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Abstract

The feasibility of using GPS data to detect fireballs is analyzed by first modeling
the fireball’s trail diffusion and plasma chemistry to get a resulting ion density profile
of the trail over time. The signal perturbation caused by the fireball trail is simulated
for a ground receiver using an analytic solution for diffraction from a Gaussian lens.
Five cases were modeled with varying initial peak ion densities and altitudes taken
from fireball and reentry vehicle data. This paper shows that it is feasible to detect a
fireball trail using GPS if the fireball has a sufficiently high initial ion density, above
approximately 10'® m™3, and occurs at an altitude above approximately 75 km. For
the five cases the amplitude scintillation index, Sy, and phase scintillation index, oy,

values of the signal for the last detectable ion density profile were calculated.

v



Acknowledgements

I would like to thank my wife for her love, support, and patience through this
journey we are taking together. I would also like to thank my thesis advisor, Maj
Dan Emmons for guiding me through this journey by being a great teacher and

mentor.

Tan R. Moffett



Table of Contents

Page

Abstractl . ... ..o iv
[Acknowledgements| . .. ... ... .. . v
[List of Figures|. ... ... . vii
CESEOf TabIes]. . . oottt e ix
(L Introductionl. . ... ..o 1
([I. Background| . ........ .. . . . . 3
2.1 Meteors]. . ... oo 3

[2.2 Tonosphere Interactions| ........ ... .. .. ... .. . .. .. . . 4

2.3 Gl 5

2.4 Plasma Lengl. . ... ... 7

([II. Methodology and Results|........ ... .. .. ... . . . . . . . .. 11
3.1 Methodsl . ... o 11

[3.1.1 Ton Density Profilel. .......... . ... . 11

B.1.2 Gaussian lens| . ......... ... .. 16
B2ResUIL . ..o 18
B2TTFreballl ... ..o 20
B22Ram-Cl. ... 27

[3.2.3 Apollo Capsule|. . ... ... ... .. 33

[3.2.4 Stardust]. . .. ... 39

[3.2.5 Ideal Scenariof. .. ... 45

IV Conclusions] . . . .. oo oo 53
Bibliography] . ... 55

vi



List of Figures

Figure Page
(I Jon Elimination Rates|...... ... .. ... . 5
[2 Japan’s GEONET GPS Distribution Map|............... ... ... ... 6
[3 GPS Trail Crossing Geometry| . ....... ... ... ... ... .. .. ... ....... 7
{4 GPS Ground Receiver Ground Spread|........... ... ... ... ... .. ... 9
(5 Example Initial Ton Density Profilel. ........... ... ... ... ... .. ... 12
(6 Fireball Ton Densities) ........ ... 21
[7 Fireball Ton Ratel ... ... ..o 22
[ Fireball Sy|. ... o 23
9 Fireball Phasel. . ... ... 24
(10 Fireball Power| ... ... ... 25
(11 Fireball Wawvelet]. ... ... . 26
12 Ram-C Jon Densitiesl .. ... 28
(I3 Ram-C Syl .. oo 29
(14 Ram-C Phasel . ... ... 30
(15 Ram-C Powerl . ... .. . 31
(16 Ram-C Wavelet] .. ... ... . 32
(17 Apollo Capsule lon Densities|........... ... ... ... ... ... ... ..... 34
(18 Apollo Capsule Syl .. ... .. o 35
(19 Apollo Capsule Phase| . ... .. 36
[20 Apollo Capsule Power|. .. ... ... ... . .. . .. 37
[21 Apollo Capsule Wavelet| .. ... ... . 38
22 Stardust Ton Densities|. ... ... .. 40

vil



Figure Page

[23 Stardust Syl . ..o 41
24 Stardust Phasel . .. ... 42
25 Stardust Powerl. . ... 43
26 Stardust Waveletl . . ... .. .. 44
27 TdealTon Densities ... ... ... i 46
28  Tdeal Peak Rated ...... ... ... . . 47
[29 Ideal Syl .. oo 48
B0 Tdeal Phasel ... ... 49
BT Ideal Power . .. ... .. 50
32 [deal Wavelet] ... ... 51

viil



List of Tables

Table Page
(1 Chemistry Rate Coefficients|. .. ....... ... . ... ... . ... ... ...... 13
2 Diffusion Coefficient Calculation Constantsl. ..................... ... 15
3 [nitial Ton Densities and Altitudes ......... ... .. ... .. .. ... ... ... 19
2 Input Parameters|......... ... . . 19
5 Fireball Resultsl . ... ..o 27
(6 Ram-C Resultsl. .. ... 33
(7 Apollo Capsule Results|. ............ .. . 39
[8 Stardust Results|. . ... . o 44
9 Ideal Resultsl. . ... 52

1X



I. Introduction

Everyday millions of meteors enter Earth’s atmosphere (I)). Most are less than a
millimeter in diameter, however some can range from tens of centimeters to meters
in diameter. These larger meteors are called fireballs. When a meteor falls though
the atmosphere it leaves a trail of ionized plasma behind it. Other than optical
observations, the standard practice for detecting meteors is by using radar, which is
reflecting radio waves off either the body or the plasma trail of the meteor and listening
to the reflected echoes (1)). The downside to this detection method is that one must
have a radio transmitter and receiver near the geographic location of the meteors, and
more importantly, the transmitter receiver pair must be operating during the event.
This study seeks to determine if it is feasible to use the Global Positioning System
(GPS) signals measured by the ground stations to detect fireballs, the advantage
being total global coverage as well as constant GPS transmission.

Previous research has used GPS data to investigate ionospheric disturbances
caused by explosive meteors called bolides by calculating the change in ionospheric
total electron content (TEC) as a wave that propagates away from the bolide impact
(2; B)), but no study has tried to directly detect fireballs using amplitude and phase
data from GPS. Other studies, however, have used GPS amplitude and phase data
to investigate similar ionospheric disturbances like those seen in sporadic-E (4 [5).
Sporadic-E is a thin strong disturbance similar to what a fireball would produce.
In (6) GPS Radio occultation (GPS-RO) is used as the signal receiver geometry.
Though GPS-RO was not used in this study, techniques used to simulate and and
analyze sporadic-E found in (7 [8; [9) were used as inspiration for this study to apply
these techniques to fireball detection.

