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ABSTRACT

SRI International, in coordination with tHéniversity of Michigan, is leadinghe Radio Aurora
eXplorer (RAX) mision. This mission aims to measuhe intensity of plasma irregularities in
the auroralonosphere. Our Major Qualifying Project was concerned with constructing a realistic
simulation of the bstatic satdite-radar system and generagntheticradardata. Moreover, it

was also requiretb develop deconvolution algorithms to invert the synthetadlardata so as to
deduce the intensity and magic field alignmenbf the irregularities.
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Executive Summary
The Radio Aurora eplorer (RAX) mission is the first satellite mission funded by the NatiGt&nce

Foundation (NSF)This mission ha®r. Hasan Bahcivan of SRI Internatiorza the principal investigator
and Dr. James Cutler of University of Michigas the ceprincipal nvestigator. The satelliie scheduled
to be launcted in Decembel009 from Kodak, Alaska launch is supported by thBepartment of
Defense Space Test Program.

The primary objective of the RAX mission is to characterize the turbulend¢kee form of plama
irregularities of the ionospheiia the aurorhregions.Plasmaturbulencedegradessommunication and
navigation signals and studying it would help improgarrent communication and navigation
technologiesIn addition to this, the components of thebuience parallel to the magnetic field lines
dissipate immense energy due to the joule heating phenomenon that takes place. The amount of energy

dissipated by the amount of turbulence is related to the alignment of these irregularities.

Our Major Qualifying Project (MQP) is a feasibility check for the RAX missidme goal ofour project
is to construch realistic simulation of the grourtd-space bistatic satelliteradarsystemand determine
how well we can resolve the ionospheric gutarities in altitude andheir alignmentwith the gee
magnetic field linesAnother keyfocus of theMQP is to develop robust and accurateadavolution
algorithms to invert synthetic radand satellitedataobtained from the simulation in ord&r determine
how well the intensity information of the irregularities can be deduced and also refirmghkar

resolution of the bstatic satelliteradar system.

The Poker Flat Incoherent Scatter Rad&FISR directs an electromagnetibeam towards the
ionosphere.The ionospheric irregularities which lie on the path lofs tbeamscatter the incident
electromagnetic energy in the shape of hollow coAssthe RAXsatellitemoves in its orbijtit passes
through the conical scattering regions and takes me@asmts. The measurements are tagged with
altitudes (h1& h2) and aspect angled the scattering target¥he aspect angle tells tmw well the

irregularitiesare alignedvith the geemagnetic field lines.

The PFISRwas built at SRI and is now locatéd Poker Flat, Alaska. It has been used by scientist for
various space weather related experiments and can be basically thought of as the function generator in our
experiment. Th&FISRbeam is about®l The narrow beam width is extremely important adlaves for

higher resolution measurements
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We generated an ambiguity function using the synthetic radar data. It tells us that our altitude resolution is

around 5 km while our angular resolution is around 1° to 2°.

Our whole experiment is characterizedtbg following equation:

S,j = i h,d |(h,d)
hd

Where | (h, d) represents the irregularity intensi:
andy;; h,d isthe Point spreadinction. ¥;; h,d quantizes the electromagnetic beam traneaily

the PFISR and determines which part of the beamlusnihating which part of the ionosphere
Convolving these two functions gives 8s, the datasamplegathered by the satellitlere,i represents

the index of the pulses that are sent fromrddar and j represents the time differefmeindex)between

the sent and received signals.

We then add noise and uncertainty§tn to compensate for the noise and uncertainty that will be present

in the actual sampleJhe uncertainty is due to the random nature of the scatterougss and noise is
the receiver additive noise

Although S, has noise and uncertainty, we knprecisdy they;; h,d function. Starting from théwo
functions, wewill to determinghe parameters of ( h , d) as accuratel yTheas poss

accuracy of the estimated irregularity parameter was testeddyntigesizing the ;Sand comparing it to

the actual one.

For the deonvolution three different algorithms were des@gh and tested. The first one was the
exhaustive method whiclvent through all the possible values of the parameters and finds the ones that
best fit the actual modeThe second was the steepest descent, which involved making an educated guess
and lookingaround it and taking the paittith least erroto the ideal value. Although accurate, both these

processes were computationally intensive and required too much time.

The third method h a t we used wawith [Nastvequare drer mmimizatomitich was

both accurate and fast. It involved making an educated guess of the parameter values using exhaustive
method against lower resolution data, findihg correction values and then subtracting the correction
values from the first guess to find thext guessThe process of finding the correction and deducting it

from the guess was repeated until the guess converges to a final value. Due to the presence of error and

uncertainty we had certain margin of error in our results.
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The following graph#ighlights the error afterdeo nv ol ut i on has been perfor mec

for a range of noise and uncertainty values.
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Plot of error in thedeconvolution results

The graph shows that for lomoise and uncertainty vada our estimates of & n ¢ aredhighly accurate.

Even for higher noise and uncertainty values, our estimates are fairly accurate, vefifids the
robustnesand effectivenessf our algorithm. In general, we achieh@ 10% error margin in irregularity

intensity and 0.1° error angin in aspect anglelhis highresolutionin aspect angle hasever been

achieved before in any rocket or satellite based measurement system of magnetic field alignment of
ionospheric irregularities. Thiswilbe he f i r st ti me t lndistatic dallteadae i N g dc
system. Conventi onal |-statidradér svhich diccnot altbw forehighurssolutimn mo n o

aspect angléL0° maxmum).

The RAX data inversion for mapping ionospheric irregularities has been successfully comfileted.
realistic simulation othe nancsatellite radasystem has been constructized ambiguity functions for
changing satellite positions and PFISR beam direction have been designed where we achievédup to 5

of altitude resolution and-2° of angular reolution. The deonvolution code to compile multiple satellite
readings to highly resolve the irregularities in altitude and aspect angle has been tested and verified. It is
accurate for up to 0.1° angular accuracy ankmi of altitude resolutiorwith 20% error margin in
irregularity intensity.The deconvolution code could be further built on for more robustness and speed

using the samprinciples and will be furtheworked on by the staff at SRI International.
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1 Introduction
Our MajorQual i fying Project i s a compl e m¢plotr (RAX) SRI
mission. It will verify the feasibility of the RAX nission by creating a realistic simulation of the

experiment. In this section we will introduce both proj€e¢t®1 andRAX) and discuss their objectives.

1.1 Radio Aurora Mission
SRI | nt e Radi@ AuracranMiskidn swilimplement an innovative idea of using a satel#dar

combination to study the plasma irregularities in the ionospheric irregularities. Understanding the plasma

irregularities will help improve technologies in fields of radio communication and navigatio

1.1.1 Scienceobjectives
The primary objective of the RAX mission is to characterize the ionospheric turbulence in the auroral

regions. It aims to determine the altitude distribution of #égitude irregularities as a function tfe
convection electric fid (Ec) and also determine the alignment of these irregularitiesthéice ar t h 6 s
magnetic field lines. Moreover, the mission will try to quantize the amplitudes of wave parallel electric

fields (g) and the electromagnetic energy dissipated by liretBe form of joule heat dissipation.

1.1.2 A schematic of the experiment

9
£
o,
o
of
o:
cCs
=
RAX/Cube Sat )
«\ . "
\'\\,3?/3/
AN
B>
\onosP

PFISR )i

Figurel.1.1 A schematic of the experiment
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As it can be seen inigure 1.1-1, the PFISR is used to transrait electromagnetic bearowardsthe
ionosphere. Mosbf that energy passeabrough the ionosphere while a very small fractwhit is
scattered byheirregularities present in the ionosphere. The scattering occurs in a hollow conical shape.
As the satellite orbits the earth, it passes through these conical regions, taking measurements of the
amount of energy scattered at different altitudesnd aspct angle . Tdie aspect angle is a measure of

how well the irregularities in the ionosphere are aligned with the magnetic field of the earth.
Quantitatively, it is 90° minus the angle between the magnetic field lines and the bisector of the angle
betweenthe incident beam and refracted beam. Takingdlneeasurements allow us to determthe
intensities and aspect angle width of the ionospheric turbulence in thel aegioas.

