Both filters using static and

online calibration use previous days’ calibration coefficients. Operationally this is not

ideal because of the many different factors that could change the calibration, like the

aircraft’s configuration. Updating the coefficients in the navigation filter using online

calibration is more beneficial for aircraft operations as it reduces the need to update

the aircraft’s calibration. Table 5 provides the results for this test.

Online calibration achieved better results for all the profiles when initializing with

coefficients from profile 1. The position error DRMS of each profile increased because

calibration coefficients were incorrect. This increase was expected. However, the on-

line calibration method’s position error was less than the static calibration method

for all profiles. The results suggest that the online calibration method has a more

suitable performance by updating the calibration coefficients. The profile that had

the best performance over static calibration is flight profile 8, where the online cali-

bration method achieved a better result by 302m. Profile 8 is split into two different

Table 5: Static and Online Calibration using Profile 1 static coefficients
Profile Profile Unaided Static Online Online - Static
Name Altitude INS Cal. Cal.

(m) DRMS(m) DRMS(m) DRMS(m) DRMS(m)

1 1066 2328 152 142 -10
2 2134 4444 477 454 -23
3 2134 2412 1145 875 -270
4 2134-5334 2566 1430 1272 -158
5 2134-5334 2933 735 708 -27
6 2134-5334 3010 589 495 -94
7 9144-2438 1211 2530 2369 -161
8 9144-2438 4570 2450 2148 -302

Average 3035.12 1188.5 1057.875 -130.625
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altitudes of 9144m for the first half and 2438m in the second, see Figure 16. . Impor-

tant to note that the calibration coefficients used to initialize the online calibration

method Tolles-lawson state were accomplished at 1066m of altitude. Since the static

calibration coefficients remain static for the entirety of the flight, the compensation

increases in error, causing the increase of position error. Due to the update of the

coefficients, the online filter estimate is more accurate, causing the filter to achieve

better results. The error between the scalar magnetometer measurement and the

filter’s estimated measurement can be seen in the online case in Figure 17. The

standard deviation of the measurement and the estimated measurement using the

online calibration method is 139.05. Using the static calibration method, it is 139.14.

The difference in the standard deviation suggests that the online calibration method

estimate reflects the scalar magnetometer measurement. With the difference in the al-

titude from profile 1 and the altitude of profile 8, the static calibration method cannot

correctly estimate the measurement using the calibration coefficients obtained from

.

Figure 16: Altitude Profile (Profile 8)
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profile 1. However, the online calibration method results suggest that adjusting the

calibration coefficients better reflect the magnetometer measurement at the altitude

flown in profile 8. Section 4.3 includes how static calibration results differ at different

altitudes.

Figure 17: Unbiased error between measurement and filter estimate for both static
method (left) and online method (right) for Profile 8
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4.3 Online with different flight Coefficients and GPS Aid

This scenario uses the same setup as Section 4.2 using online calibration with set

coefficients from profile 1. However, this scenario includes GPS measurements at the

beginning of the flight for two cases: 5 and 10 minutes. The flight analysis shows

that the filter could better adjust the calibration coefficients during altitude changes

with online calibration. As expected, the position error decreases with the GPS aid

as the filter adjusts the coefficients. Table 6 provides the results for this test.

There is significant improvement with profile 7,8 when using GPS measurement

to aid the navigation solution. Profiles 7,8 have two common factors, a significant dif-

ference in altitude from the profile used for calibration and significant altitude change

during the flight. Due to this change of flight altitude with online calibration, the

filter adjusted the coefficients to compensate for the aircraft disturbance field. In sec-

tion 4.2, there is some improvement with online calibration without any aid of GPS.

As we expected, the navigation filter improved significantly with online calibration

with the short amount of GPS aid. The GPS aid allows the filter to adjust the coef-

ficients to reasonably reflect the aircraft disturbance field during the flight Figure 18

Table 6: GPS Aid To Online Calibration Using Profile 1 static coefficients
Profile Profile No GPS 5 Min GPS 10 Min GPS
Name Altitude

(m) DRMS(m) DRMS(m) DRMS(m)

1 1066 142 132 154
2 2134 454 384 513
3 2134 875 811 791
4 2134-5334 1272 749 979
5 2134-5334 708 665 575
6 2134-5334 495 489 572
7 9144-2438 2369 482 427
8 9144-2438 2148 650 204

Average 1057.87 545.25 526.875
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Figure 18: Profile 8 Position Error with 5 min(left) and 10 min (right) of GPS Aid

shows the position state error and covariance bounds for profile 8 with GPS aid. This

adjustment is a benefit over static calibration due to the different altitudes. Figure 16

shows the flight altitudes for profile 8.