To determine feasibility, first a model of the fireball trail’s ion density profile and

its subsequent interaction with the atmosphere was made, including diffusion and



plasma chemistry. The resulting ion density profile and radius of the trail was used
to perturb a simulated GPS signal traveling through the fireball trail to a GPS ground
station. The diffracted signal received at the ground was then analyzed to determine
if either the amplitude and/or the phase of the received GPS signal is detectable
above the noise floor.

Chapter II contains the background information needed to understand the prob-
lem, methods, discussion and conclusions for someone relatively familiar to iono-
spheric science. Chapter III contains the methods used to model both the ion density
profile of the fireball trail at various altitudes with various starting conditions as well
as the methods used to model the Gaussian lens that perturbs the GPS signal. There
will also be a detailed explanation of the considerations used to model the interac-
tions between the fireball trail and the ionosphere, the methods that simulate and
perturb the GPS signal, and a discussion of the results. Chapter IV will contain a
brief summary of the problem, methods, and results, as well as a determination of

validity and future considerations.



I1. Background

2.1 Meteors

A meteor is an object made of stone and/or various metals that originated from
outer space that has entered Earth’s atmosphere (I0). The most common type of
meteor is made of stone called a chondrite (I1)). H-chondrites are characterized by
high iron content (12) and will be approximately the type of meteor simulated in
this paper. Meteors come in many different sizes but most are very small. The vast
majority have a median radius of 100 pm (13)). Visible meteors have a radius greater
than 0.01 mm. Meteors with a radius greater than about 20 cm are called fireballs.
Fireballs that explode in the atmosphere are called bolides (11). This study analyzes
meteors the size of fireballs that are on the order of meters in radius.

Meteors enter Earth’s atmosphere at hypersonic speeds ranging between 11-72
km s~ (I1). At these extreme speeds, friction between the meteor and the atmo-
sphere causes the surface of the meteor to heat up to thousands of Kelvin. At 2200
K the meteor will start to glow, evaporate, and ablate the surface of the meteor. The
ablation of the meteor body deposits metallic ions into the surrounding atmosphere.
The high temperatures during entry also cause ionization of the surrounding atmo-
sphere. This deposition and ionization combine to form a highly ionized plasma trail
behind the meteor (I)). The strength and size of the plasma trail is highly dependent
on the size, speed, and composition of the meteor.

The most common non-visual technique for detecting meteors utilizes the high
ionization around the body and in the trail of the meteor. Using radar, radio waves
will reflect off the highly ionized atmosphere and ablated material around the meteor
body and trail. The reflected radio wave then travels back down to a radio receiver

allowing for characterization. Some major downsides to this detection method is that



one must have a radio transmitter and receiver near the meteor’s geographic location
and more importantly, the transmitter receiver pair must be operating during the

event (LT).

2.2 Tonosphere Interactions

The ionosphere is a region of Earth’s atmosphere between approximately 50 km
to 1000 km characterized by elevated levels of ions (14). For this paper the altitudes
of focus will be below 90 km because above 90 km electric and magnetic effects need
to be taken into account. When large amounts of ions are deposited or created by the
fireball, there are two major interactions that affect the ion density, namely diffusion
and chemical interactions (I1). Diffusion is the process by which atoms and molecules
spread out over time due to factors such as collisions and gradations. Diffusion in
this study comes in two forms, ambipolar diffusion of ions, and diffusion of neutrals.
Chemical interactions also come in two forms, ionization and conversion. There is a
multitude of interactions that can cause an ion to become a neutral or a neutral to
become an ion. The specific interactions used in this paper can be found in Chapter
I1I.

When the ionized fireball trail initially starts to diffuse, it is at its highest ion
density thus the chemistry term will have the strongest effect on ion elimination.
However, over time as the peak ion density decreases the diffusion terms take over
as the dominating factor in ion elimination. This can be seen in [Figure 1} where an

example of peak loss rates from all sources can be seen changing over time.
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Figure 1. Peak loss rate of ion density in a fireball trail as a function of time. The
green curve is the combined chemistry loss rate. The blue curve is the loss rate from
ion diffusion. The orange curve shows the loss rate due to neutral diffusion.

2.3 GPS

The Global Positioning System (GPS) is a constellation of 31 satellites orbiting
Earth at an altitude of approximately 20,200 km (15). GPS satellites provide a global
coverage of Earth’s surface, meaning that anywhere a GPS ground receiver is placed
on Earth, a GPS satellite will have line of sight to the receiver. GPS satellites are also
always transmitting. This means GPS helps eliminate the two biggest downsides to
the radio echo method for detecting fireballs: coverage and being operational during
an event. Possible downsides to using GPS to detect fireballs are availability and
sensitivity. A GPS signal must propagate through the fireball trail for the signal to
be perturbed. Thus, a great test bed to maximize the possibility of signal trail crossing
is Japan’s GEONET project which has 1,240 GPS receivers placed throughout the
country (I6)), solving the availability issue. A distribution map of Japan’s GEONET
is displayed in [Figure 2 In this study all simulations are preformed using conditions

over Japan.



Figure 2. Map of Japan showing the geographic locations of the 1,240 GPS receivers
in GEONET using red dots (Image courtesy of GIS (16)).

The second issue for using GPS to detect fireballs is timing. shows the
geometry to consider when calculating the amount of time the GPS signal will be
in the fireball trail. The time the GPS signal is in the fireball trail depends on the
radius and altitude of the trail. Knowing the speed and altitude of GPS the time of
trail crossing can be calculated using similar triangles. In most cases considered in
this study the time to cross the trail is approximately 0.5 s to 3.5 s. Therefore, the
GPS receiver must operate at an acquisition rate fast enough to capture the signal.
Modern-day receivers can operate at around 100 H z, sufficiently fast for these trail

cross times, however many legacy receivers like those used for GEONET operate at

1 Hz.
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Figure 3. A simple diagram of GPS signal crossing through a fireball trail.

