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ABSTRACT

SPACEDNSBECEI VER TEEHWR QUE
| ONOSPHERI C | RREGULARITY DRI FT VELOCITY AND

BASEDN HKGH | TUDE GNSS SCINTILLATI ON

SpacedGNSSreceiver measurementéfer an inexpensive approach for remetmsing
the ionospheric irregularity drift velocity during ionospheric scintillations. Conventional
approaches targeting equatorial amplitude scintillations are less applicable in high latitude regions
where phasescintillations are more prominent. This dissertation demonstrates sqmeder
techniques that use mulBNSS carrier phase measurements to estimate irregularity drift velocity
andeffective irregularity height at high latituddaring scintillationsA time-domain method and
a time-frequency domain method are implemented to extract time lag information between
receiver pairs when observing the same irregularity structure. Based on the front velocity model
and the anisotropy model, a hybrid correlationdelis developed taccount fotthe topologyof
the diffraction pattern induced by thieregularity. From the time lag information, thnbrid
correlationmodel and known satellieceiver geometrythe irregularity drift velocitycan be
obtainedlIn addtion, an inversion technique for estimating the effective height ofrtlegularity
is developedased on the anisotropy modehese techniques aapplied todata collected biwo
GNSS receivenrrays in Alaska, oneat Gakona anthe other at thdPokerFlat Research Range.
The GNSSestimated drift velocitieat Poker Flasre in general agreement witlemeasurements
from the celocated incoherent scatter radar and theskll Imager. The effective height estimates

also compared favorably against theaherent scatter radar measurements.
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1. CHAPTER171 INTRODUCTION

l1.lonospheric Scintillation

The i onosphere is a part of Earthdéds upper
extending from about 85 km to 1000 km altitud&e Fregion of the ionosphere extends from
about 150 km to more than 500 km altitude, where free electrons are mostticaiedgAarons
1982]. For decades, scientists have been studying the ionosphere using measurements obtained
from radas, rockets, and satellitesSingleton 1974; Myers et al. 1979;Rino, 1979a, 1979b;
Fremouwet al, 1980;Basu and Basul985]. With theadvent of the Global Navigation Satellite
System (GNSS), an alternative approach utilizing GNSS receiver measurements has gained
popularity Man Dierendonck et al1993, 1996, 2004Aarons et al. 1996, 1997Morrissey et al.
2004;Dyrud et al, 2005;Crowley et al, 2011;06 Ha n n o, 201kTayloadt al, 2013].

Activities from the Sun, Earfs magnetic field anohterplanetary magnetic field sometimes
disturb the ionosphere, leading to the formation of electron density irregularities in the enmmsph
plasma. When sufficiently intense, these irregularities can scattefidraoepheric radio waves
such as GNSS signals and cause random fluctuations in amplitude and phase of the received
signals. This phenomenon is commonobfledionospheric scintiation [Aarons 1982;Yeh and
Liu, 1982]. It is well known that strong ionospheric scintillation can significantly degrade the
performance of GNSS receivers in terms of both accuracy and reliaBikongé et aJ 2001;
Morrissey et al. 2004;Kintner et &, 2007;Seo et al.2007;Fortes et al. 2014;Morton et al,

2014; Jiao et al, 2014b, 2015Xu and Morton 2013. With increasing reliance on GNSS for
position, navigation, and timingPNT) services, the impagtof scintillation on spacebased

systemdhave become a high prioritésu et al.2002]



l11l. LoWwatitudkeavstudlegBcintillations

lonospheric scintillations can be categorized latitude aslow-latitude or equatorial
scintillations (within 20 Alatitude sdintillations GithinB0& gn et i
of Earthds magnet iacegeerdllyecenfined these regionsdarbns 19B2at i on s
Aarons and Basul994;Basu et al, 2002].

In low-latitude regions, scintillation occurs primarily in the period after lsaaket due to
the RayleighTaylor instability, often causing rapid and long lasting deep fading effects in the
GNSS receiver measuremerite(ley et al, 1981;Hysell and Kudeki2004;Béiguel et al, 2009;

Jiao et al, 2015]. Solar activies play a secndary modulating role ithe production of plasma
structuresmaking lowlatitude scintillations seasonally dependent and solar cycle dependent. In
particular, they are more frequent and intense around equinoxes and subside in the summer
[Tsunoda 1985;Kintner et al, 2007;Béiguel et al, 2009]. The lowlatitude scintillation fade
patterns are expected to be highly elongated in the magnetiesoartth direction, with widths on

the order of a few hundred meters, and length typically over 1Bksu[andBasy 1981;Kintner

et al, 2004]. These irregularity patterns drift at a velocity primarily betweeB0BOm/s in the
eastward (zonal) direction perpendicular to the magnetic field IiKiesnfer et al, 2004]. This
velocityis often referred to as theggima drift velocity, or simply the drift velocity.

In hightlatitude regions, the physical mechanism behind ionospheric scintillations is
differentfrom and more complex than that of ldatitude scintillations. The occurrence of high
latitude scintillatiols is largely dependent on space weather. The governing factors of these
irregularities are presumed to the gradient drift instability and acceleragrdetic electron
precipitationalong geomagnetic field line8ésu et al. 2002]. The scintillation pr@ss often

involves interactions of many component s, s u



interplanetary magnetic field, convective processes, local electric field and conductivity, wave
interactions, etc.Tlsunoda1988;Pi et al, 1997;Bax et al, 2002;Kintner et al, 2007;Skone et
al., 2008; Smith et al. 2008]. As opposed to the lelatitude scintillation being a poestunset
phenomenon, several studies showed that auroral scintillation often oceigfstiétne while the
polar cap scitillation can take place at all local tim@&ntner et al, 2007;Li et al., 2010;Jiao et
al., 2013c]. On the other hand, hitititude scintillations demonstrate seasonal patterns like low
latitude scintillations, with additional locatiatependencyRino et al, 1983; Kersley et al., 1988,
1995; Aquino et al, 2005;Li et al., 2010;Alfonsi et al, 2011;Prikryl et al., 2011;Jiao et al,
2013c].These higHatitude scintillation irregularities have been observed to bédikednd field
alignedsimilar to the lowlatitude caseNartin and Aarons 1977], while others have observed
enhanced spatial coherence along the axis transverse to the field line, formifkshwering
like irregularity patternslivingston et al. 1982]. These irreguldyi patterns drift at velocities
much faster than the lolatitude case, typically around 300 to 500 m/s, and can exceed 1000 m/s
during active conditionsNarons 1982].
112 Amplitude vs. Phase Scintillations
From the receiver measurement perspective, iomwgplscintillations are typically
categorized into amplitude scintillations and phase scintillatidasops and Basul994]. They
refer to the fluctuations in the received sig
For amplitude scintillationshe most adopted metric is th¥ index. It is defined in
Equation 11 as the standard deviation of the received signal power normalized to the average

signal power Briggs and Parkin1963:

v (1-1)



where "Ois the detrended signal intensity measurement, Gdepresents the expected value
over the interval of interesYpan Dierendonck et gl1993]. In this study, the interval of interest is
set to 10 seconds to effectively capture scintillatieatures Pelgrum et al 2011]. After
normalization,”Y typically falls into the range of 0 to 1, except when saturation happens, in which
case itan slightly exceed unity§ingleton 1970]. Following the work adiao [2013], amplitude
scintillations ae empirically classified aSY 1@ for no obvious scintillationsT® Y 1@
for weak/moderate scintillations and 1@ for strong scintillations.