1.1.3 Therole of the PFISR
The Poker Flat Incoherent Scatter Radar (PFISR) is wasi#ldminate the ionospheric irregularities. It is

used to direct a known amount of energy in a known direction in the ionosphere. The energy dissipated is
reflected off the irregularities in the ionosphere in the direction of the satellite. The PFsStReha
capability of generating a very narrow beam of energy which can easily be electronically steered in
azimuth, elevation and intensity, without involving any mechanical parts. Sending a large amount of radar
power in a narrow beam is of paramount intance for our project since it affects the sensitivity and

resolution of the whole system.

1.1.4 Therole of the RAX
Set to be launched in Decemi2809, the Radio Aurora giorer (RAX) is used to receive the scattered

radi ation, r ef er moendhe tormsplese arfd pafari on b@ard radamrabprocessing

in space. The principle payload is a radar receiver which will measure the amplitude and phase of the
radio aurora along the satellite track. The signals will be sampled at 1 MHz and storad..20 GB

radar buffer memory where they will be pgsbcessed by the payload processor. The satellite will orbit

the earth on a circular orbit #te height of 650 km from the ground with inclination 72° at a speed of

approximately 8000n/s.
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1.2 Objectives
The objective of the Radio Aurora Explorer (RAX) satellite mission is to map ionospheric irreguésities

a function ofaltitudeandaspectnglewith high resolutionThe goal of our Major Qualifying Project is to
determine how well these irregulites can be resolved in altitude and aspect angle and to characterize
their alignment with the gemagnetic field lines.

The project involves constructing a realistic simulation of the gracispace bistatic system and in the
processdetermining thePFISR and RAXradiation pattern,developing robust geometry to accurately
locate irregularities and determining scattering zones of these irregularities. The synthetic radar data that
is measured by the satellite will then bead®volved to map irregularityntensities anaharacterize the
altitudinal and angular resolution thfe bistatic PFISRRAX system.
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2 Background

2.1 The Auroral Electrojet
Arroral electrojet refers to the current that flows in the D and E regiong afuforal ionosphere.

2.2 lonospheric irregularities
lonospheric irregularities are plaanrregularities that lie between the altitudes of 80 km and 500 km in

the thermosphere. The auroal electrajetgularities are densenear the 100 km altitude.hE moion of

the ionized particlesjn the electrojetcause turbulence in the region. The turbulence interferes with
communication and navigation signals, as such, studying and understanding the irregularities will help
improve the respective technologies. Moreover, due to the irregulagpedially those parallel to the
magnetic field lines), immense energy is dissipated in form of joule heating. As such the irregularities

have been the sudgjt of interest for spaqehysicists.

2.3 Radio aurora
The aurora is the colorful display of lights thean be observed in the Northern and Southern Polar

Regions. Solar winds carrying charged atomic particles flow towards Earth, and the charged particles
collide with the atomic particles of t he magnet
electranagnetic radiation which forms the natural display of lights visible in the Polar Regjlumsadio

aurora is the scattered radiation from ionospheric irregularities illuminated by a radar.

2.4 PFISR
The Poker Flat Incoherent Scatter Radar is located in Fd&rAlaska and is used by scientists to study

the upper atmosphere and the ionosphere. This radar was built in a joint collaboration between the
National Science Foundation and SRI and is now operated by SRI. The radar is built using-aphgsed
antenna system which can be remotely controlled by scientists and the radar beam can be electronically

steered instantaneously to sense multiple regions of the ionosphere.

The radar consists of 128 panels. Each panel consists of 32 antenna element uniti® glacgk 4

rectangular array. The whole radar consists of 4@i8énnas as shown kigure2.4.1. The antennas are

of the crossed dipole type with two dipoles pthed 90 degrees to each other and excited with currents

which are 90 degrees out of phase (circular polarization) andecaperated at a frequency4f9MHz.

Since scientists can select whi ch antennlaéfs to t
generating different antenna patterns. PFISR is placed so that intsmethe direction of the magnetic

north
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Figure2.4.1 Poker Flat Incoherent Scatter Radar (PFISR)

By changing the phase dhe current in the different antenna elements the radar bmambe

electronically steered.
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2.5 Coordinate System
The geometry involved in this project uses Cartesian and Spherical coordinate systems. Also, in order to

represent the locations of radar, imkggities, and satellites we use Geocentric and Geodetic system.

2.5.1 Cartesian Coordinate System
Cartesian coordinate system contains three axes X, Y, and Z N7 Axis

that divides space into eight sdlvisions called octants. The .
system uses three values to uniquely identify a point in space: Q<y

x-coordinate, distance from the X axiscoordinate, distance

from the Y axis; zcoordinate, distance from the Z axis. These ~ 7 Axis
values can be either positive or negative. The intersection point
of the three axes is the origin where all three coordinates x, y

and z are zero. Figu25.1shows theaxes, eight octants and yx axis

how a point in space is represented in X, y and z coordinate.
Figure2.5.1 Cartesian coordinate system

2.5.2 Spherical Coordinate System

Spherical coordinate system, like the Cartesian system helps to A

represent a point in space. However, the coordinates used are z

different: radius (r), the distance of the point from the origin; ®

el evation (d), the positive angl%ei',.'r'/f:rom the z axi
azimuth (d), the amgxseto therom tihe piositlye

: N
1

orthogonal projection of the point in theyxplane.d ranges R

from OA to 180A while @G252anggs from OA to 360A.

shows how a point in space is represented in spherical syst

2.5.3 Geocentric System Figure2.5.2 Spheical coordinate system

Geocentric system is similar to spherical coordinate system. It 4
uses radial distance, longitude (azimuth in spherical system)
and longitude (elevation in spherical system) to represent

point. The only difference is that the geocentric latitud

(elevation is the positive angle from the equatory(lane) to

the radial distance. In this system, the origin represents [the

center of the earth. The Z axis is parallel to the earth's rotatigna
axis and points to the geographic North and the X axis lies?oK
theequator of earth and passes through the prime meridian. . Figure2.5.3 Geocentric system

the Earth is considered to be a perfect sphere.
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2.5.4 Geodetic System
Geodetic system is another coordinate system which can be used

to represent a location. It approximates the surface of the Earth
as an ellipsoid and uses altitude (h),tlatid e ( d) and
(a) to describe a point. Ge

perpendicular projection from the point to the surface of

ellipsoid. Geodetic latitude is different from geocentric latitu
it is the angle between the equatoqidne and the projection

perpendicular to the surface of the ellipsoid. Fig2ite4 shows

I i I tir
the representation of both altitude and longitude. GeodPFigurez_S_4A|titude and elevation of

longitude is the same as geocentric longitude. geodetic system

2.6 Scattering Geometry
The incident electromagnetic beamgeret ed by the PFI SR, which is

rotates about certain azimuth (U0), i's narrow
beam front. The irregularities falling within the path of the incident beam scadtsigihal in the form of
a hollow cone shape. The RAX passes through each cone and takes readingeoiftatry is shown in

Error! Reference source not found. Each reading of theatellite is tagged with certain volume of

s th
poin
wi t h

incident beam, aspect angle, altitude and geodetic location of ionospheric irregularity. Determining these

parameters involves complex geometry which is discussed in this section. The geometry involved can be

divided into the following steps:

1 Determining the geocentric location of the irregularity pointed by bore sight(center of the beam)

1 Computing the aspect angle at the geocentric location of the irregularity
1 Dividing the volume of incident beam into pieces whigkiniform in spherical domain
1

Finding location, altitude, aspect angle and j index of each volume piece

We have prepared software in FORTRAN that performs the above steps to provide us with the necessary

information. Detailed descriptions of the steps jarovided as follows.
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2.6.1 Computing irregularity's geocentric coordinates highlighted by bore sight
We are trying to find the geocentric coordinates of the ionospheriulargies illuminated by the center

of the radar beam; the beam pointing at ceainevati on (U) and rotate about
2.6.1shows different vectors and their geocentric longitudes that are used for the analysis of the location

of the irregularities.