2.4 Plasma Lens

When the ion density of a region of the ionosphere is either higher or lower than
the surrounding area, radio waves travailing through that region will be perturbed.
A change in ion density changes the index of refraction. Depending on whether
the change in density is positive or negative the region of differing density will act
as either a positive or negative lens. In the case of a fireball trail increasing ion
density relative to the surrounding area, the trail effectively becomes a negative lens.
GPS is very far above the fireball trail, so by the time the GPS signal reaches the
trail the signal is effectively a plane wave. When a plane wave travels through the
fireball trail the signal will diffract. Depending on the strength and radius of the lens
the diffraction pattern might be distinct enough to see in the received signal (17).
This paper assumes that the lens formed by the fireball trail will take the form of a
Gaussian profile in space. The Fresnel-Kirchhoff Integral describes the electric field

as a function of x, perpendicular to the signal’s direction of travel, and at an altitude



z after passing through a Gaussian lens:

) k‘ o0 .k /2
E(X,Z) =" [ — / exp e
2mix J_ 2z

where k is the wave number. The phase of the signal after passing through the fireball

}E(z —2'.0)dz ", (1)

trail at the ground, a distance z, can be found by taking ¢ = tan™"(Einaginary/ Freal)
and the signal’s intensity is I = |E|?. The intensity and phase are given as a function
of ground spread in kilometers. Complete ground spread detection relies on the
satellite passing over the ground receiver, effectively scanning the entire signal by
sliding the signal over the receiver. shows a GPS satellite passing over a
receiver at different times. The part of the signal directly above the receiver is what
is detected. Figure [4al shows the first signal that the receiver sees after the GPS’s
plane wave signal is perturbed by the fireball trail. As the GPS satellite flies over
the receiver, the signal that the receiver detects changes as displayed in Figure [4b]
The end of the detectable GPS signal is displayed in Figure 4c/ and by this time the
receiver has seen the entire perturbed signal. The resulting signal can be stitched
together to form a single signal. The length of this resulting signal is the ground

spread.
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Figure 4. GPS signal seen by ground receiver over the flight path of the GPS satellite.
(a) beginning of GPS satellite flight path (b) intermediate flight path (c) end of flight
path.



To analyze the intensity and phase of the diffracted signal two metrics are used.
First, is Sy:

81— Q[;)m 2)

which is commonly known as the amplitude scintillation index. S4 ranges from 0 to 1
for weak scatter. The noise floor for Sy in the quiescent ionosphere is about 0.1 (18],
whereas a value of S; greater than 0.3 is considered a significant ionospheric event
and will very likely show in the data. Second, is the standard deviation of the phase,
0. The noise floor for o, is 0.03 rad (19). It is important to note that in this paper
the standard deviation and mean are both rolling calculations with a window of 1 km

because the ground spread for all cases are on the order of ones of kilometers.
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I1I. Methodology and Results

3.1 Methods

3.1.1 Ton Density Profile.

When a fireball passes through the ionosphere it is assumed that the ablated iron
and surrounding atmosphere are completely ionized. There are many interactions
that a newly ionized region can have with the surrounding ionosphere. Two of the
most influential interactions for ion loss are diffusion and chemical recombination. To
model the ion loss, first the ionization profile of the fireball trail must be determined.
The initial one-dimensional ion density profile for the fireball trail used in this model

is a Gaussian of the form,

—72
ni = (ng — Ng) exp{ﬁ} + Ny, (3)

Where n; in m™3 is the initial ion density as a function of position x in m along the
width of the meteor trail, ng in m™3 is the initial peak ion density, ny, in m= is the
background ion density obtained from the International Reference Ionosphere (IRI)
(20), and o, = 2 m is the initial trail radius. A o, of 2 m comes from (I1)) where the
initial trail radius is approximately twice the initial fireball radius. For this paper the
initial fireball radius is chosen to be 1 m as a typical fireball size. An example of the

initial ion density profile of a simulated fireball trail is displayed in [Figure 5

11



1lel9

)

0.0

=73 =50 =25 0 25 50 75
Trail Position [m]
Figure 5. An example of the initial ion density profile for a simulated fireball. n; in
m~3 is the ion density of the fireball trail along the trails x-axis 1-D cross section. Trail
position in m is along the x-axis, perpendicular to the meteor’s direction of travel and

spans the width of the simulated cross section, -75 m to 75 m, in this case. The initial

model parameters for this example are: ny = 10'? m=3, Npg = 4 X 108 m~3, and o, = 2m.

After the initial ion density profile for the fireball trail is determined, diffusion
and recombination can be simulated. First the chemical recombination is calculated.
The simulated fireball is assumed to be mostly made of iron (I2)), thus Fe™ is the
dominate ion and via quasi-neutrality, Fet ~ n.. The rate at which the ion density
n decreases over time is the rate of Fe™ production made from iron neutral (Fe)
minus the rate of iron neutral production made from Fe® (recombination rate). This

combined rate R, is given by:

R. = Rpo+ — Rpe, (4)

where Rp.+ is the production rate of Fe™ given by,

Rper = [Fe](ks[OF] + ko[NOT| + ko), (5)

12



and Ry, is loss rate of Fe™ and is given by

Rpe = [Fe*)[n (k O8] + (kalO:l M) + ks [N [M]) - [Oﬁﬁﬂm]) AR RD
k7
+ (ks [Oo][M] + kﬂNﬂW])m

+ k11 + Ksee[ng) + ksa[M]|.
(6)

Here, [n;] is the quasi-neutral ion (electron) density, in this case [n;] ~ [Fe™], [M]
is the concentration of the dominate neutral molecule, in all cases for this model

M = N,, and rate coefficients k1—ki1, kzee, and kza can be found in [Table 1]

Table 1. Rate coefficients for [Equation 5| and [Equation 6 Rates k,—ki; are from (21)),
rates k3., the three-body electron-electron, and k34, the three body electron-neutral,
are from (22 and (23) respectively.