For phase scintillations, the most adopted measuring metric is thealue. It is defined
in Equationli 2 as the standard deviation of the signal ph¥sé nd Liy1982]:

) %O 36O (1-2)

where %o is the detrended carrier phase measurenveant Dierendonck et gl1993]. The interval
of interest is also sdb 10 secondsHelgrum et al 2011]. Unlike™Y, ,, is not a normalized
metric. The measurablerangepof i s defined by t he r darcrangevier 0s
the received carrier phase is beyond this range due to scintillation, thescéieer has a high
probability of losing lock of the signal. At that point, can still be used to identify phase
scintillations, while its value carries no significanaenless specially developed receiver
processing algorithms are used to maintaik lof the scintillation signals to generate meaningful
measurements<u and Morton 2017].

In order for,,  to correctly reflect the level of phase scintillation, the oscillator noise from
both the satéite and the receiver needstie consideredas the detrending process discudatst
only removes low frequency componerE®r the receiver system used in this dissertation, the
received phase noise is typically under 2.5%or the GPS L1 signal under nominal condfemng [

and Morton 2013;Taylor et al, 2013]. Followingliao[2013], phase scintillations are empirically



classified as, ¢ Jfor no obvious scintillations,@ J o 1 Jor weak/moderate
scintillations and, o 1 for strong scintillations.

Note that i n thRkYamgd, utl ad irosmseifwer bmeasur er
to be detrendefdr ¢egueempveonheirkexcieiivresy frrammg es ast
antenna patterns, receiwposphdresaanrbbkt hepdsphl
conventional detrending mettrode rf oBu tbtoa rhwad rntdhi cf
cuaff frequevary RBiteerdddHk®d8R3et al

In general, amplitude scintillations are more prominent in theldbitwde regions while
often accompanying simultaneous phase scintillatiohargns 1982]. On the contrary, high
latitude scintillation is usually observed to be dominated by phase scintillations often without
obvious simultaneous amplitude scintillatiodsafons 1997;Valladares &al., 2002;Doherty et
al., 2003;Aquino et al. 2005;Skone et a]2008;Azeem et al2013;Jiao, 2013;Jiao et al, 20134

The faster plasma drift velocity i[Bocbasi d:
and RadizGkqd32]a. The major contribution to ampl
Frequ@rmmay or dRinrfgd 9 9 a, 1979b], which is propo
velocity (composed of the satel lddiet ys)c.anSivnecle
irregularities drif tQwartihed hvwei tbha ctkilge opulnads md adsrr
plasma drift velQocHdwevenp, ickwsr ihnghdeata detr eni
66'order Butterworctuh offifl fere,quanfciyxef 0.1 Hz is
not appropriate and can cause misleading dat
phase scintill aRdrotne aanchiR&Odtaeliltan dfeascttfhyi st h e
met hod has |l ong been questioned by previous

[Forte and R868RAc&IMNMEE hi ni 20601 8;RP012]



12. SpaeReecc ei ver sTechni que

Most of the GNSS scintillation studies focus on invesiigpithe characteristics of
ionospheric scintillation with the purpose of modeling and mitigating its effects on GNSS systems
[Secan et a).1995;Groves et al.2000;Hegarty et al. 2001;Basu et al. 2002;Béiguel et al,
2009;Humphreys et al2010;Jiao et al, 2013b;Zhang and Morton2013]. Others take advantage
of the occurrence of scintillation events and utilize scintillation signal characteristics to study space
weather and atmospheric properti€ardves et al 2000; Ledvina et al. 2004; Kintner and
Ledving 2005;Jiao et al.,2013b;Deshpande et gl2014]. In this dissertation, the spagedeiver
techniques developed for remetensing scintillation patterns are such applications
l121. 1l rregularity Drift Velocity Estimati on

The scintillationbased spacedeceiver technique for irregularity drift velocity estimation
was developed bilitra [1949], Briggs et al.[1950], and Briggs[1968]. If two closelyspaced
receivers can observe the same diffraction
observations can be resolved by the camselation of their signal intensity measurements and is
used to infer the irregularity drift velocity

One of the most common applications of this technique is to estimate the zonal irregularity
drift velocity in the equatorial region, which is typically in the range of 50 to 200 Ba/su[ and
Basy 1981;Kintner et al, 2004]. Early studies used UHF and L band devices to receive radio
signals transmitted from various satelsisstemgAnderson and Mendilldl983;Vacchione et a).
1987;Basu et al. 1991a]. Because of their compact, low cost, and globally distributed nature,
GNSS receivers have gained popularity in recent y&asy et al. 1996;Kil et al., 2000;Kil et
al., 2002; Kintner et al, 2004]. The validity of this method has been supported bysita

incoherent scatter radar (ISR) measurements in a few st&@iss gt al. 1991aKil et al., 2002].



Previous work focused on the use of signal intensity measurerBasts ¢t al. 1991aKil
et al, 2000; Otsuka et al., 2006] or total electron content (TEG3t[al, 2011] for drift velocity
estimations during equatorial amplitude scintillations. At high latitu@gsin, ionospheric
scintillations are generally moderate while phase fluctuatiansfaen more frequent and intense
than amplitude scintillations. As a result, the conventional spaassiver estimation technique
based on amplitude scintillations is less applicable at high latitude regions. Phase fluctuation
measurements should be eoy#d instead.

Little literature has been found, however, utilizing phase fluctuations in this area. This is
possibly due to the many error sources contained in carrier phase measuremeaigdbatinate
the time domain correlation among closepaced aennas. For example, receiver oscillator
induced phase jitter and multipath often resemble that of scintillation effects. During strong
scintillations, carrier phase measurements are often contaminated with cy@adlipssing data
due to loss of lockf signals Carrier phase detrending processes aimed to remove low frequency
components, such as recergatellite dynamics, satellite orbit errors, receiver and satellite clock
drifts, background ionosphere and troposphiedeiced carrier phase trendgetare heuristic in
nature and the appropriateness of their use is continuously under dddzath 2006;Mushini et
al., 2012;Niu et al, 2012]. These errors and uncertainties must be addressed for carrier phase
measurements to be used effectivelyriagularity drift velocity estimation.