Vector

- d I¥
Vectorl

GREENWIC
MERIDIAI

Figure2.6.1 The longitudes of the different vectors used

In figure above

C = Centerof the Earth
R
I

Location of the Radar

Location of the irregularity in ionosphere

Vector R = Position vector of the radar

Vector B = Vector with longitude opposite to Vector R angh&pendicular to Vector R
Vectorly = Vector with |l ongitude opposite to Vector R
Vector.Ly, = Vector with |l ongitude along Vector R and i s
Vector S = Vector that points from the rad R, to the ionospheric irregularity, |

Vector| = Position vector of the ionospheric irregularity, |

R U = Geocentric longitude of Vector R

Reli = Geocentric longitude of VectorsR
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Lnd
Lvad
S

R
Rel

Geocentric longitude of VectorL
Geocentridongitude of Vector L

Geocentric longitude of Vector S
Geocentric longitude of Vector |

Ly = -147.47° (Geocentric)

Lyd = RGO + 4 832.83° (Geocentric)

Figure 2.6.2below shows the vectors in a different angle to highlight thedcentric latitudes used for

the analysis of the location of the irregularities.

L VectorRp

Vector Ly

Vector S

e \\RYN EQuaTor |

Figure2.6.2 The latitudes of the different vectors used

In figure above,

Rd
Red
Lnd
Lvd
Sd
| d

Let

09)
Rd
Red
Lvd

Geocentric latitude of Vector R

Geocentric latitude of VectorgR

Geocentric latitude of VectorlL

Geocentric latitude of VectonL

Geocentric latitude of Vector S

Geocentric latitude of Vector |

® be the difference in geodetic
65.15°- 64.9828° = 0.1672°

64.9828° (Geocentric)

90°-Rd = 25.0172A (Geocentric)
Rd + @ = 65.15A (Geocentric)

9| Page

and

geocentr i



Lyd = 90°-Lyd = - @6A5R = 24.85° (Geocentric)

Among the vectors, L, can be considered the local vertical, the local North. Let us convert/land Ly

from Spherical to Cartesian coordinates.

LV = (va, LvY, va)
= ([Cos(vd) * V@D $, (WGos B, (MFI N (L
LN = (LNX, LNY, LNZ)

([Cos(lnd) * nGD ., (HdGos BU I, (MLHT M (L

Let the local East be represented by VectorNow,
Vector L = Vector Ly X (i Vector Ly)

Performing the cross product,
Le = (LvY *(-Ln2) T LyZ * (-LaY)], [-(LyX * (-LnZ2) T LyZ * (-LaX))],
[LyX* (-LNY) T LyY * (-LaX)])

The vectors I, Ly and Lg are mutually perpendicular to each other represented by fgéugbelow,
Z
Ly

Ly

Y
Lg

X

Figure2.6.3 Local East, North and Vertical at radar position are mutually perpendicular

Unit vectors of ly, Ly and Lg are thus,

ULV = Lvl |Lvl
ULN = LN/ |LN|
ULE = LE/ |LE|

Thus we have developed a coordinate system centered at the position of the radar with respect to the
geocentric system. We can manipulate any vector in this system and relate it to the geocentric system by

manipulating the unit vectors UL ULy and ULg.
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Vector S is essential to compute vector |, thus let us go ahead and find vector S. Vector S can be deduced

by using the unit vectors Ul. ULy and ULg. | f the radar i s poi rotated at C
about certain azimuth (U) and thedditsheamce bet wee:i
SIN=d * Cos (U) * Cos (U) -
SLE=d * Cos (U) * sSin (U0)
SLv=d * Sin (U0)

Z (Lv)

Then, Vector S in geocentric system is given by,

Sk = SLy* ULpWX + SLy * ULyX + SLe * ULeX Y {Ly)
Sy = SLy*ULWY +SLy*ULyY + SLe* ULgY

X (Lg)
S = Sly*ULnZ + SLy * ULyZ + Sle* ULeZ Figure2.6.4 Radar elevation, azimuth an

distance of irregularity location

Finally we can focus on findirg the components of the position vector of ionospheric irregularities,
vector |.
To find the components of Vector |, we convert Vector S and Vector R to their Cartesian form and then

add them up.

From our previous assumption, 6dé6 is the distanc

distance between center of Earth and radar then,

Rx =r * Cos (Rd) * Cos (RI) [rregularity
Ry =r * CoSi QRHURGY Vector S

— * 1
Rz =r Sin (Rd) Radar
Finally, Vector 1
Ix - Sx + Rx Vector R
ly = Sy+Ry

Center

1z = Sz+Rz

Figure2.6.5 Components of vector |
To convert the Cartesian coordinate back to Geocentric coordinate,

Ir = sgrt (Ix"2 + ly"2 + [z°2)

I d = arcTan (Iz/ (sqgrt (Ix*2 + ly*2)))

I G = arcTan (ly/Ix)
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Thuswe have the geometry to calculate geocentric coordinate of the ionospheric irregularity pointed by
the center of the beam.

2.6.2 Computing aspect angle at the geocentric location of irregularity
We would like to compute the aspect angle of the ionospheric lariips in order to observe their

alignment with Earthdéds magnetic |ines of forces.
aspect angle of the ionospheric irregularities.
Figure 2.6.6below shows different vectors that are used for thdyaisaof the aspect angle of the

ionospheric irregularities.

Vector E

Vector K,

Vector T
Vector |

C

Figure2.6.6 Aspect angle at the geocentric location of irregularity

In figure above,
C = Center of the Earth
R = Location of the Radar

I = Location of the irregularity in ionosphere

S = Location of the Satellite

Vector T = Position vector of the satellite

Vector| = Position vector of the ionospheric irregularity

Vector E = Vector of the magnetic field at location |

Vector K = Vectorthat points from the radar, R, to the ionospheric irregularity, |
Vector Kr = Vector that points from the ionospheric irregularity, 1, to the satellite, S
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Vector Kg
d

In figure 2.6.6, thevectors that need to be determined are vectoari€l K. The rest of the vectors are

Vector that bisects Vectorgéand Vector K

Aspect Angle + 90

known from the previous section for computing

First we compute Vector Kz
Vector Ky is given by the following relation,
Vector Kk = Vector Ti Vector |

Converting Vector T and Vector | to Cartesian,
Tx = Tr*r Cos(Td) * Cos(THUG)
Ty = Trr Cos(Td) * Sin(Td)
T, = Tr* Sin(Td)

Ilx = Ir* Cos(l d) * Cos (1 0G)
Iy = Ir* Cos(l d) * Sin(ld)
Iz = Ir* Sin(l d)

Now,
Vector Ke=  (Tx-Ix, Ty-ly, Tz-1)

Next, Let us compute Vector Ig

Vector Ky is the bisector of vector kKand Vector k. Vector K points from location R to location |. Let
us consider a new vectobWhose direction is opposite to that of vectqrttkus we will have vectors as
shown in figure2.6.7. Unit Vector of kg will be the resultant of adding unit vector of End unit vector
of Ko

Vector Kgp

Vector Kg

Vector Ko T
< Vector K;

L

-

Figure2.6.7 Computation of vector KB

As vector kK is the oppsite of vector Kwe have,

KOX = i K|X
KoY = TK)Y
KoZ = TK/Z
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And converting vector Kto Cartesian,

Krx = Kgrr*Cos(Krd) * g€ s ( K
Kgry Krr*Cos(Krd) * rB)i n ( K
Krz Krr* Sin(Kgd )

Now let us find the unit vectors of vector BEnd vector I,

UKR = KR/ IKRl
UKO = Oo/ |Ko|
Thus,

Uee = Ukr* Uko

Now to compute the d,
The d is the angl e beg Thisargle is the samneas th&angierbetweenethe urotr K
vector of Kz and the unit vector of E.

Unit vector of vector E is given by,
Us = E/IE|

To compute the angle betweepglhnd W we use the concept of dot products. The dot product of vector

Uks and UL is given by,

Ue-Ue = [Uel*[Ugd * Cos (d)
Thus,

d = arcCos(Ws. Ue/ (JUs| * |Ugl))
Where,

Uke.Ue = Uks'*Ue

Finally,

Aspectang | 890= d

2.6.3 Dividing the volume of incident beam into pieces which are uniform in spherical
domain

As mentioned in the beginning, the incident beam is narr

and has a spherical wave front. Also the beam is pointe«

certain elevation (U0) and rrtain

certain altitude (h) we can take the wave front of the beam

divide its volume into pieces uniform in the spherical doma

These volumes when multiplied by the power factor of t

Figure2.6.8 Radar beam
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radar depict how much of the electromagnetic energy propagates from the radar to the irregularity.