Rate Reaction Rate Units
coefficient coefficient value

ky Fet + O3 — FeO" 4 O, 7.6 x 1070 exp{—241/T} cm3s~*
ko Fet+0y+ M — FeOf + M 1.7 x 1072(T/300)~1%%  cmbs?
ks Fet + Ny + M — FeNj + M 8.0 x 10%(T/300)"192  cmbs!
kg FeOy ,FeNy +0O — FeOT + 0y, Ny 1x 1071 cm3s™1
ks FeOt +0 — Fet + 0, 7 x 10712 em3s™!
kg FeOt+e” — Fe+ O 1 x 1077(200/1)%5 em3s!
ke FeOf , FeNy +e~ — Fe+ 0y, Ny, 3 x1077(200/T)°° em3s™!
ks Fe+ Of — Fet™ + O, 1.1 x 107? emBs™!
ko Fe+ NOt — Fet + NO 9.2 x 10710 em3s™!
k1o Fe+h — Fet +e” 5x 1077 st

ki Fet +e™ — Fe+ h 1x 10712 em3s™!
Esee Fet+e 4+e = Fe+e~ 1x 1072 embs~!
ksa Fet4+e +M = Fe+ M 1x 10726 embs™1

Using an explicit finite difference method with forward difference for time and

central difference for space (FTCS), the iron ion and iron neutral density can be

13



calculated below,

k+1
[FeJr]jJr — [Feﬂf . [F6+]§+1 — 2[F6+]§ + [Feﬂ?_l L RE 7)
At ' Ax? @7

and,

[Fe]ﬁ}“ — [Fe];? D [Fe];ﬁrl - 2[Fe]§? + [Fe]é?fl R

At —n Az? ¢ (8)

where k is the temporal index, j is the spatial index, R, is the chemical rate from
[Equation 4] D; and D,, are the ion and neutral diffusion rates respectively, At is the
current time step in the simulation, and Az is the differential length along the density
profile. It is important to keep track of both the iron ion density from [Equation 7|

(the final output of the trail model) and the neutral density in |[Equation § because

the chemical rate equations, [Equation 5 and [Equation 6| use [Fe™| and [Fe], which

change over time.
The ion and neutral diffusion coefficients D;, and D,,, can be calculated using the

following process laid out in (24):

2k T,
Di = ’ )
Mpelng
kyT,
Dn = ’ )
MpeVnn

Vngz = NNyOpzUng,

) 9)

Onx = ﬂ-(rx + TNQ) ’

|8k T,
Unz = )
T

MEeMN,

b
Mpe + My,

In the subscript x is either 7 or n referring to Fe™ and Fe respectively.

Vne is the average collision frequency in 1/s, 0, is the solid sphere collisional cross

14



section in m?, v,, is the average relative speed in m/s, and pu is the reduced mass
in kg. The values for unchanging constants in can be found in [Table 2|

In this model the most prevalent neutral molecule is N5, thus Ny’s parameters are

built into It should be noted that in the iron ion collisional

Table 2. Constants used to determine the ion diffusion coefficients in Values
for the constants were obtained from National Institute of Standards and Technology
(NIST)

Constant Value Units

ks, 1.38 x 107%  J/K
Mpe 9.27 x 10726 kg
my,  4.65x107%¢ kg
TFe 140 x 10712 m
TNy 364 x 1072 m

frequency v,; is not calculated via [Equation 9| This is because the hard sphere cross-
section is no longer a valid assumption when dealing with ions because the hard sphere
doesn’t take into count the polarization and electric effects. v,; is instead equal to
Vpi = 3.5 X 10 m3s™! x nyy (25).

For time marching, every time ¢ to t.,q, Fe and Fe' are solved at every grid
point along the profile in increments of At. At ¢ = 0, the ion density is at it’s
maximum, thus the loss rates are at a maximum as well. This requires a smaller
At at the beginning when sensitivity is crucial for increased accuracy. Subsequently
over time, as the peak ion density and loss rates decrease a larger At can be used so
save computation time. To determine the appropriate value for At at any given time,
At is solved for after every step using the Courant—Friedrichs—Lewy condition (CFL)
(26). The CFL states that At must be sufficiently small such that the distance travel
in At is smaller than the step size taken in the spatial dimension. The CFL used here
is
0.5Ax?

D

Atopr, = (10)

15



where D is the largest diffusion coefficient. However, the CLF only accounts for
diffusion excluding any chemical contributions. If the chemical ion loss rate is high,
a large At can cause an overshoot when using the finite difference method, thus
decreasing accuracy. So, a sufficiently small At needs to be calculated such that the
fractional decrease in peak ion density is controlled. Solving for At via chemistry

contribution is as follows:

1 x 10_3npeak

Atchem - 5 ( 1 ]-)

Rclpeak

where 1 x 1073 is the fraction of the peak ion density to reduce for at each time
step, Npeqr is the current peak ion density, and R peqr is the peak loss rate from
only chemical contributions. Finally, the At used at a given time step is the smaller
of Atcprp or Atcpem, thus always satisfying the CFL condition while accounting for
rapid chemical ion loss. Using a time loop, one can find the final ion density profile,
[Fet(z)], at any given time. This final ion density profile is then used as the Gaussian

lens to perturb a GPS signal.

3.1.2 Gaussian lens.

Using the ion density profile, the strength of the Gaussian lens, ¢y, can be calcu-

lated. The plasma frequency profile, f,(x), follows

1 [ée2n,
fp = 2_ )

™ Mme€o (12)
fo ~ 8.98\/n.,

where f, is the plasma frequency in Hz, e is the elementary charge of the electron, n.