The technique presented in this dissertation aims to minimize carrier phase errors while
preserving features associated with ionospheric irregularities. First, the data collection system and
signal processing algohitns are carefully designed to minimize contributions from the receiver
oscillators and environmental multipath, two sources with similar spectral distributions to that of

ionospheric irregularitgnduced effects. Then, either custai@signed carrier traakg algorithms



or specialized ionospheric scintillation monitoring receivers are used to generaigudliigin

carrier phase measurements accustomed to each array system. After synchronizing the receiver
array output, cycle slips are detected and repairéarther ensure phase data integrity. Only then,

a zerephase detrending technique is applied to the cleaned phase measurements to ensure that no
filter delay is introduced by the detrending process.

Next, correlation techniques are applied to the precksarrier phase measurements to
obtain time lags of common scintillation features between receiver pairs. The correlation
techniques include a tirdomain methodTDM) for measurements under ideal signal conditions,
as well as a timérequencydomain metbd (TFDM) targeting noisier signal environmem/fng
and Morton 2015; 2017]. For the latter method, an adaptive periodogram technique (APT) is
employed to perform joint tim&equency analysis of the neatationary signatures of the
ionospheric irregulaty-induced carrier phase spectruBr¢nneman et gl.2007;Zhou et al,
2008;Wang et al.2012;Wang 2013].

Measurements frorapair of receivers allows the determination of tine-dimensional (1
D) apparent drift velocit along the receiver paiflo combine these velocity vectors into two
dimensional (D), acorrelationmodel is requiretb account for the shape of thignaldiffraction
pattern.Three correlation modelsave beemnalyzed in detail through their spaome correlation
schematics, including the classic isotropy mdeh Briggs et al. [195Q}the front velocity model
by Wang and Mortorj2017] and the anisotropy mod&llowing Rino and Livingstor§1982].

With the understandingf the merits and drawbacks of each method, a hybrid correlation model
is developedcombining the anisotropy model and the front velocity m¢iédng and Monton,
2018. Finally, with the known receiver and satellite position, fiegularity drift velocity can

be estimated. Details of the drift velocity estimation method are described in Chapter 3.



It is worth mentioning that the work presentedMang and Mortorj2017], Wang et al.
[2018] and this dissertation is in parallel tvithe work inDatta-Barua et al.[2015] andSu et al.
[2017]. Both studies address the ionospheric drift velocity remote sensing problem using receiver
arrays at a similar location.

However, aside from the receiver hardware differences @uget al[2017] is GPS only,
while this dissertation uses additional signals from GLONASS and Galileo satellites), there are
several other distinctions between the two studies. First, the arfy @&t al[2017] consists 6
receivers, whileVang and Mortorfi2017] use a 3receiverarray with a slightly larger footprint.
Next, the two studies use different correlation madel address the shape of the diffraction
pattern Su et al[2017]uses thanisotropy model, while this study useBybrid correlation model
comhbning the front velocity model and the anisotropy modg&hally, when analyzing the
estimated drift velocities against other measurem&utgt al[2017] focuses on the scintillation
events on each individual satellite, while this dissertation focusdbleooverall temporal and
spatial pattern of the irregularities.

122. 1l rregbhéeaBbhtiymati on

An important parameterin GNSS scintillation studies is the irregularity height. For
example, it is one of the key components in scintillatmuelingstudies Secan et al.1995;Jiao
et al, 2018. Also, it impacts the estimation of other irregularity properties in scintillgtesed
remote sensing studieKi[ et al., 200Q Wanget al.,2018].

In the literaturethe irregularity height isftenempirically assunmata fixed value around
theshellheightfollowing the thirshell ionospheric model, typically between 350 km and 450 km
[KomjathyandLangley 1996;Ledvinat et al 2004].For one of our receiver array sites, this value

can be approxnated from the electron density (Ne) profiles measured by tlecated Poker Flat



Incoherent Scatter Radar (PFISR). But for a typical standalone receiver array, such information
cannot be taken for granted. Also, during active conditibrssnot uncormon for the shekeight

to appear outside dhe [350 4B] km region, especially at high latitudes whes@ntillation
formation can be very compldg$ojka et al. 2009;Wang and Morton2017].Besideswhether

the shell height is a good approximation to the irregularity height remalieisasableopic.

Focusing on the irregularity height itsecClure[1964] showed an estimation technique
based oriow Earth Orbiting (LEO) satellitscintillations, taking adantage of the fact that LEO
satellite velocity is much greater than the irregularity drift velocity. But this method is not suitable
for scintillations on GNSS signals, whose satellite scan velocity in the ionospleeraparable
to the irregularity driftvelocity [Kintner et al, 2004;Wang et al. 2018].Carrano et al. [2017]
proposed a method faeolocating ionospheric irregularities along radio occultaR@) ray-
pathsbetween GNSS and LEO satellitd$he irregularity height can later be retrieveaséd on
the RO measurements and the positions of the satellites. However, the measurement window of
this technique is very limited due to the highly constrained RO geontaitrgifiskiet al,1997.

Also, the estimated irregularity height may not be apble#o typical GNSS users, since the RO
ray-paths are very different from typical GNSS sateligeeiver raypaths.

In this dissertation, a more inclusive approach is adopted when calculating the drift
velocities by considering a range of irregularityighe assumptions approximated from past
observation§Wang et al.2018] Uncertainties would occur in the drift velocity estimates. But the
true drift velocity is also likely to be contained in the corresponding velocity variations. A detailed
analysis irovided in Section 6.2.3 using a rekdta example.

In addition, another spacedceiver technique has been developed to estimate the effective

irregularity height YWang and Morton2018H. An inversion algorithnis proposedising spaced

10



receivermeasurmentsunder the framework of the anisotropy mopfeédor, 1967] The gist of
theapproachs to matchthe forward propagated anisotropy parameters &nao and Fremouw
[1977] under different height assumptions to the anisotropy pararestenatedrom the spaced
receiver measurements asiimo and Livingstofl982]. The effective irregularity height is then
determinedo bethe height assumpticat thebest matchAlthough the focus of this study is on
high latitude scintillation data, the general aggmh can be applied to equatorsgintillation
studies as wellNote that the effective height here should be separated froneffecfive/optimal
height in GNSS total electron content (TEC) studies, whose objectives are usually on the
background ionodpere rather than the irregularitidgifch et al, 2002;Zhao and Zhou2018].