Figure2.6.9below shows how the total volunie being divided. The total volume, which is within 3° of
elevation about the bore sight and 360° of azimuth around the bore sight, is divided by breaking the
el evation in steps of dd which is 0. 1Ajngadepthaki ng
of dr which is 0.1 km.

Bore sigh

Bore sigh -7

R

Figure2.6.9 Division of beamvolume

The volume of each piece that is given by the following expression:
W=1i%2zsin —2 QA2 zd3

Where r is the distance from the radar to the volume piecdand s t he el evation angl e
to the volume piece. Thus in this way timeident beam is divided into volumes of pieces which is

uniform in the spherical domain.
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2.6.4 Finding location, altitude, aspect angle and j index of each volume piece

Each volume piece is characterized by a vector pointing from the radar to the pieceecitiscan be
deduced by rotating the bore sight about certain
of each piece and is determined while dividing the incident beam into pieces. After we find the vector, we

can determine the new loaatti, altitude, aspect angle and j index of each volume piece.

To find the vector pointing from the radar to the volume piece, we start 16
by adding d to the el ewv8é1Qi omeotfort heo

represents the result of adding the elevation. Vect

Thus,

Sé6d = Sd + d Vector S
S6dG = R Bore sight
Sér = Sr

Figure2.6.10 Addition of
elevation to bore sight

Next we setup the local Cartesian coordinate system. Fijarélshows the different vectors used to

setup the local Cartesian coordinate system.

Vector LY

Bore sight

R

Figure2.6.11 Local Cartesian coordinate system setup fach
beam volume division

In the figure2.17above,

R = Location of the Radar

I = Irregularity pointed by bore sight

|l 6 = lrregularity pointed by adding elevation, d,
VectorS = Bore sight
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Vect or Vsebct or formed by adding elevation, d, to th
Vect or Mecbt or pointing from | to 1|60

Vector LX = Local X axis

Vector LX = Local Z axis

Vectar LY = Local Y axis

Aswe canseeinfigu26.11, vector 116 is given by following re

Vect or= Melcot o Yect&@ &

The local Z axis is along vector S so they have the same azimuth and elevation. Only the radial distance,

6r 6, i sVectbrlLZfsgiverhy,t .

Lzd= Sd

Lzd= Sid

LZr = SriSr * Cos(d)

Vector LX is the resultant of vector 116 and vect
VectorLX = Vector LZ + Vector 116

Vector LY is mutually perpendicular to vector LX and vector LZ. Thus vector LY igdhbelt of the
cross product between vector LX and vector LZ.
Vector LY = Vector LZ X Vector LX

Thus we have successfully determined the local X, local Y, and local Z. Next we have to rotate the local
X, vector L X, G degr e e sas shdwa in figure2.6.£82 Lét ascnanhe thé newv e ct o1

resulting vector, vector RT.

[y
> —

| LY,

N
G >\ Vector RT
N

N

X,

L 16 6

Figure2.6.12 Rotation of local X about the
local Z
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The local xy and z coordinates of RT is given by,

RT.x =| Vector LX| * Cos ()
RTy =] Vector L X| * Sin(G)
RTLZ =0

Let ULX, ULY and ULZ be the unit vectors of the local X, Y and Z axis.

ULX = LX/|LX|
ULY = LY/|LY|
ULz = LZ/|LZ|

Now, the geocentric Cartesianardinates of RT is given by,

RTx = RTx*ULXx+ RTy*ULY x+ RTz*ULZx
RTy = RTx*ULXy+RTy*ULYy+RTz*ULZy
RT; = RTx*ULXz+RTy*ULYz+RTz*ULZ;
Next we find the vector 1166, whi chotheendofeatoror poi

RT, and is given by,
Vect or= Medtod RTi Vector LZ

Now the vector pointing from the radar to the volume piece is given by,

Vector newS = Vector S + Vector I 16

The position vector of the new Irregularity location is given by,
Vecdor newl = Vector R + vector news

Thus, we have the position vector of the new volume piece.

The vector pointing from the irregularity to the satellite is given by,
Vector | 606 Nectorns@ctor T

Hence we have successfully determined the locatidheofolume piece. As we know the position vector
of volume piece, the vector pointing from radar to the volume piece and the vector pointing from the

volume piece to the satellite, we can determine the aspect angle as discussed in the previous section.
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Solving for the altitude of the volume piece requires some mathematical processing. We know the vector
pointing from the radar to the irregularity. The Cartesian coordinates of the vector can be represented by

the following equation:

newg = Sy * ULnX + SLy * ULy X + SLe * UL X
news = Sy * ULNY + SLy * UL VY + SLe * ULgY
newg = Sy *ULnZ + SLy *ULyZ + SLe* ULeZ

We have three equations above and three unknowns SLN, SLV and SLE. The local vertical SLV gives us

the altitude of the irregularity.

Solvingfor the altitude, we get the following equation:

CRie oo
. 0Dz W0 W0 Y006 WORZ Yo oDz YI0hz Y00 e Y0RZ Wi H YW0H: Yo Yiah? Yo

The j index is the number formed by rounding off the time taken for wave to propagate from the radar to
the satellite after getting scattered. As we know the vector goingricdar to volume piece and volume
piece to satellite, we can find the total distance travelled. This distance when divided by the speed of light

gives us the total time of travel. And by rounding off the time taken we get the j index.
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3 Methodology

3.1 Physics Assumptions
The irregularity intensities are assumed to be uniform in horizontal direction. Hence, intensity depends

only on altitude and aspect angle. The aspect angle dependence is assumed to be Gaussian in the intensity
function | (h, d).

3.2 Forward Model
The forward model is formulated as

Sj= i hJ .IhJ (3.1)
hJ

where | (h,d) is the irregularity intensity functi

d . i; issthe point spread function which blurs the intensity function and $e data thas received by
the satellite] is the index of the pulse sent from the PFISR and j is theditay (index)between the

transmission and reception of the beam.

3.2.1 Irr egularity intensity function,1j Eh [
Il (h,d) is the irregul ari

ty intensity at different altitudes and aspect angles. The altitude is the vertical distance between the
irregularity location and the transmitting radar plane and the aspect angleisthe angleve en t he e ar

magnetic field line and bisector of radar incident and reflected beam.

In a simpler model it is modeled as a simple Gaussian function given bguh&on 3.2.

2

! (3.2)

h hg 2
I h] =1l,e ™ e

4|%

where his the altitudef i s t he aspedtheamraegling,er h of Gaussian he

altitude and aspect angle widths.

The equation is later modified assum of seven separaienple Gaussian functions as showreguation
3.3 toobtain higher altitude resolutioithe height range of the ionosphere that we are more concerned
about is from 90km to 120 km. Hencach of these individual Gaussian functions would be centered at
separation obkm from 90km to 120km which genoted by the value ofim the equation.
7 w 2 _.L 2
| h,f = ke Y e Y« (3.3)
k=1
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Sinceallfunct ns have hei ghgequals5dThd exmandedsvérsion of shd equation would
be:

heo? J 2 hos? | 2 h 1002 [ ? h 1052 J ?
lhf =lte 5 e Y1 +1be 5 e M2 +1e > e Mz +1l4,e > e Y
h 1102 2 h 115 2 | 2 h 1202 | 2
+lse 5 e Vs +lge > e Ms +1;e 5 e N7 (3.4)

3.2.2 Point spread function, J i;
¥i; is the point spread function in the forward model of the experimkith blurs the intensity function

It quantizs theelectromagnetic wave energy being transmitted from the PFISR and is constructed for
each satelliteposition, PFISR pointing angle, the magnetic field geometry, PFISR transmitter antenna
pattern, and RAX receiving antenna pattern.

In the initial phase of the project it was modeled a&ngle Gaussian, equation 3&md sinc function,
equat i gimas@alarcconstant.