3

is the electron density (ion density via quasi-neutrality) in m™2, m,. is the mass of the

electron, and ¢, is the permittivity of free space (14]). Then, the index of refraction

16



profile, n,(x), is calculated using

Iy

signal

My =4[1— (13)

where figna is the frequency of the signal passing through the meteor trail, in this case
GPS’s L1 band (fsigna = 1575.42 M Hz). Next, the difference in index of refraction

from the background refractive index, 74, is calculated:

An(z) = 1mp(2) = Mg (14)

Next, the strength of the lens is,

b0 = ks / " An(z) do, (15)

—xt

where kr; is the wave number (27/\11) of the GPS L1 frequency and the bounds of
the integral cover the entire trail cross section. Lastly, from the ion density profile
obtained from diffusion and chemistry calculations, the trail radius rg, in m is the
half width at 1/e from maximum.

For the Gaussian lens made by a fireball trail with radius ry the complex electric
field at the ground after the GPS signal passes through the lens can be found by

taking a power series of [Equation 1| as outlined in (I7) to obtain

- Z¢0 . _1/2 n22
(14 2niX —_—_ 16
nz:% (1 2niX) eXp{ 1+ 2nix [ (16)
where X is
T
X = 17

17



and z is the desired ground spread length and Z is

7 == 18
(18)

where z is the altitude of the fireball trail. By truncating after 100
terms, a very close approximation to the true electric field can be quickly found by a
computer. Finally, the phase of the signal after passing through the meteor trail at
the ground, a distance z, can be found by taking ¢ = tan ' (Einaginary/ Erear) and the

signal’s intensity is [ = |E|2.

3.2 Results

The simulation outlined in the previous section was performed for five different
scenarios, four of which are based on real measured events while one is a theoretical
ideal scenario for maximal detection. Of the four measured events, three are of reentry
vehicles (Stardust, Apollo capsule, and Ram-C), the remaining one is of a fireball.
Due to the rarity of large meteors entering Earth’s atmosphere as well as detection
issues outlined in Chapter II, measurements of ion densities in large meteor trails are
rare. In lieu of meteor measurements, reentry vehicle measurements were used. The
reentry vehicle measurements take place at typical fireball altitudes and produce ion
densities similar to fireballs, making them good proxy measurements. contains
the measured ion densities and altitudes for each scenario including the theoretical
ideal scenario for detection. The ion densities in are used as the initial peak
ion densities for the model.

Each of the five scenarios occur at different altitudes as shown in [Table 3l For
each altitude various parameters pertaining to the model change. contains all

the altitude dependent variables. The background temperature and ion densities were

18



Table 3. For the five different simulated events each sources ion density in m—3, and
altitude in km are shown. The three reentry vehicle’s data are from (27)) and the fireball

data is from (28).

Source Peak Ton Density (m™2) Altitude (km)
Fireball 1x10% 50
Ram-C 1x10'8 60
Apollo Capsule 3x10% 75
Stardust 2x10% 81
Ideal 1x10% 90

obtained from IRI. The neutral densities were obtained from the Mass Spectrometer
Incoherent Scatter model (MSIS), (29) except for Oz, which was taken from (30). Both
IRI and MSIS were run at local midnight over Japan at latitude 37° and longitude
of 140°. Local midnight was selected because it has low surrounding ion density
compared to local noon (14)).

Table 4. Initial input parameters for the meteor model at each altitude. Neutral
concentrations were obtained from MSIS and temperature and ion concentrations were

obtained from IRI. Both MSIS and IRI were run at local midnight at latitude of 37°
and longitude of 140°.

Altitude Temperature N, O, @) Os Of NO* Ne
(km) (K) (m=?) (m™®) (m7?) (m=?) (m™®) (m>?) (m™)
x10¥  x10Y  x10% %10 %n. %n. x107
90 179.7 5.169 1.320 178.5 8.5 0.5 99.5 49.38
81 190.1 30.88 8.188  4.292 8.0 0 100 0.302

75 200.6 68.63 18.30 0.144 7.5 0 0 0

60 241.7 289.5  149.2 0 6.0 0 0 0

50 262.8 1920 515.0 0 5.0 0 0 0

While discussing the upcoming five scenarios, the term detection or detectable
level is determined by the lens strength and radius combination producing either a
detectable (above the noise floor) Sy > 0.1 or phase standard deviation, o4 > 0.03
rad after the signal passes through the trail, as measured by a ground based GPS

receiver.
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3.2.1 Fireball.

Using input values from [Table 3| and [Table 4] at 50 £m, ion density profiles were

calculated at various times. As displayed in the time to reach a small ¢, the
lens strength, is very quick at milliseconds. Also, the trail’s radius did not increase
significantly over time as the diffusion rate requires a longer time for trail radius
expansion. This is due to the loss rate for chemistry (diving the peak ion density
down) being many orders of magnitude stronger than the peak ion diffusion rate as
displayed in [Figure 7l The last detectable ¢q is ¢g = —3.0 radians at a trail radius of
3.5 m.
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Figure 6. The ion density profile at various times. For each profile a time in seconds,
lens strength ¢ in radians, and a trail radius in meters is shown. The dashed line is
the point at which the trail’s plasma frequency is equal to GPS’s L1 frequency.
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Figure 7. The peak loss rates at the last time step for the Fireball scenario. The
green line is the ion loss rate due to chemistry. The blue line is the ion loss due to
the diffusion of ions, and the orange line is the neutral loss rate due to the diffusion of
neutrals.

Using ¢9 = —3.0 rad and a trail radius of 3.5 m, the plane wave diffraction was

simulated, the results of which can be found in [Figures 811} [Figure 8 shows the GPS

signals normalized intensity as a function of ground spread in km.
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Figure 8. The resulting normalized intensity after passing through the fireball trail at
an altitude of 50 km with ¢y = —3.0 rads and r = 3.5 m. The blue dashed line shows the
noise floor and the red dotted line shows the rolling S, with a window of 1 km.