To verify the estimated effective irregularity heights, crossparison is conducted
against electron densityN§) profiles measured by theollocated PFISR In particular,the
estimated heights are compared with the depletion and enhancement regiornserptbgles,
where irregularities are most likely to be pres@atse studiesm Section 6.8lemonstraténsights
into the relationship betwedine potentiairregularityheight observed from the PFIS¥Reprofiles
and the effective heigbtrregularity estimatedrom the GNSSeceiver array
13. Objectives of Dissertation Research

The main objective of this PhD dissertatio
recealvgeorri thm for estimating the irregularity
algorithms and techniques are required to be
against drift velocity measue@emkbot safgomi bhime
The following is a summarsegsseoodr adthi:e obj ecti ves

ayUsecintillatiomedazti sdaevsbmpspaceel ati on tec

the time | ags across the r ecnetiivielratpiaoinr se vwehn
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b) | mpl eme nctorwiechbab e losn t oDcambpamentl dri ft velo
along recei ¥Wernedaicrid yi.ntEeta mlat e the irregu
known sreetceelilvietre geomet r vy;
c) Ver i fy-ctodnies tseenfcfy of the drift velocity est
estimation results across the availabl e GN
d Analtylke validity of the drift -cveerhpoacriitnyg etsh
estimation results against concryr esnittiume a s
instrumenthSSupec hDaal Auror al Rad afel-SMgt wor k
| mag ( A$Ilh)en aomlder ent Scatter Radar (I SR);
e) Devel op an algorithm to estimbhfecanveotropt
height .
14. Di ssertation Outline

Chapter 1 gives the background intmdaoacwcti o
t he i onospheric sciectei Mleat itoenc H nrielggeuee 8 p & c eadh & I
techniques. Chapter 2 introduces both the ol d
as wel | prpesoceisesi ng steps i ngphuvedeiiwmeralrmhetsu
Background infod mataiterd o rmnoesmé edxaics neolns a oprri onvgi
incl addhewmyger DARSE 1 tamaSR. Chapter 3 explains th
scint-bbhbkatdi-reepcaeccievder ot echmiegué afi ty drift wvelo
the bassat ehkeibt g, scan, vtéilamec ietsytainadaated iofnat veh o cC |
estimati.bor btohvemdtsi me | ag esti mati otnhe t WM gaemca
t heFDMhaptfeorc ugdsne st her eh@ad @alcsounting for di ffer

topol ogy aismsculmpdiinoghst he <cl assi c i sotrbophg mo d
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ani sotrogpryd modeybrid correlation moGhelptecambsi n
demonstratedeahnigver $obonesti mati ngustime efhfee
ani sotropyYChapdelr 6 presents the maiaselefsul ts
consi stency stcuadsomspaamad i s&ir nsgtiudmeas uarge ment s

instrument s .7sluasnalry ,zeGhapmtiesr st udy.
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2. CHAPTER271 SYSTEM SETUR DATA PREPROCESSINGAND AN OVERVIEW ON
OTHER IONOSPHERE MONITORING INSTRUMENTS

This chapter introduces the hardware setu
di ssertationdataprpwee $ siarsg tshtee pdd src e c ssipmacde dioor
receiver aek@pmnmondgoedsmatB on of some other instru
i's also introdudcesttalmadt it 8 o dtea@e ievseart sGatkuwom a,

Alsaka and the Poker Fl at Reslkar cAl KR@mnlgew § PiFitReR9

dat aprporceessi ngobveg@gsin this study, including
array synchronizati on, carrier cycle slip det
Sectignv@s4d4dan overvi elw car e sleormso nnodsnpiétrorciong i n

including the Swumdar DAWRN, P RIHSeR]. A 8Jercattieosn o2n. t he
measurement volumes of between these i.nstr ume
21. The HAARP ArGra&a nug)

| 2009, amiewenomwsitteil |l ati on GNSS receiver ai
the High Frequency Active Auror al Research P
(62.39AN, 145.15AW) for Taylbephédil8PpscEdei Véean
measurements were continuously stored, whi | e
frequency (aRR) tfrrascikfetddvabilyeme d(iSvDeRhh enever sci nt i
events bdDaedebelehte se resul t shdaraaet eblenezne t unsd egdh GINGS
scintildilad,ieon0sa§]-1 Fhgwseal2subset of the recei
system dedicated in this dissertation. Det ai |

Tayl of 28tl 2Rd yalnod{ 2&tl 331 .
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Fi g2t e HAARP GNSS rececivemangt eay maekuphe ant el
their spacing bei nlghe eAeeARR fhaucnidlrietdy mest earlss
Ant elnnias connected to a Septentrio Pol aRx$§S

receiver, which is dri-eemnt byl laed oon ypshtaasle onsocii:

generates 100Hz GPS/ GLONASTBayxlaogr i @0 ltamansasn ke a

and 3 are |l ocated 867.9 m due south &amd end2a. 7

isonnected to a USRP2 (UniVfyensalaBSobnywaRE Radn

in a shelter aviasdabkd&kae UBRPAQcatriomn ends are
raw GPS L1/ L2C intermediate frequency (I F) sa
the OCXO on board the Septentrio |I SM receive
measurements [Aayloers 2MEalJar rlary a dadlisto ocno @nAenctteend
NovAtel -&PSa@atmioepheric scintillation and TEC
GPS/ GLONASS carrier Wphabal measulFremeomme ryc ireaelf ¢

receavesysiSMthe remaining dissertation to disti
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TheSM receivers continuously record carrie

onwyorteew | F data to storage when custom desig
detactsscintill ation event. The carrier phase
obtainedtunadaSDRnprocessing algorithm. Det ai

algorithm can Re 3f dhhred pienr f emtaihecmendt BBRBRP23of
algorithms hasPéeegnaegakRlaaBéd by |

Af tseormea-per oces sd mgwrs tiermp $sSeGPSI am d2 .GL ONASS cat
measurements at various daTablashoswar ¢ ileb GASKH:
for the HAAPRR earhreary wi th their corresponding o
the high data F8Meceuveutscsahrbe tadsgampled to
ot her devices.