5 hf

1]
o
o
(]
7
&
(]
-]
o

(3.5)

h
Shf = —» . —2 (3.6)

The equation was later modified to accommodate the volume of taebbadm being transmitted to the
ionosphere. A very narrow radar beam with a beam angle width of 3 degrees is projected to the
ionosphere that forms a conicshaph e vol ume of the beam is divided
function of change inleevati on angle (d), radar azimuth angl e

sightas discussed in section 2.7.3, where

v = (rsinf)yr) 1N (3.7)

The purpose of dividing radar beam into smaller quantitigswf i s t @owerénterssity ekadh lofe
thosehv with the data received by the satellite. For

model ag, j; refersto the sum of alli irom which the signals reach satellite at the same time.

Different satdite positions are chosen such that thewralues can be correlated with the radar pulse
numbertransmitted from the PFISRIhe pulses from radar are transferred at every 10ms. Hence the
distance between two consecutive satellite positions would be stenck travelled by the satellite in
10ms.
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For any given satellite position, the satellite samples at the frequency of 1MHz thus forming sample
window of 1ps, which is referred @sn the forward model. As said before, eaghs the summation of

energis reflected from all Ov that falls into that p:

The total number of j depends on the time delay between transmitted and received signal. Time delay is
given by the following equation.

distance from radar to irregularity + distance from irregularity to satellite

Time Delay = spoed of light (3.8)
Thenj index is given by the floor value of the following equation.
no_ Time Delay
L= RAX sampling time period foor value (3.9)
N o w ,function can be written as:
N
Sipht = (Psin(fi)ar An (3.10)
k=1
N
i hJ = v (in (311)
k=1
where k refers to total numberigfv  f oirandgpaiic h
¥i; is further modified to take into account varying power of beam at différent
N
di;hf = 1k Z2 (B ary hin (3.12)
k=1

Tk
P, was initially modeled as a Gaussian functen¥ and later replaced by the actual PFIS&Rver
gain patternn section 4.1
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3.2.3 S,J
S(h,d) is the data measured by the satellite whic!

particular set of dv.

I n a simpler model, S(h,d) was si mpGaussiancandpsinda ed as
vy(h, d).
hr g h ho? J 2
Sh,f) = dpge s e My zlpe Y e Y (3.13)
hy
h 2 J- 2
Sin 2N 2 35— Sin 2A Z — hhg? 2
ShJ = —thb : —be zlpe Y e Y (3.14)
hy ZAZW ZAZSJ/K
For each changes in ¥, S eh whuroet of radar beam svas comsiderédi . d a's

function was modified into:

h ho? J 2
§; hJ = Wk 111 N0 Ldge YMe T (3.15)
hf k=1

With the accommodation of power gain factor, thee§uation was modified into:

N h hg 2 2

g, h] = Wk (B 111 N .lge Y e YT (3.16)
hf k=1

Sjwas modi fied for the | ast time to consider the

seven divisions based on the altitude.

h hox 2 J 2
S hJ = 1k (Brdkary [ . ke e e Tk (3.17)
hf k=1 k=1
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3.2.4 Uncertainty and noise
The uncertainty is due to the fact that the scattering from ionospheric irregularities is a random process.

The measured;Sis not exactly a function of a particular | model but contains statistical uncertainty. To

accommodate such situation uncertainty factor was computed using the egukRion

randn
VN

Uncertainty factor = 1 + (3.18)

where N is the number of radar pulses involved in the measurementsTdfeshigher the number of
pulses involved in the; Scomputation, the lower is the uncertainty;. iith uncertainty in consideration

is then given by multiplying thactual $ with the uncertainty factor.

S uncertainty S ey 2 Uncertainty factor (3.19)

For this experiment, the noise in the meas&gzaclicwal was modeled by equatidh20and added to the

actualS;; modeled by equation 3.21
H — S'J max z
noise = ™ randn (3.20)

s’jnoise = S’jactual + noise (3.22)

When both uncertainty and noise an@ultaneously considered thg 1S given by the equation2.

_ .\ Simax dn ¢ 1+ randn 3
SiT Sigwa ¥ Ty randn N (322)
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4 Results

4.1 Radiation pattern simulation
The radiation pattern of the PFISR was modeled using MATLARBiIally, the radiation pattern of a

single dipole was plotted to understand basic electric fields and plotting mechanisms. Thereafter, two
dipoles were placed together and the electric field pattern plotted to get the radiation pattern of a single
crosseddipole antenna. Once verified, the radiation patterns of all othe8 4/i®@nnas were aggregated

and plotted together to model tregiation pattern of the PFISR.

4.1.1 Single dipole patterns
Dipole antennas consist of a single linear metallic wire with a femdt at the center. They are

commonly used in higfrequency (HF) and ultrahigliequency (UHF) communications, TV and FM
broadcasting.

Figure4.1.1 Single dipole

If a single dipole is aligned along tkeaxis as follows

A
z
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Figure4.1.2 Single dipole aligned alongaxis
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Its electric field is given by the following equation:

) ~
- 0 Q 1
O—="0Qzsin —z @ 4z“z¢9 z i_ by -y

2 {3

o o (4.1)

Where dl is the length of the dipole (infinitesimal), | is the current, r is the distance, t is the time and Z is
the impedance of free space which is assumed to b&.377

Since our dipoles are orientated in the x and y planes wegetiahis equation to meet our conditions.
This was done by specifying a point P in the far field zone and taking its unit vector. The cross product of
the unit vector of P and the unit vector of the axis (X or Y) would give us the angle between P and the
axis, which we could substitute in (1) to calculate the electric field at P due to the dipole on the axis.
Fields for many infinitesimal dipoles were calculated by varyiagd integrated together to calculate the
electric field of a dipole of length 33.dih.

Using this procedure, the radiation pattern for the dipole parallel todéeswas modeled. The power of
the dipole parallel to the-gxis was plotted as a function of theta (where theta = 0° is considered to be

parallel to the zaxis).

Dipole Power polar plot

180 |

270

Theta (degrees)

Figure4.1.3 Radiation pattern of a dipole parallel to-pxis
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Dipole 2D Power plot
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Figure4.1.4 2D Radiation pattern of a dipole parallel to-gxis

It can be seen that when the dip@aligned along the -axis, ittransmits minimum amount of energy
when theta = 90° or theta =2709(Q°) i.e. at iteends.

The picture becomes clearer when the radiation pattern is plotted in 3D where the color represents the

power intensity when the dipoig aligned in the yaxis.

Y-dipole Radiation Pattern

¥ (m) 0.4

Figure4.1.5 3D Radiation pattern of a dipole parallel to-gxis
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4.1.2 Single crossed-dipole patterns

A crossed dipole antenna consists of two dipoles placed perpendicular wttezrciWhen fed 90 degrees
out of phase it results in circular polarization. This configuration was modeled by calculating the electric
field of the dipole parallel to the-gxis and adding it to the electric field of the dipole parallel to the x

axis. Thecurrent in the y dipole was 90 degrees out of phase of the current fed to the x dipole. The

following represents how a crosseigbole antenna looks like.

Adding the two electridields and squaring them gives us the power of the transmitted field which is

ANTENNA ELEMENTS

SUPPORTING POLE

Figure4.1.6 Crossed dipole

shown below as a function of theta (where theta= 0° is parallel tedkis)z
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Crossed-dipole Antenna Power plot
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Figure4.1.7 2D power plot of a crossed dipole



When plotted in 3D, it is observed that the radiation pattern has a spherical shape where the power

intensity is highest at the peak. The colors in this figure represent the intensity of the power.

Crogsed-dipole Antenna Radiation Pattern
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Figure4.1.8 3D power plot of a crossed dipole

After obtaining the power pattern for one crossed dipole antenna, we proceeded to obtain the power
pattern for multiple dipole antennas.

4.1.3 Panel of crossed-dipoles pattern (32 Antennas)
A panel of the PFISR consists of 32 crosdgmble antennas arranged in an 8 x 4 rectangular plane. To

determine the radiation pattern of this configuration, the electric field of each crossed dipole was
calculated and all of them were summed up to firel tthtal pattern generated. In MATLAB this was
modeled by changing the r in Eql for each dipole. By keeping the point P fixed and changing r, the
electric field caused at P by dipoles placed at
to give the total electric field at P.

Figure4.1.9 A panel of crossed dipoles (32 antennas)
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The length of the dipoles was set to be 33.4 cm and each antenna was separated from the other antenna by
adistance of 44.76 cm.