The results of the static calibration method using profile 1’s coefficient on profile

8’s navigation filter show that static calibration does not perform satisfactorily. The

static calibration method cannot use the static calibration coefficients to estimate the

aircraft disturbance field as accurately as the online method. The lack of accuracy is

shown by comparing the static calibration of the entire flight to the static calibration

of the flight broken up into the two sections counting the different altitudes see Fig-

ure 16 for profile altitudes. Figure 19 shows the error between the measured aircraft

field and the estimated aircraft field using static calibration for the entire duration

of the flight. This figure shows the error magnitude of the ranges between 300 to

-200nt and the error standard deviation of 89.78 containing the altitude difference of

9144m to 2438m. The entire flight is then compared to Figure 20, which shows the

error between the measured aircraft field and the estimated aircraft field using static

calibration for the first flight section containing the first altitude of 9144m. The

magnitude of the error lessens to ±100nt and a error standard deviation of 74.80.

The entire flight is also compared to Figure 21 which shows the error between the

measured aircraft field and the estimated aircraft field using static calibration for the
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Figure 19: Entire profile error between aircraft disturbance measurement and esti-
mated aircraft disturbance for Profile 8

Figure 20: First half error between aircraft disturbance measurement and estimated
aircraft disturbance for Profile 8
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Figure 21: Second First half error between aircraft disturbance measurement and
estimated aircraft disturbance for Profile 8

second section of the flight containing the second altitude of 2438m. The magnitude of

the error lessens to ±100nt, and the error standard deviation of 37.60. This suggests

that calibration needs to be performed at each altitude for a more accurate estimate.

Online calibration can adjust the calibration coefficients for a better estimate as flight

altitudes change.

Adjusting the coefficients can better estimate the aircraft disturbance when fly-

ing at different altitudes. This adjustment may be necessary due to the changes

in temperature as the aircraft changes altitude. These temperatures could affect the

magnetic field of the components of the aircraft. As permanent material is heated, the

magnetic field is reduced. However, when the temperature is decreased, the magnetic

increases [23]. Suggesting that as the aircraft increases in altitude, the temperature

decreases, increasing the aircraft’s disturbance field. This would reflect why the static

calibration cannot accurately estimate the aircraft disturbance field with static coef-

ficients. However, the online calibration filter may account for the change of altitude
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better predicting the disturbance field.
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V. Conclusions

This chapter presents the conclusions and findings from this research and discusses

future work to improve online calibration for magnetic anomaly navigation. This

research sought to implement online navigation as a ”plug and play” module and to

analyze the performance of the online calibration across multiple F16 flight profiles.

Based on the results from simulation cases, a real-time magnetic navigation system

can bound inertial navigation system (INS) drift and produce a navigation solution

without the presence of a Global Positioning System (GPS). The online calibration

can bound INS drift, update calibration coefficients and provide a navigation solution.

This navigational filter showed that online calibration could perform better than static

calibration. However, the items identified below in the future work section should

significantly improve the overall filter performance and the accuracy of using online

calibration.

5.1 Future Work

Results obtained in this thesis show promise for magnetic anomaly navigation.

Further work needs to be accomplished to obtain a working NavToolKit plug and play

module to perform online navigation calibration. There are three things identified

during this research that can further enhance the performance of the online magnetic

navigation filter.

5.1.1 Tolles Lawson Regression Compensation

First, a better regression compensation method algorithm. The current algorithm

uses Tolles Lawson’s least squares regression repeated multiple times to fit the data

and get the calibration coefficients.
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5.1.2 Measurement Proscessor Direction Cosines

Second, the NavToolKit measurement processor is currently buffering the vector

measurements, and calculating the gradient of these vectors. Then to calculate the

direction cosines and differential directional cosines, it divides the vector by the scalar

and the gradient by the scalar. However, this does not give us all the information we

need for the calibration. Ideally, the filter would bring a scalar and vector measure-

ment simultaneously. It would then calculate the directional cosines by dividing the

vector by the scalar, for the differential directional cosines calculating them by using

the directional cosines. Adjusting the measurement processor algorithm should allow

for better performance of the navigation filter.

5.1.3 Including Schimdt States

Third, Extend Kalman Filter Schmidt states require implementation into Nav-

ToolKit modules to reflect the research done by Aaron Canciani on online calibra-

tion. The Schmidt states are sometimes referred to as consider states because they

are considered but not implemented literally in the filter []. This state module will

include the vectors states used in this Online Calibration Paper.
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