Tab2lle GNSSr baeadtge etdhe HAARRdJdaouafperactiabat eana

Devi ce Ant eni GNSS bancq Data rat e

Septent Al GPS L1/ L2 100/ 100/

Pol aRx § GLO L1/ L 100/ 100

Nov At el A3 GPS L1/ L2 50/ 50/ 5

GPSt abt i (¢ GLO L1/ L 50/ 50

USRP2 A2, A GPS L1/ L7 100/ 50

A major issue with the HAARP dsueet utpo itsh et hlaetl
cable transmission, causing degradation in th
A tif mequenccyordroenhaaitnn on scheme i s Whemgelammge dMotr @ o
2015]. The gist of the appdoonaacihn issi gfroadtqruaamsayotr
domai n, s o t hat spectral filtering camalbe P

informati on. The detail el.Znet hod I s descri bed
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22. The PokArrmr &t ap

| 2014, anadatrh esre reeovnasiittteil | at i on GHSESt akicies ved
the PFRR in Fairbanks, Alaska {®&té8 Abdnpodpgh
monitoring instrumentations sucht a@NStShearRRIySI

remote sensing2 sitluduisetsr.atFisgutrhee 2r ecei ver arr a

Earth i mage.over the PFRR

\
\

Fi g2 e Poker Fl at GNSSekereicangles amamaly sSleeéupnt e
t heir spaci kipgnebtedingyg sewerread mar k t he PFI SR a

I n Fi-urteh® rel atternposltid2nandf3 Aare scal
The relative positions of the PFISR (0.55 km
are also shown by the square and the <circle,
dedi c atteendt rSiegp Pol aRxS | SM receivers. I n addi ti
these receivers are also capable of produci ng¢
Antenna 1 is connected to 7 USRP2 front ends
BEI DOIF sdmpbgs,t he OCXO on board the Antenn:

17



i mpr ovement of the Poker FI at setup as oppos
connections from the antennas to the raecchei ver
antenna is now directly connected Y o Hemeer ¢ he
data attenuati onAlils tdrreeaet | lySM edaceidver s cont
measurements, while the I F data recording on
as in the HAARP setup.
23. Dat a-pPoeessing
231. CustReme iSvgmal Processing

For the HAARP array, custom softwaBPS receiver signal processing algorithms were
applied to acquire and track both GPS code and carrier signal parameters during phase fluctuation
events. The carrier tracking loop is a thindler Costas phase lock loop (PLL) initialized by coarse
estimatias of carrier Doppler frequency and ranging code phase obtained throughbas$der
acquisition procesgVlisra and Enge2006] The code tracking loop is an eadgomptlate delay
lock loop (DLL) with a half chip correlator spacing. For both tracking $pdhe coherent
integration time is 10 ms. The equivalent noise bandwidths of the loop filters are 15 Hz for PLL

and 2 Hz for DLL. The discriminators used for the PLL and DLL are given by:

s N o~ ™ A

(0] AOAOAD (2-1)
, pO ¥
O o © (2-2)

O O 0 m O 0 (2-3)
whefOoand are the | and Q channel correlator out
) , EQr laywdf) Lztoe rel at or s, respectively. To ens
not filtered out by the PLL,réededoalriseragdtdad:
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filtered carrienNaph®ser er@80dB¢k md8mtes ofut put dat
which is identical to the | SM receiver data
identi fied, theetftackheg rmpubvedchwyw bepl acir
coherent PLLOdi ADAbGHO natassr it can pirmviaegea tc
accommodate higher Maaor rainedr, M@ s®en. dy nami cs |
23.2.Synchronizati on

For anwy esspacoced study, time synchronizati ol
cruci al first step. For the HAARP array, dat a
driven by the same timing d&DRc emddoader avVénthye
the timing Idé&Mecei Yyeomatt hARntenna 1. For the Po
in each b&Méstee itnhtreeenal |y synchronized to GPS

However, hardware del ays doneaexigati 0o eBSBH8E
the same satellite at different rleysampkeesbaste
[Peng ,et20dl2.] . The r esal Whafrgest itnee rseasnpll u tnigo nf ries
is 5 MHz in this$,pthjeetcti meAsniasalegnment does
233.Cycl e Slip Detection and Repairing

A cycle slip is a discontinuity in a GNSS
form of a sudden jump with anriicidl%ey5Sengeonl ach
of the discontinuity are either a mal functi ol

changes in the environment thatSdehbae2 0OtOB]si Crya

slips are unpredi casaibllye canusreatluareg eanndagenan ua e
measur ement s. Since this entire study i s base
to detect and repair the cycle slips before g
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Hi gh rate phasgumeedurfementhiiss st udy. The I
(100 Hz) carrier phase measurements Thr thenef ol
derivative of ADR is the Doppler frequency, w

few Hoursa stat iMinaray arned €E0nge. [The nomi nal D c

change within the sampling interval (0.01 s)
As a result, i f a. xwg)cloec csulrisp ionf tOh.e5 M\ DcRy cmiees

it wi || be more pronounced in the time differe

slip detection and repair are achieved via do

a cycle slip ©f @heNdJdececat$ont tammd o @mabee cap
foll owing: relationship
™. N ™. 0 N N (2-4)

wheneenotes t he ADREdmenaostuerse mehnet tainmde epoch at

This cycle slip dehreicgdueni anguirtegphaliag i hagr tk
measur ement. However, it does come with a few
nomi nal ADR measurements prior to the occurr
guar ant eeyd ,ate stpheecibaddi nni ng of the data with
condition i s nopgr w@dg gnang, Btuhe i it protsitng poi nt

to anywhersernesmmam@&DRised in both fsorSaacand,n-c

when no hi ghampd emgaxswrdeoment s are availabl e,
sample is only within NO.5 cycles. sAscompratd mid :
wi thhe tdetected cycle slips are discarded in t
process is stildl necessary as it would mini mi

phase dat a.
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Using some phase scintikdratkloat dartmay,0ltl lea

repaired results for the two days of GPS L1

summari ze22 bypyeTabllse on t hepresenmned |l ilmatseont ew
Tab2d2dbet ected and repaired cycle slips in GPS
coll ected data on 2015/12/20 and 20
GPS ba Al A2 A3
Large S L1 10 2 9
(0100 cy L2C 5 5 30
Small S L1 14 11 19
(<100 cy L2C 3 0 4
L1 2 1 2
Loss of
L2C 1 2 2

234.Carri er Phase Detrending

Following the cycle slip detection and repairing process, the raw carrier phase
measurements from the tracking loop are detrended using a conventionardedthigh-pass
Butterworth filter with a cutoff frequency of 0.1 Hz. It is designed to remove slowly varying
components due to satellteceiver dynamics, satellite and receiver clock drift, background
ionosphere and troposphere gradients, etc. The filtenpgemented using both a forward and a
backward thirdorder Butterworth filter, such that the filter has zpt@mse (no filter delaysNju
et al, 2012].

It Sshould be noted that this detrending m
scintillation phenomena frequently observed in high latitude regibost¢ and Radicella2002;
Mushini et al, 2012]. Forte and Radicellg/2002] pointed out that the conventional cutoff
frequency of 0.1 Hz may overestimate phase scintillation than amplitude soomd|atausing the

correlation between the amplitude and phase scintillation indices to be less than their true values.
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Mushini et alJ2012] demonstrated that using a wavelet technique, the correlation between the two

indices can be improved.