Plotted on as a dashed blue line, is the 0.1 noise floor discussed in
Chapter II. The dotted red line is the rolling S, calculation with a window of 1 km.
"Table 5| contains the important results from the four figures including the maximum
S, value, which is above the noise floor for this scenario. Thus, the scintillation caused

by this fireball scenario could be measured.
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Figure 9. The resulting signal phase after passing through the fireball trail at an

altitude of 50 km with ¢y = —3.0 radians and r = 3.5 m. The blue dashed line shows the
noise floor and the yellow dotted line shows the o4 calculated with a 1 km window.

Shown in [Figure 9| and [Table 5| the maximum standard deviation of the phase oy,

is also above the 0.03 rad noise floor suggesting that the phase scintillation could be

measured. is a power spectrum of the signal intensity whose important
features can be found in [Table 5l
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Figure 10. The power spectrum of the signal intensity after passing through the trail
at an altitude of 50 km with ¢y = —3.0 rads and r = 3.5 m.

shows the wavelet spectrogram of the intensity. Looking at the shape
the wavelet makes, could help identify the fireball in the data because of the unique
inverted V-shape the wavelet transform makes that would not be seen in random noise.
The V-shape, or inverted V-Shape is a wavelet spectrogram is known as a chirp. The
wavelet spectrogram could also be helpful in situations where the intensity S, is not

above the noise floor as the wavelet spectrogram could reveal the a chirp in the data.
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Figure 11. The wavelet spectrogram (PSD as a function of ground spread) of the signal
after passing through the trail at an altitude of 50 km with ¢y = —3.0 rads and r = 3.5m.

Even though the instantaneous phase can be measured, the fireball will become
undetectable in milliseconds. This is due to its low altitude causing very small diffu-
sion coefficient, thus limiting the trail radius. More importantly, high concentrations
of neutral species cause the iron ions to recombine rapidly, dropping the peak ion
density to undetectable levels well before the GPS signal could be perturbed by the
trail. To be able to detect the trail the GPS must cross the entire trail cross-section.
If the trail doesn’t last for at least 0.5 seconds, the GPS receiver will not be able to

detect the entire ground spread as discussed in Chapter II, GPS.
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Table 5. Important results for the fireball scenario with the trail at an altitude of 50
km with ¢9 = —3.0 rads and r = 3.5m.

Sy Max = 0.18
opni Max [rad] = 0.08
Peak frequency [1/km] = 4.07

3.2.2 Ram-C.

Increasing the altitude to 60 km, Ram-C’s ion density profiles can be seen in
Figure 12| For Ram-C the radius doesn’t change during this time frame despite being
at a higher altitude than the previous fireball scenario. This is because the initial
ion density is low compared to the fireball’s initial ion density, thus Ram-C’s peak
density is reduced to undetectable levels before it has the time to diffuse. Even though
the total detectable time (0.038 sec) is longer for Ram-C than the fireball scenario
(0.0028 sec), the time is still too quick for detection. However, if detection timing
was sufficient, the lowest detectable lens strength is ¢y = —1.3 with a trail radius of
3 m. Using the previous two values, lens strength and radius, the effect of the trail

on the simulated signal as measured by a ground based GPS receiver can be seen in

[Figure 13| and [Figure 14}
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Figure 12. The ion density profile at various times. For each profile a time in seconds,
lens strength ¢ in radians, and a trail radius in meters is shown. The dashed line is

20 30

the point at which the trail’s plasma frequency is equal to GPS’s L1 frequency.
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Figure 13. The resulting normalized intensity after passing through the fireball trail at
an altitude of 60 km with ¢y = —1.3 rads and r = 3 m. The blue dashed line shows the
noise floor and the red dotted line shows the rolling S, with a window of 1 km.

As displayed in Ram-C’s maximum S, is not over the noise floor of 0.1.
This is likely because the peak ion density at the last detectable time is low enough
to cause a low lens strength. At ¢t = 3.4 x 1072 sec, ¢y = —2.7 rads, and r = 3 m,
Ram-C’s S; maximum is 0.13, which is above the noise floor. However, at the last
detect time, Ram-C’s maximum Sy is not over the noise floor of 0.1 but, o4 displayed
in is over the noise floor and could be detected. is a power
spectrum of the signal and shows the wavelets. Their important features
can be found in [Table 6l
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Figure 14. The resulting signal phase after passing through the fireball trail at an
altitude of 60 km with ¢y = —1.3 rads and r = 3m. The blue dashed line shows the noise
floor and the yellow dotted line shows the o4 calculated with a 1 km window.
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Figure 15. The power spectrum of the signal intensity after passing through the trail
at an altitude of 60 km with ¢y = —1.3 rads and r = 3 m.
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Figure 16. The wavelet spectrogram (PSD as a function of ground spread) of the signal
after passing through the trail at an altitude of 60 km with ¢y = —1.3 rads and r = 3m.

Ram-C would not likely be detected, again due to a short lifetime before peak ion
density is reduced to undetectable levels. Like in the fireball scenario, the problem for
detection is with the low altitude causing a small diffusion coefficient, thus limiting
the trail radius and high concentrations of neutral species causing the iron ions to
recombine rapidly, dropping the peak ion density to undetectable levels well before

the GPS signal could be perturbed by the trail.
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Table 6. Important results from Ram-C’s trail at an altitude of 60 km with ¢y = —1.3
rads and r = 3 m.

Sy Max = 0.086
opni Max [rad] = 0.042
Peak frequency [1/km] = 4.971

3.2.3 Apollo Capsule.

Increasing in altitude to 75 km, the Apollo capsule’s ion density profile displayed
in shows a longer range of time, approximately one second, compared to
the previous two scenarios. With one second of elevated ion density the likelihood of
signal crossing and detection from GPS is now feasible. Also, at this altitude and the
longer time, diffusion is able to increase the trail radius to more than double that of
the previous scenarios. The last detectable lens strength is ¢y = —5.9 rads at a trail
radius of 7.5 m. Once more, using the lens strength and radius, the effect on the GPS

signal can be simulated.
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Figure 17. The ion density profile at various times. For each profile a time in seconds,

lens strength ¢ in radians, and a trail radius in meters is shown. The dashed line is
the point at which the trail’s plasma frequency is equal to GPS’s L1 frequency.