33.41cm

33 .41cm

44.76cm

A
Y.

44,76 cm

Figure4.1.10 Antenna Geometry

In a panel there are 4 of these crossed dipoles in the across and 8 in the down. The power was calculated

and plotted againstwhich gave the followingesult.

Panel 2D Power plot
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Figure4.1.11 2D power plot of a panel (32 antennas)

It can be seen that the beam width has decreased to about 40 degrees and that side lobes are also present.
The max power of the beam is whigreta = 0°. In order to get a betsense of the side lobes, thewer

was plotted in dB scale against theta.
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Panel Power plot in dB
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Figure4.1.12dB power plot of a panel

The power was also plotted as a function of theta dndlp the plot below, the color represents the

intensity of the power and the x and y axis represent theta and phi respectively.

Pannel Pattern
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To get a better see of the shape of the radiation pattern, it was plotted in 3D.

AMISR Panel 30 plot

X (im)

Figure4.1.14 3D power plot of a panel

It can be observed that the shape remains spherical but the intensity at the top of thbexumees

narrower. This trend continues when we plot the patterns for the whole PFISR.

4.1.4 Whole PFISR antenna pattern

The whole PFISR consists of 128 panels. Since each panel consists of 32 antennas, the whole PFISR
consists of 4,096 antennas placed in a &4 xectangular configuration. The electric field for the whole
PFISR was calculated in the same manner at it was calculated for a panel, but for a theta sw&ep of 0

degrees.

Figure4.1.15Whole PFISR (B2panels)

The power calculated was plotted as a function of theta.
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AMISR Power plot
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Figure4.1.16 PFISR power plot

It can be seen that the beam widtlull-to-null) decreases to about 3 degrees (1.5 degrees on each side)
and the side lobes become more subdued which is more evident when the power is plotted in dB scale as
follows in fig

AMISR Power plot

Power (normalized)

_60 1 1 1 1 1 1
5 -4 -3 -2 -1 0 1 2 3 4 8

Theta (dearees)

Figure4.1.17dB PFISR powgilot

To better analyze the beam, the radar pattern is plotted as function of theta and phi as follows where the

colors represent the intensity of the power.
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AMISR Pattern

—_ —_
m [ [55]
o =] [

[
o
o

Phi (Degrees)

250

300

350

0 1 2 3 4 5
Theta (Degrees)

Figure4.1.18 PFISR power plot as a function‘of I y R

4.1.5 Observations and conclusions

It can be observed that as the number of antennas increase the beam width becomes smaller and smaller.
This enables us to achieve a higher resolution in our measurementd dfitlcéon. It can also be seen

that withincreasing antennas the side lobes also become less intense. A narrow beam width with small
side lobes, are important characteristics of the PFISR, which makes it an integral part of this project. The
power calculated for the whole PFISR was used to ntbdel function so that the intensity of the power

falling at each point can be known to make further calculations.

4.2 Satellite antenna pattern

Once the radar beam is reflected from the irregularities in the ionosphere towards the RAX, antennas
strategicalf placed on the RAX pick up the received signals. In order to determine the behavior and gain
of the antennas, we simulated their gain pattern. Knowing the precise gain of the antennas would allow us

to calculate our results with greater accuracy.

4.2.1 The satellite
The RAX is shaped like rectangular box with cross's along its sides. It me&Sones 10cm x 30cm

and has three levels. On its four sides, it has crosses.
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Top view Side view

Figure4.2.1 RAX Cubesat geometry

These borders of the RAX and the crosses on the four sides constitute the ground plane of the antenna'’s

that will be placed on the bottom of the satellite.

The antenna placement on the RAX was simulated using Numerical Electroimnagaet (NEC). NEC
was used because of the complex ground plane that the antennas would have on the RAX. NEC made it

easier to model the ground plane by specifying the exact wire elements and their geometry.

4.2.2 Antenna placement

The antenna's on the sat@litonsists of 4 monopoles placed perpendicular to each other so that they look
like one crossedlipole antenna when looking from top. They have 4 different feed lines and each of them
is fed a current which is 90 degrees out of phase from the other.iglihe thelow gives the top view and

side view of the antennas on the satellite.

2mm :

wa Qg

D EE—

5cm
Top View Side View

Figure4.2.2 Antenna placement in RAX

Due to design constraints, the feed point of the antennas remains fixed. The opgraweters that are
fl exi bl e ar ¢gantthelength of the momgolee Thé simulations were run with varying tilt
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angle and antenna length. The aim was to come up with the maximum gainfintke 0 A (par al | el

axis) direction.

The initial configuration which was received showed the antennas to be of length 14cm and tilted at an

angle of 36°.

Figure4.2.3 Initial configuration of antenna in RAX

The results for this configurationese as follows:

RAX payload antenna radiation pattem
4 T T T T : 2177 48

Orientation = Tilted
Antenna Length = 13.97 cm 2

1.666

1.156

0.646

0.135

Theta (deg) (0= along Z axis)

0375

-0.885

-1.39%

150 200
Phi (deg)

Figure4.2.4 Radiation pattern of initial configuration of antenna in RAX
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't can be seen that in the d =Ino6rdertaderadigherigama t he
rangeof simulations were carried out for different antenna lengths and tilt angles. The highest gain was
achieved for an antenna length of 30 cm and a tilt angle of 0°. The following was the result.

4.476 dB
2776
1.076

-0.625

Theta (deg) (0= along Z axis)

5725

7425

Phi (deg)

Figure4.2.5 Radiation pattern of a proposed configuration of antenna in RAX

4.3 Zones of scattering

The zones of scattering represent the aspect angles at different geodetic satellite locations for a particular
elevation and azimuth of the radar beam. We plotted the aspect angles at different geodetic longitudes and
latitudes which fall within three degges; the plot is referred to &asci Plot of PerpendicularityThe
significance of this plot is that it provides us the scattering zone where the experiments will be conducted.
The scattering zone is defined a&in35Yth 70xgeddelic We
latitude and165° t0-135° longitude. The radar beam was set to an elevation of 50° and azimuth of 0°.
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4.3.1 100 km altitude

Figure4.3.1below represents the zone of scattering at an altitude of 100 km.

Loci Plot of Perpendicularity at Altitude of 100Km

11.5

Latitude (Degrees)

-165 -160 -1585 -150 -145 -140 -135
Longitude (Degrees)

Figure4.3.1 Loci plot of perpendicularity at altitude of 100km

As you can see in the figure above the ring represents the area where the aspect angle is within 3 degrees.
The middle of the ring, which is deep blue in color, represents near zero degree of aspect angle. This tells
us that the ionospheric irregularitiasthat location are closely aligned (within 3°) with the geomagnetic

field and are desirable locations (high SNR) to take measurements. Scattering is more intense within the
ring. Also narrow the ring width, the more field aligned are the irregularifies.black regions within

and around the colored ring have aspect angle greater than three degrees.

4.3.2 300 km altitude
Figure 4.3.2 below represents the zones of scattering at an altitude of 300 km. Similar to the scattering
zone at 100 km, this one also lmsing nature with the central region of the ring representing near zero

degree of aspect angle.
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Loci Plot of Perpendicularity at Altitude of 300Km
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Figure4.3.2 Loci plot of perpendicularity at altitude of 300km

4.4  Altitude and aspect angle ambiguity function

The altitude and aspect angle ambiguity function
aspect angle for a particular satellite location and particular radar beam elevation and azimuth. The
significance of this plot is that it tells ud@ut the altitude and aspect angle resolution for a particular

¥i,j (h, d) . Il n other words it tells us how far ou
and aspect gl edjor Thaclambi gui ty fdownof viewmha i s an
tel escope. 't specifies the ;hByahaingdthe satellite locaton as s o c
and radar direction we can move around the sky taking observations at different points, the readings

falling within the altitude ad aspect angle resolution specified by the ambiguity function.