For tbedecspepawver algorithm, the focus of 1is
receiver, but on the time difference between |
For t hat reason, as |l ong as thsee fdruetuatduoa:c
ionospheric irregularities, and al l phase dat
i mpl ementation of the detrending method is of

met hod wor ks i n feaV o@lvtelretshii smastteuwdd yc,ararsi etrh p ha
to a st ronrgreel atriosms of the irregularity effect
24. Ot her I nstruments for Il onosphere Monitoring
241. A-8ky | mager

An -aky 1 mager (ASI) i's an eaqptiifdeaeld dmeowioxe r
i mages of auror al and airgl ow emiassssioocni aftoerd vwval
di stinct heights meas$emadaletal200]d.i f Meste nASIwavedr
the two most intémeeratdmas pmdl)i oaxtlyigege3mds Inim ew als(
and the green alSomiac &BYgE&n nimi wave@®( ength. The
al tideandtestr eadbout 200 km aGudl 866 &mM,0adilespecti vel

The specifiics AGilsssetdatit nhonhhi s at HFRRt(e6ds . ]
withPecoker FIl at GNSS receiver array agy®hdwmsir
with -avfewl 6df 180A coveri ngcadthpel eedntd ewveiase yg a m
resolution of 512 1 512 pixels. I n addition t
providing images otabl de@7nBtnomgeamdi ag-bht mg dNo

486.1 nm. Each i mage shows tkecontsgtataedtea
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observed emis3siomews Famueramlpl e of the Poker

measurements at 427.8 nm, 557.7 nm and 630.0

04:43:39 04:43:35 04:43:30

427.8 nm 557.7 nm 630.0 nm
Fi g23 e Ex ancpolnes eccfuti ve Poker Flat ASI auroral
nm and 630.0 nm on 2015/12/ 20 wusing Universal
of the images is indicated by the arrbes. The
mo o n .

I n Fi-ureakh wavel emagt @ppomrme @pd mdils ctemt er

427.8 nm at about 110,akhd, 687 07 nmmadt adbaudt 29Dc

are integrated over roughly 12.5 seconds (N 0
enhanced visualization. In each i mage, a hori
t he cenetneerr.alThsehgpe of the emission is similar
More intense emissions are observed at 557.7
bl urrier than the crisp i magdsneatesnliayni 8xmme afnrc
a wide range of altitudes. Green and blue | i ne
better show the inherent horizont al structure
emi ssion data willvbesusddesnl|l aher.campanat th

The auror al patterns observed by the ASI a
often much | arger than the footprinbky mdmdg he
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estimation ofwithe GASS derowvetlyvel ocity challe

of the auror al arcs can of[Waemg heet2éedltdd matednvi
di ssertation, the ASI measurements atre assasd
the irregularity travel direction estimated b

242. Incoherent Scatter Radar

|l ncoherent Scatter Radars (I SR) are Dopple
The term Aincoherent scattepond tbheteThomeonhheca:
have statistically i 6Gde¢gendssr&tnsiat@B®ans endot o n
collective backscatter from these electrons,
and power sppasdtarbumsdhaernd,bdrom which the i1rregu
ot her parameters of the pr obkeudd epklia samad O MPrlelgau |

The PFISR is also | ocated NitcotlHes RMRR H(eG ;.
2007 .i spamel2Advanced Modul ar I ncoherent Scat
at the frequencHyeibrasnred noafn, 4azZh0d0 BNH zc oNd rsma | user
been ongoing since March 2007. elthe omadarr ries pto

el evation and azimuth angles of 74A and 154

preprogrammed | ook directions, giving the ma)
radar configuration. A mamebdehHaunsal mMascandagtN
[ 2008]. The PFI SR provides measurements of th

by combinoegght s(LOBg velocity measurements i

bins. -#i guwesa2gpnl e-Dohot heoftal vector velocitd.i
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Magnetic Local Time

36 34 32 30 28 26
68.0 : . : ‘ ~z N
_ — 1500.0 m/s ~ -
= 615 3 X
é ™ - \ “ » MA L n
‘é 67.0 = «q — VORI W P R /v, o
v -ty Ay PR e o | - vu*w- o ‘N‘“‘"‘
2 665 p = v e Y I r——— - ———— . At B — Y
g ,-.r‘,ﬁ\-“.wr-W‘-»-uv~-M‘~
66.0 booe v -qe Ve -..-.—-Wl..A. - r.a“h\.u
04 IOO 08 ‘00 12 '00 16 ‘00 20I00 00:00
Time (UT)
Fi g4 e Exampl e PFI SR horizontal vector velocit
to 2016/ 1/1 00:03:22 UT. §Mardc gma/l mddan iadpals/e],. hT
derived from the horizontal wvelocity measur e
perpendicul ar east directions. The velocity n
an eastward trye foefr elnbede0t WelnEset elrue arr ows ar .
velocities, while the red arrows. are westw
The spaceidver technigue presented in this

horizontal poerénicsty Hemmanpatihe&onrbsessween GNS S
estimated drift wvelocities is mainly-4bhased on
243.Super DARN

The Super Dual Au(rSourpaelr DRRaRINE)r | Nse sadheerikmad ek n a
desdadnprimarily for measuring and studying pl
similar pulsed coherent sQ@&@&tMHear ,r avdhars earcroanps n
ofvi ew covers extensive regions o6Gredrewplod aet i
199Ghi sham 2@0 al] .

Super DARN radars are essentially coherent s
to coherent scattering (Bragg scattering) frec

ionosphehesesimecegul arities are wavehengame §
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geometry of the radar is designed in such a w
geomagnetic field, so t haalti gtnheéda biartrie gsut aut e ur &
maxi mGeednwall® 9&t] al . ,

The HAARP array data was used to conduct
measurements. We chose to use the data from t
Kodi ak, Al alsbk2a 2(A5W).,6 sAMce KOD can provide the
the other Super DARN ar-HAARKRPi geombBgey Abssgsuith
i onosphewWangtedi2d®dkl 4] . KOD provides a set of e
masurements for each bmiamytati retverwalrsa.ngeh gxd
cresosmpared with the GNSS array est-bmgieesi amn
example of the KOWIiuw erl DARN ofni €l0dt2/ 10/ 13

KOD SuperDARN'’s field-of-view plots
2012-10-13 01:38:00 UT
LOS velocities (m/s) Power (dB)

S9]eUIpJ00s Jydeiboan

“E3eUIpI005 S1Gde [515)

70°N
400 |\, 60
320 | N\, 54
H240 | ¥ 48
160 %] 42
80 ;‘* 36
o i 30
80 | 24
; -160 18
3 -240 12

60°N}.