Displayed in [Figure 18 and [Table 7] it can be seen that the Apollo capsule’s Sy is

above the noise floor. Though an Sy of 0.3 is generally considered a significant event,

Apollo capsule’s Sy peak at approximately 0.211 is likely to be seen in the data.
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Figure 18. The resulting normalized intensity after passing through the fireball trail at
an altitude of 75 km with ¢y = —5.9 rads and r = 7.5 m. The blue dashed line shows the
noise floor and the red dotted line shows the rolling S, with a window of 1 km.

Apollo’s o, is also above the noise floor and high enough that detection is likely

(Figure 19 and [Table 7)).
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Figure 19. The resulting signal phase after passing through the fireball trail at an
altitude of 75 km with ¢y = —5.9 rads and r = 7.5 m. The blue dashed line shows the
noise floor and the yellow dotted line shows the o4 calculated with a 1 km window.

is a power spectrum of the signal and shows the wavelets.
Their important features can be found in [Table 7
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Figure 20. The power spectrum of the signal intensity after passing through the trail
at an altitude of 75 km with ¢y = —5.9 rads and r = 7.5 m.
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Figure 21. The wavelet spectrogram (PSD as a function of ground spread) of the signal
after passing through the trail at an altitude of 75 km with ¢y = —5.9 rads and r = 7.5m.

Apollo is the first of the five scenarios that detection is feasible because the trail
remained detectable long enough for a GPS signal to pass though trial to get an entire
ground spread signal at a receiver. Apollo’s high altitude and high initial ion density

enabled it to last long enough for detection and for the trail’s radius increase through

diffusion.
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Table 7. Important results from Apollo capsule’s trail at an altitude of 75 km with
¢o = —5.9 rads and r = 7.5 m.

Sy Max = 0.211
opni Max [rad] = 0.097
Peak frequency [1/km] = 2.084

3.2.4 Stardust.

Stardust, with an altitude of 81 km, which is greater than the previous examples,
has sufficiently high diffusion coefficients such that trail radius nearly doubles allowing
significant diffusion of the trail radius. However, by the time the trail radius diffuses
to large radii the lens strength dips below detection giving a final detectable radius
at 7.5 m just like the Apollo capsule. The difference between Stardust and the
Apollo capsule is that Stardust’s trail lasts for almost five seconds before becoming
undetectable. During that period it reaches a maximum trail radius of 8 m, and lens

strength of -43.8 rads at 1.3 seconds.
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Figure 22. The ion density profile at various times. For each profile a time in seconds,

lens strength ¢ in radians, and a trail radius in meters is shown. The dashed line is
the point at which the trail’s plasma frequency is equal to GPS’s L1 frequency.

Analyzing the last detectable time at 4.3 seconds, lens strength of -1.1 rads, and a
trail radius of 7.5 m, shows the GPS signal intensity after passing through
the trail. contains the maximum S, value, which is only slightly above the
noise floor, not strong enough for it to stand out prominently in the data.

shows the signal phase after passing through Stardust’s trail.

40



=
N
1

=
o

o
o

— intensity
..... S4

Intensity [normalized]
o o
» o

o
N

o
o

Ground Spread [km]

Figure 23. The resulting normalized intensity after passing through the fireball trail at
an altitude of 81 km with ¢y = —1.1 rads and r = 7.5 m. The blue dashed line shows the
noise floor and the red dotted line shows the rolling S, with a window of 1 km.
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Figure 24. The resulting signal phase after passing through the fireball trail at an
altitude of 81 km with ¢y = —1.1 rads and r = 7.5 m. The blue dashed line shows the
noise floor and the yellow dotted line shows the o4 calculated with a 1 km window.

The maximum o4 at 0.06 rad is well above the noise floor and thus has a high

likelihood of showing prominently in the data.
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Figure 25. The power spectrum of the signal intensity after passing through the trail
at an altitude of 81 km with ¢y = —1.1 rads and r = 7.5 m.
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Figure 26. The wavelet spectrogram (PSD as a function of ground spread) of the signal
after passing through the trail at an altitude of 81 km with ¢y = —1.1 rads and r = 7.5m.

is a power spectrum of the signal and shows the wavelets.
Their important features can be found in [Table §

Table 8. Important results from Stardust’s trail at an altitude of 81 km with ¢g = —1.1
rads and r =7.5m

Sy Max = 0.130
opni Max [rad] = 0.064
Peak frequency [1/km] = 4.490

Based on the phase, Stardust’s trail would likely be detected by a ground-based
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GPS receiver. The phase at the ground plane shown in is for the last
detectable time. This means the all the previous times would have a much greater
effect on the signal and would also be detectable. With 4.7 seconds of detectable

time, Stardust’s trail would likely be observed in the data.

3.2.5 Ideal Scenario.

Based on the previous scenarios the ideal scenario for detection of a fireball trail
would be at the highest altitude for fireball trail formation with sufficient ionization,
in this case 90 km, and would also have a high initial ion density so that the trail
has time to diffuse. The initial parameters for the ideal scenario are shown in [Table 3

and the resulting ion density profiles over time are shown in [Figure 27]
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Figure 27. The ion density profile at various times. For each profile a time in seconds,
lens strength ¢ in radians, and a trail radius in meters is shown. The dashed line is

60

the point at which the trail’s plasma frequency is equal to GPS’s L1 frequency.