The data we obtainedy(H,od) swé$ wdr e c fumftrra stepscth war i e
order to plot the ambiguity function, we implemented a smoothing process to obtairmiyisépaced

data points. For this, we took a certain range of altitude and aspect angle, which we divided with respect

to a fixed step size, and summed d)heateftflewde odettsh

aspect angle. Following agtion was used to calculate the smoothed data points:

0 0 "QQZ _402

1 0—= 1grézo TP T (42)
1

I n the above equation, N i s tii(eh,nudiie disorete Valuefl i scr et
Yij( h, o), a@ ar bi tr arne thermew keiglat and aspelet arale dithial the new range
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whilehkandcad e the discrete height and theta value. (00
that this smoothing process is only faotting purposes and the values obtained were not used in any

other calculations.

4.4.1 Role of antenna pattern

The antenna pattern of the PFISR provides us information about the distribution of the transmitting power
&) . the PFI SR,
Asg( hs,ucdh) ,whwd ec assrnysnit cheerse oz i tnlge ¥v o |

of the antenna which in turn determines shb a p g;( o f For tral
t he
degrees of elevation from the center of the beam. This ensures that most of the igobomsidered

dur iy, vd)

al ong center.

synt hesi s.

4.4.2 Change of ambiguity function due to satellite motion at a fixed altitude

We plotted the ambiguity function at eleven different satellite locations keeping the altitude fixed. This
was done for following fivaltitudesof irregularity. 90 km, 95 km, 100 km, 105 km, 110 km, 115 km and
120 km. The ambiguity functions can be found in appeAdikigure4.4.1shows the ambiguity function

for altitude 90 km.

For the plots, the radar was set to an elevation of &@f azimuth of 0°. The pulse width of the
transmitted electromagnetic beam is considered to be 1 psec. Also, following 11 satéhitgeodetic

locationsas followswere used:

S.No. Latitude Longitude Altitude

1. 59.824833 -157.515667 665.950000
2. 59.872217 -157.440733 665.965000
3. 59.919600 -157.365800 665.980000
4. 59.966983  -157.290867 665.995000
5. 60.014367 -157.215933 666.010000
6. 60.061750 -157.141000 666.025000
7. 60.109133  -157.066067 666.040000
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8. 60.156517 -156.991133 666.055000
9. 60.203900 -156.916200 666.070000
10. 60.251283 -156.841267 666.085000

11. 60.298667 -156.766333 666.100000

It can be seen from the figures below that the altitude resolution for a fixed altitude is around 5 km and
the aspect angleesolution in around 1° to 2°. Moreover, as the satellite position progresses, the

ambiguity function is shifted away from the center (aspect angle of 0°).

Ambiguity Plot (¥W-1,3916) Ambiguity Plot (W-2,3896)

Ambiguity Plot (W-3,3876) Ambiguity Plot (V-4 3857)
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Ambiguity Plot (W-5,3837) Ambiguity Plot (W-6,3817) Ambiguity Plot (W-7 3798) Ambiguity Plot (W-8,3779)
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Figure4.4.1 Ambiguity functions for the 1Xatellite locations with irregularity altitude 90 km
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4.4.3 Change of ambiguity function for 1 psec, 10 psec and 100 usec pulse widths at 100 km
and 300 km
Next for the same satellite locations and same PFISR pointing elevation and azimuth, we plotted the

ambiguity function for pulse widths of 1 psec, 10 psec and 100 psec at center of altitudes 100 km and 300
km. The ambiguity functions reside in appenBixSimilar to the previous section, the altitude resolution
is around 5 km and the aspect angle resolutimurad 2°. Also, for the particular eleven satellite

positions, the function shifts towards the right.

4.4.4 Change of ambiguity function for scattering angles 90° and 135° in elevation

Keeping the elevation and azimuth of the radar fixed again at 50° and 0° respectively we plotted the
ambiguity function for scattering angles 90° and 135° in elevation. The altitude and elevation resolution is
different in the two ambiguity functions. Antity function for 90° scattering angle has a higher
resolution as it can be seen by comparing figude2(a)and4.4.2(b) The satellite geodetic location used

for producing the 90° scattering angle ambiguity function is 63.5° latitad8;’ longitude ad 665.9 km
altitude. The satellite geodetic location used for producing the 135° scattering angle ambiguity function is
67.5° latitude;142° longitude and 665.9 km altitude.

Ambiguity Plot, 1 usec, (W-1,3241) Ambiguity Plot, 1 usec, (W-1,2795)
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4.45 Change of ambiguity function for scattering angles 0°, 90°, 170° and 270° in azimuth

For an elevation of 50° and azimuth of 0° radar beam direction, we plotted the ambiguity functions at
satellite locations 0°, 90°, 170° and 270° azimuth around the radar. These locations are highlighted in the
loci plot of perpendicularity, figurd.4.3 The ambiguity functions are shao in figure 4.4.4 The altitude

resolution is around 5 km and the aspect angle resolution around 2°.
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The satellite locations used for producing the ambiguity functions are as follows:

Scattering Angle  Satellite Location (Geodetic)

Latitude Longitude Altitude
0° 58.425 -147.45 665.965
90° 64.98329 -161.95 665.95
170° 69.06 -154.95 665.95
270° 64.9829 -136.95 665.95

Loci Plot of Perpendicularity at Altitude of 100Km
70

faz]
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Latitude (Degrees)

o
o

-165 - -155 -150

Longitude (Degrees)

-145

Figure4.4.3 Loci plot of perpendicularity at altitude of 200km
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Ambiguity Plot, 1 usec, (W-13919) Ambiguity Plot, 1 usec, (W-2,3482)
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Figure4.4.4 Change of ambiguity function for scattery angles 0°, 90°, 170° and 270° in azimuth

4.5 Inversion of synthetic data for irregularity estimates

I n the forward model, I and ¥ function are known
¥ function. I n the inkkerséodapaoaeaess,y Hawewvaeron s
function, I, is unknown. Inversion is hence a deconvolution algorithm to best estimate the unknown |

function. The first approach taken was exhaustive method.
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4.5.1 Exhaustive Approach

Exhaustive is a very sipte and primitive way of searching for the best fit values of the parameters. Using

the simple forward model, satellite datge,S i s comput e da nudg, ivards for lefundtieni n ah
and cegfamd,foodeh ¥ function. Tsh g saahd nvakifsnol Idunction@me pr o C ¢
assumed to be unknown and hence approximated. The approximation is done by estimating | fynction, |

for al | possiahte saedahleune sc oonfv osklv i n g swWlihe garameters that c t i o n
resultin S.scthat best fits with the actual forward model satellite dajg, S ar e t he best estim
a n d, pasfneters. It is assumed that the Gaussian behavior of | function is known and also the possible

r ang e sa nodf.. aseh

The best fit is masured in terms mean square error (MSE) betwgesn8 S given by the equation 3.

2
M N
Sj Sj
MSE= ‘actM - N’ est (4.3)
i=1j=1

The S with the lowest MSE has the least deviation from thgee®d hence cor e s pongand g @&h

&l osivalues are considered the best estimates of those parameters.

I f the r esmnldudgheamao tedaedtch, the estimated parameter values would exactly
match the actual values. Otherwise, it would coneergt o t he cl osest posgsd bl e co
a n d, esgssolution.

Figure 4.5.1 bel gfunctori{a), ywSunc®a(h)stiseir eonvolved result,&c), first
les{(d), first Ss(€), best match ) and corresponding.d(g)
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Similar resul ts ;ymedeled aoaksincaunatian ds showeimeqne3.6.

Figure 4.5. 2 heeunadian(a)s kh fanstion(by, theircconwolved result,&c), first les(d),
first Se¢(€), best match f) and correspondingd(g)
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The exhaustive method of checking each possible combination of parameters would effégtbee as

long as the number of parameters and the ranges of the parameters are small. The use of this method for
higher dimensional model and higher range would be very costly in terms of computational time. With
the expectation that the models woblave more dimensions and different range, the alternative efficient

algorithm was sought for which led us to the method of steepest descent.
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4.5.2 Method of steepest decent

The method of steepest descent is much more effective method to converge towardsestniss of
parameters. In this method at first a set of values for the parameters are guessed and their fit with the
actual model computed. Then the fithess of the models generated by all the parameter values around the
first guess is computed. If any thhem has better fithess that would be the next guess of the parameters.
The iteration continues until a set of parameter values is reached which produces the best fit of the model.
This conclusion can be reached when none of points around the curramiefarvalues produce any

better fit to the model.