3 S
140°W 120°W 100°W

K Qf 1,,\"

Pl S, z .
140°W 120°W 100°W

Fi g2 e ExarmgeOR Super DARIWNOGswf pledbds of
echo power (right) on 20

26



I n Fi-gurtehe | eft plot is the dri fotl owe lcoodiet

bet welddr0 [400] m/ s, while the right plot is the
6 0] dB. Note that in the | eft pl ot , gray bl o
during comparison. I n additibner eche gowkt ¢a

to ensure data i nAdtBe grhirteys.h ollnd tihs cangs@lruiideydy uaheSn C
and Super DARN drift wvelocity measurements
25. Overview of SystemCGComparages &cthe@easss

I n ordedutd a meaningf ul eval uation of t he
receiver array results are compared witAh meas
valid comparison must accouibtet were ndi tefld evrieKI5Se s
array and the other systems. I n t kias fsd etm o m,
terms of their obcsemparnii 900n vod uenmre s Clr otsvgeen t |
the PFI SR, the Super DARN sandprt.dqpoA&sSd measurem
251. GNSA ray Coverage

The spatial coverage of measurements- from
receiver LOS paths and can be determined from
t he known r eceiarerrayp oocsfi trieocnei viFeorrs ,ant he system
determined by the geometry of t6he |datsdlrlaitteess te

Poker Flat GNSS ar-day iconvtemhagfomomeof aafaukypl ot
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Sky View of GNSS SV Tracks over Poker Flat Mask Angle 0 °
24 hours from UTC 2017-5-16 00:00:00

—GPS

— GLONASS

— Galileo
Beidou

Fi e Exampl e of Poker Flat GNSS receiver ar
mask angle. This skyplot gives the satellites
5mi nute reSplhbtuen GGBNASS, red; Galileo, g

Al t hough Beidou carrier phase measurements

they are not wused in this study. This is beca
hadegi onal coverage towards the northwest par
relatively |l ow (almost al ways under 40A) at tt

much admi ssible drift velocduryi regsttihmat ecsi ntoiwla
examined in this study

252. AS | Coverage

The ASI coverage is determined by the charz:
FIl at ASI, the elevation coverage is furoim@A t
| ocal nighttime, | imiti-hggivestampexamplkeverf a

overlaid with theO8MI$T acnm az0rdDNVNEZ2Z/AQAYIE at

28



2015/12/20 08:26:40

o _(degrees)

FigatEexampl e of SPogkky €bwaer Age from a 557. 7nn
2015/ 12/ 20, overlaid with the GNSSo paorrrttaitye ncaol v et

ASI1l ibmaiggehTthnee sssumbered dots mark the GNSS sat ¢
yell ow; S&LONAd and Gal il eo, green). The col or.
scintillation strengtrlecexXxperri drOcSe ¢ albyh,e extprseas

basegd voan ues. The geodetic or i eenrteatairomnm wsf t I

253. PFI SR Cover aCgoempaanrdi s@rno sSsc h e me

For the PFI SR, its coverage is (Filgwsrneg al eid
Hei nsel man[ 20@8 N) -BoBhgwsethe skyplot of PFI SR«
the GNSS coverage-dpiyocktwxae®lf/y(Bm2gd r Wa h2y iann d[

MortoBg017]) .
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Example Sky View of GNSS SV Tracks
Mask Angle = 20 °

* GPS

GLONASS

° GALILEO
BEIDOU

A
I

[ k

0 90A, overlaid w20bh54B3ERE&ENCSSSEranyaydy ¢
foll ows the same6rubhe cBFRSRO® d¢Fowgersgeped il
paetrtn i n black, containing all the possible |
el evations, blue; | ower el evati ons

Fi g8 e Sky coheerPagleSROfextpressed in a sky pl ot
2 to 0

Figu8 eslRows most of the | imited overlappin
contributed by itthees .GLTOONASS Sh-isqmabeemd dciompatr i go@inrs !
the two systems..c Nep/aerritshen esscsh e me cirsosmpr oposed

The PFI SR provides measurements of the dri
bi nned into dgesmadrhetried olraet,i ttthe comparative g
carried out by calcul ati ng itrhree ggweloamaigtnysst p e&en dta
(1 RPPRNd-c ccmpoasrsi n g t he corresponding velocity
vel esi t Al so, the mean velocities atwiedhem e phec-

cover agre acempared bet ween GNSS and PFI SR r es
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Before going into the detail s, it is cruci
obs driwdpiamdfts t he sky, but they also have indep
velocities from the&ir |Imaasdurad mesntsn.meF impy roe A i

the probable geometry of the two systems.

67°N
66°N
GNSS Satellite ) ) 65°N
Geomagnetic Latitudes

1 64°N 1 65°N 1 66°N : 67°N
[ I

! Irregularity !
|Drift Velogity:
GNSS i é}— i <}
_______ ! ! b
67° 300 km - \@ I
66— ' '
65—
PYL I i
Estimated Drift Velocity < 4 & &
GNSS PFISR

Figa%lel |l ustration of drift velocity calcul ati

the PFI SR, as well as the comparison scheme
scintillation patchi,vewm tbhy itthse thrluwee darirfaw.v eH oc
bl ack | ines r eprceseretr tLhOS ssatgenlalli tpeat hs. The

demonstrate different v eRPdciatsys uanpttii mantsi drhsatu ra

correspondiengcgéamagude grids. For the PFI SR,

selected for velocity calcul at n each produ
I

ion,
gates specified by the black velociethy vector
geomagnetic | atitude grids (3 blue arrows at
upper right corner gives the geometry

Focusing on the PFI SR6s scheme, the LOS vel
combined int oatep aritngclud awe Igoecointaygnet i ¢ | atitude
[Hei nsel man, a2@08j colfhse vector edelooeirt igeeso mamg e

|l atitudes and r eprwstehntreeds pienc tt htroe & hgeierPgatSiRo It

31



east, perpendipalrad | edbrtim, thed gaowimagneti c co0O
beam measurlkesm @apdtaam gle0Od®®sol ution determined b
scheme and pul se arrangement, typically on t
combining algorithm can handle any arbitrary |
choose bddnms eint dneri di onal pl anes with | arge
pl anes i-9) .Figaursum@mari z e, the PFISRG6s spati al
arrangement, which is typically-eadouUmsiusleiverla
|l atitudes), and aewdnf@@ud08l lkyn linghere Ifatri t ude
becomes inferior wheinng$ hfef iedis e hidgbgartakdri éncgh & theee
in LOS velocity measutrwermedtdsy Hihgwr @ s2 al so

As for the GNSS arrayés scheme, the gist o

Section 1.2, while the details of the method
il lustration i s t hsautmpdiifofnesr ennott IoRMPIPy aclan tluedaed
in the estimated velocities, but also differer
(i .e.., the yell ow and brow®) arAmavtsh eern d thsee rlvea
pregti on scheme is that duriNgrWhecacomdiem &ti ®@n
their geomagnetic counterparts, the wenrth cadmi

velocity measuremeat¢ti Ve omme thldd & p @Hoed fdhgsre il tmoa ne ga n
Nicoll2008])