After 60 seconds the ideal scenario remained above a detectable lens strength.
The trails radius starts to grow fast over time as displayed in [Figure 27 This is
because at later times the peak chemistry loss rate dips below the diffusion loss rate,
as displayed in |[Figure 28, At 60 seconds the lens strength is -0.3 radians and the trail
radius is 22.5 m. shows the signal intensity after passing through an ideal

trail with the previous parameters.
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Figure 28. The peak loss rates at the last time step for the Ideal scenario at an altitude
of 90 km. The green line is the ion loss rate due to chemistry. The blue line is the ion
loss due to the diffusion of ions, and the orange line is the neutral loss rate due to the
diffusion of neutrals.
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Figure 29. The resulting normalized intensity after passing through the fireball trail
at an altitude of 90 km with ¢y = —0.3 rads and r = 22.5m. The blue dashed line shows
the noise floor and the red dotted line shows the rolling S, with a window of 1 km.

This is the first scenario in which the signal’s intensity profile is well defined. A
symmetric diffraction pattern with a dip in the middle could be a unique pattern
in the data, similar to the u-shaped intensity observed for sporadic-E in GPS-RO

measurements (6). However, the maximum Sy is not above the noise floor. [Figure 30

shows the phase after passing through an ideal trail.
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Figure 30. The resulting signal phase after passing through the fireball trail at an
altitude of 90 km with ¢y = —0.3 rads and r = 22.5 m. The blue dashed line shows the
noise floor and the yellow dotted line shows the o4 calculated with a 1 km window.

Figure 30] also shows a distinct symmetric pattern in the phase. The maximum
o, found in is above the noise floor and very pronounced, thus would appear

in the data.
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Figure 31. The power spectrum of the signal intensity after passing through the trail
at an altitude of 90 km with ¢y = —0.3 rads and r = 22.5m.
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Figure 32. The wavelet spectrogram (PSD as a function of ground spread) of the signal
after passing through the trail at an altitude of 90 km with ¢y = —0.3 rads and r = 22.5m.

is a power spectrum of the signal, whose important features can be

found in [Table 9. |Figure 32| shows the wavelets. In this case the wavelet shows a

V-shaped chirp. Also this scenario is the first whose Sy is below the noise floor, thus

making the wavelet specrogram a possible useful tool to still detect a fireball using

the intensity data.
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Table 9. Important results from the ideal trail at an altitude of 90 km with ¢y = —0.3
rads and r = 22.5m.

Sy Max = 0.064
opni Max [rad] = 0.037
Peak frequency [1/km] = 4.811

Based on all factors, detection time, S4, and o4 the ideal scenario has a high
probability of detection by a ground based GPS receiver. It is also not unreasonable
to find a fireball with these initial parameters. It’s important to note that in all the
scenarios looked at, only the last detectable case was used. This last detectable case
will always the the closest to not being detected and the least pronounced. What this
means is, all time steps before the last detectable case will be even more detectable
and more pronounced. This is why in the ideal scenario the S; was the worst of all

scenarios, while the ideal scenario initial conditions still being the best for detection.
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IV. Conclusions

This study analyzed the feasibility of detecting a fireball trail using a ground
based GPS receiver. First, the interactions between the meteor trail and ionosphere
were modeled including, the predominate interactions of diffusion and recombination
providing time dependent ion density profiles at various altitudes. The resulting ion
density profiles are used to simulate the perturbation of GPS signals passing through
the trail. Through analysis of the resulting signal intensity Ss and oy, detection
feasibility can be determined.

For a meteor that is predominately iron with an initial radius of 2 m, five different
scenarios were modeled. Fach scenario varied the altitude and the initial peak ion
density. For the first two scenarios, a fireball at 50 km and the Ram-C reentry
vehicle at 60 km, the trail ion densities were reduced to undetectable levels within
milliseconds. Given the cadence of a GPS receiver and the GPS signal traverse time,
detection times less than a second will not appear in the data, rendering these two
scenarios unfeasible for detection.

The third scenario, Apollo capsule at 75 km, had just over one second of detectable
ion densities. For the last detectable profile, the Sy was below the noise floor but oy
was above the noise floor, thus all ion profiles before this time will be detectable.
Apollo was the first scenario to show significant trail diffusion due to its increased
altitude, thus increasing the likelihood of detection. This means that the Apollo
capsule is the lower bound for initial trail conditions for detection using GPS signals
measured at a ground station.

For the forth scenario, Stardust at 81 km, a strong signal lasted 4.7 seconds before
dropping below detection and had similar trail diffusion to Ram-C. Also like Ram-C,
Stardust’s S4 was too close to the noise floor to be noticed in the data, though its o

was above the noise floor and would likely be observed in the data.
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Scenario five was a theoretical ideal scenario. Based on the previous four scenarios
the major determining factor for detection is altitude. This is because at a high
altitude the ion density is not rapidly recombined and the diffusion coefficients are
high enough to allow significant trail diffusion. The ideal scenario was at 90 km,
the highest altitude with sufficient fireball densities for observation. The results from
the ideal scenario showed 60 seconds of detectable ion densities. The resulting GPS
signal after passing through a trail with the last ion density profile showed an S,
above -0.06, which is not above the 0.1 noise floor. However, o4 was above the noise
floor. Although, the S, in the ideal scenario was below the noise floor, the wavelet
spectrogram of the intensity data reveals a pronounced chirp pattern, which could
lead to detection using the intensity data. In conclusion, it is feasible that a fireball
trail can be detected by analyzing the resulting amplitude and phase after a GPS
signal passes through a meteor trail given that the meteor trail has a sufficiently high
initial ion density, above approximately 10'® m™3, and occurs at an altitude above
approximately 75 km.

There are several future considerations for improving this model. The model could
be made more robust by including electric and magnetic effect, thus enabling a greater
altitude range. Also, the chemistry could be expanded to include anions which might
increase the overall density. Lastly, the model could be expanded to account for a
more dynamic atmosphere environment. Including turbulence and wind shear to the
trail model. The most prudent extension would be to analyze GEONET GPS data
after known fireball sightings to test this simulated feasibility. Also these methods
could be applied to different situations other than GPS. Tools like high frequency and

very high frequency radars could be used in a similar way.
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