I n the figure 4.5.3 bel ow, f orra b O g, affresenset bypha i r of
point A, less Sstand MSE between,§and Sg are computed. Following thisessand MSE vales are

computed for all other points B,C,D,E,F,G,H and | based on parameter values represented by these points.
The lowest MSE among them would then be the next estimates of the parameters. If none of those MSE

are smaller thansat A, the parameterspeesented by A are the best estimates of the parameters.

Ah &
I B C
F 9
Ah step | -+ D
G L 43 E
= 0

AB step

Figure4.5.3 Steepest Descent Method

Again depending om@&nthgehraedo ldadiedh theoestimasdd parameter
values might exactly match the actual values or converge to the closest possible combination based on
ah eta N d | esadolution.
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Figure 4.5.4 below shows tli2a u s s 4. fanationfa), L. function(b), their convolvedesult S.(c), first
les{d), first Ss(€), best match§f) and correspondingd(g).

act Gaussian w
80 -

90

100

Height (km)
Height (km)
Height (km)

0
N

0 1 2 2 -1 0 1 2 E B
q() q() q()
FirstS First |
est est

Height (km)
Height (km)

0
iN

0 1 2 -2 -1 0 1 2
() a()

Final S Final |
es es

t t

100

Height (km)
Height (km)

110

120
-2 -1 0 1 2

0
q() q()

Figure4.5.4 Steepest descent method of @2 y @2 f dzi A2y F2NJ DI dzAaAil y

ah adl
|t Parameters 10 1.0
First l.stParameters 1 0.1
Final l.;Parameters 10 1.0

Figure 4.5.5 below shows tl@&a u s s 4fanction{a), L function(b), their convolved result&c), first
les(d), first Ss(€), best match§f) and corresponding(g).
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¥ model was | ater
di vi si ons, uv, and
d2

initially modeled as a Gaussian ¥ and later substituted by the actual PFISR power gain factor

computed in sectiod. 1

45.2.1 Effect of Uncertainty
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The effectiveness of the steepest descent algorithm was tested for the consideration of uncertainty case.

Uncertainty was added tq.dfunction using the equation4where uncertainty factor is given by the

equation 3.18.

luncertain = lact 2 Uncertainty factor
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Figure 4.5.6 shows th@nlerainand corresponding,Qerain@ t

di

fferent

v al

Wee I8

of

also shows the finalc§and corresponding finakd Figure 4.5.7 shows the same thing but for the sinc

¥ act:
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Figure 4.5.7: Ef fect of Uncertainty on a&h and e&d

To get the better statisal approximation, for each value of N, the estimation algorithm is ran 10 times

and devi ati omant et e mfainregde dadulated. Figure 4.5.8 below shows the
deviation of the estimated parameter values from the actuahgatae r v a l .4veas modded as ¥
Gaussian function. Figure 4.5.9that folksvh ow t he s i mi l,garn dg rt shpeh tbatri fs iendc

considered PFISR beam volume and power gain factor.
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45.2.2 Effect of Noise
The effectiveness of the steepest descent algorithm was also tested donsfueration of noise case.

Noise was added to,gfunction using the equation3twhere noise is given by the equation 3.20.
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Swise = Syt + noise

Figure 4.5.10 and Figure 4.5.8how the fjsca t di fferent

respectively. They also show the finak&nd corresponding finalsd
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To get the better statistical approximation, for each value of M, the estimationtatgesitan 10 times
and devi ati ogapodl tbth ® mfain rebdal@ chesisured. Figeid.5.12below shows the
deviation of the estimated par ampeRgere £45.18howthe t he ac
devi at i o gthdt consideyed REISRbeam volume and the power gatior.fa
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Figure 45.13 &h and &dSinckersedb| uti on f or

With the modified ¥ function that accommodated r a
lact function was modified to attaintiger al t i t ude resol ution as shown i
and | a n d « weeré the parameters of function that were to be approximated. With so many unknown
parameters, it would be impossible to calculate MSE in all possible directions and lko&epf tita So,

given the failure of steepest descent method for multivariable parameters, an alternative and more robust

algorithm was sought. The approach of Newton's method was taken.

453 . AxO1 1680 1 AOGET A
As with other methods, Newton's method also befjisswith guessing values for unknown parameters.
However, instead of randomly guessing first values of the parameters, the advantage of experiment

geometry and the lower resolutiog,8lata was taken to make more educated guess.

The ambiguity functiondr the experiment as shownfigure 4.4.1earlier, shows that for a certain height

of bore sight, the ambiguity function expands to about 5km in width centered at the bore sight height.
Each of these ambiguity function further refers
Gaussiarfunctions in the modified.ka | s o have wi dt h;;with bofelsight heightofls peci f

h ho, 2 g 2

km are selected, the correspondingc®uld be considered sole influencelpé e Y& where

ho, equals the bore sight height of h km.

Based orthis theory, for a particular i and j valug; can be simplified to

S,j = Yi,j h,d z |ke h e v (46)
hd
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Since, § a n d; are known,l, and a&f can be computed using the exhaustive meti®diiscussed

earlier in section 4.5.1. The method is continued for all the 7 kigyvwalues and hence compute first

estimates of all 7 unknown pairs @fand aa.

After getting the first set of parameter estimations, they are used to synthgsinel Sompared with .
to compute error matrix, e, which is simply:Subtracted from the,&

€= St Sest (4.7)

Then a Jacobian matrix is calculated which is formed with the elenettare partial derivatives of the
error matrix in terms of each of 14 unknown parametfehns. partial derivatives are shown in Appendix
C.
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Hence the Jacobian matrix would be:

h ei,j

Inp = oo (4.8)

The correction vector, x, is given by the equation X.
Jx=e (49

Since there are more error measurements than parameters, this system ohsquatiobeover
determined Therefore, the x that minimizes then@rm of the residual was found rather than solving for

the exact valuegLowe)
X = min&x em (4.10)

Since&lx e® = Jx e ' Jx e, it can be shown that this minimization has the solution as the

normal equations,
JIx=Je (4.11)

where J is the transpose of J. It is assumed that the function is locally linear over the range of typical

errorswhich is true for our experiment.

Once the correction vector x is obtained, the next value for parameters would be:

Pnext = Pprevious X (4.12)

With this algorithm, the parameters were expected to converge to certain value but some of them were
oscillating between two sets of values. Hence to ensure that the estimated paraomsterge to certain

values, at the cost of slow convergengg,was changed to:

x

Pnext = Pprevious > (4.13)
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4.5.3.1 Effect of uncertainty and noise

For

t he

Newt onods

appr oaverk added athhe same tiene tnbke before wreem d

they were introduced and analyzed separately. Equation 3.22 which is repeated below for convenience

shows how the noise and uncertainty factor are added.

Figure 4.5.1%elow shows the percentage error of estimatgrhlameters and degree error of estimated

S

1 noise +uncertainty

S J max

= S,j +

randn
VN

&, parameters for 10 iterations of different values of M and N.

Figure 4.5.15 and 4.5.16 shotlve percentage error of estimatedpbrameters and degree error of

estimatedaxl, parametersespectivelyfor different values of M and N. 10 iteration values are converted

into single values using the following equations.
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M=5and N=g0.

(4.14)
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% error in IK estimation

Figure4.5.15 Percentage error in Ik estimation for different uncertainty and noise parameters

“ Brrorin ;’_\.GK estimation
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5 Conclusion

We successfully created a simulation of the satellite radar mission and generated synthetic data. We

ensured that the simulation was as realistic as possible by implementing accurate scattering geometry and

by using the PFISR radiation pattern to account for the power factor of the radar. Through this data we

were able to generate ambiguity functions whicbvged that we can achieve 5 km altitude resolution and

1° to 2° aspect angle resolution. Threecdavolution algorithms were implemented among which the

Newt onds method along with method of | east square
results show that we can estimate the irregularity intensities with less that 10% error and also increase our
aspect angle resolution up to 0.1°. Moreover, by plotting the scattering zones we also looked at the ideal
locations for the satellite to make exipeent readings. Overall, the project was a success and we can

conclude that the RAX mission wilrovidehigh altitude and aspect angle resolution to characterize the

ionospheric irregularities.
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Appendix A: Change of ambiguity function due to satellite motion afive
different altitudes
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