Anot her difference between the two systems
is again determined by its pulse arrangement.
its 1 ntedr d&thiemoaotrrrtoesimaet ioons process. I n this st

5 minutes for the PFI SR and 2& osmpaandcdg ftdire ti me
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velocity at specific geomagnetimpdattidmnudtehe tmh
However, -wbempacrogsthe mean velocities, the G
mi nutes to match the PFISRO6s resolution.
254. KOD Super DARN Co€empgeiaond GScbesme

The KOD Super DARN consiesatnss Jo.f Tlh6Ge srea draard aa n tt
combined azi mut hal coverage of 52e¢, from appr
individual coverage of 3.24e¢e. For each beam, |
gates with a rneseoacuht ifounl lofs c4abnk, m.KQAQD covers 52c¢
in range, an ERmpBal et e®W0W&r] . 4BhG&d on the KOD !
and the GNSS arr-By il lolcasgt oot edFitglue es Ry cover a

and h(eb)cotmbi ned array.

GNSS Satellite

ry

70°N

50°N| /.

SuperDARN Beam

b g e s 1_».fj \«\
koo AUy i BiAl ] 5 gl V
140°wW 120°W 100°W

(a) (b)

GNSS Receiver

Fi g2¥(® Sky coverage of the KOD Super DARN il |l u
schematic and (b) the cofbierwe @ | artr, ay od dv earcaxga
t hGeNSS arr aryecseaitvedrl ilt@S topol ogy, resmpecdi werd vy
LOS coincides witheghéeé asupgr DOBNiIin the ionosp

common measurement vol ume. S u bopM ioetw ((bf)a ns hsolwasp
based on the back scatter power measurements
marked by the red star with a yellow beam ¢t

l ocations. A sky plot oftGNS&tarrbayel bcatkenisd]
common measurement vol ume bet ween t he
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The gener al pr a«aoenpare sofn tsitedh eanreo vt ween t h
estimates and the Super DARN measurememgsg:s Tlan
identify the scintillation GNSS signal | RPP cc
from the | RPP |l ocation to the Super DARN | ocat
fioivd ew; 4) identify t heatcaorgrre sdp oannddi npge r Suoprem L
Core formulas and det aiWaed @amalc 2/l K\Vdmsmage dert bad
[ 2016]. A detailed example is given in Secti ol

With the receiver array setup liend rnoedtuhcoeddo,| of

of t her escpaaicveedrsf bechnirgqgal arity drift velocity
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3. CHAPTER31 SPACEDRECEIVER METHODOLOGY

An overview of the phasecsasicveir i meahiodn ub

di ssertation 4dlasgavbkbhoblkl &iggram3

Time Lag Irregularity
Estimation Height
Time-Frequency
A5 pomain Method
(TFDM)
Receiver — Propagation Drift Velocity
Processing — Geometry — Estimation
Time -Domain
A5 Method | —
(TDM)
Correlation
Model
Fi g83kRl ock diagram glrawiinvegrt metshpaodd gy. Two
fod Bpparent drift velocityoamatiinmareitdro dgr € DM
greenf { equwemay n Met hod, TFDM), respectivel y.
as the red blocks. The co¢rD evledtoicodd,i neesd e vnd lo$ e2a
the irregularity height assumption are
|l mhis chapter, t he ba#iasc et hreepoaegievdefr tnheet hoc
estimating the irregularity dTrhd tgemredroali tmetih

estimating the sateldionm®espbenishedvonstiamcaadtsitd
Under the frdmawdrnkeofphlisghkdsmanni Imeathiodn,( T®M
ti4dfme eqguweomMmay n met hopr € S&EMtMGe @fr o nt B3me | ag est i
Secthohe3desti mati oD pPp@ruerdts ifromeguwlearli ty dri ft

paiare® provided.
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31. Basic Theory

A receiver array is considered closslyaced when their distance is on the order of the first
Fresnel zone radius at the irregularity structure altitude. The generaloadgea calculating the
n" Fresnel zone radiu¥'Y at any point along the transmitteceiver lineof-sight (LOS) is as

follows

£ 00
Q Q

oY (31)

wheegdenotes the orderi soft hteh ewaFvree semneglt hz confe ,t h e
Q anrepresent the distances from the irregul
For the GPS mlb si ghat he i re eaglutliatrucdey isst rauscstuume
Q ouvEI, then for a Gagmreptl,t et haet fziernsitt hFr esnel

approxi mately 256 m.

For a -scplaocseedl yr ecei ver array, assumifaagothat
whi |l e drrasfst itnhge alcOS bet ween the receivers and
wi || cause similar phase fluctcwatriedrmgs i on he

measurements obtained from any twoeadt é€heasnsl
of the received fluctuations at the two anten
Toget her with the known geometry of t he &

i rregul arity pe tcearnn bder iefstt ivnealtoecdi tayl,ong any pa

yQ
-~ 3'2
o 3o (32)
wheVYoelenotes the time |lag between the antenna

andQdenot esi otnhoes pshuebr i ¢ di st ance between their

bet w¥@and the receivedQ bhaselaitrheerdissmadncef or
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el evations (>400), but will Kiolt aéti2yGdiOncete azle.
2002], as ill-astrated in Figure 3
\ ~ Ad sub-ionospheric distance
Adpy receiver distance
\ Ieppx Satellite-receiver distance (>20,000 km)
,II h ionospheric penetration height (= 350 km)
[ ]
[
1
1 \g\
Tovre | ]
! \ //’ \
! ! /,/,/
1 | ionosphere
1 1 j \ ,”/,
L ¢
; Ad 2
I Ib /’ v
—> P AN
\lJAdm,\lJ \PAdM\P
High Elevation Low Elevation
Ad~ Adyy Ad<Adyy
Figs#2elllust-ranosphefYOsvsthi srteacred &Qe rA dhii ythanc e
el evation scenario is given on the | eft whil e
sublot, -tdeeisaeemhdi tterantBPP height are marked
orange |lines, respectively.

An approxi matiiommsehet ¥ec ad icbutl aantcieon wi | | be
Sect3i.2nThe eX¥dtviamhauteesd are then adopted in all
study, only observations made at hi gh el evat.i
caused by effects other than | onosphkoearseedi rr e
ietference, can be greatly reduced. For the H.
40A. For the Poker Fl at arS5Aay,uet teo dIlmpwatvieadn st

Il n order t oD caopwpwamentt henidf t heelreciet Des a@lao
apparent velocity i n t he horizont al pl ane,
studied/ devel oped, ncluding the classic isot

mo d e |

Thede smonadhdldeantaddapt er 4.
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|t mu st be noted that the apparent dri ft
irreqgularity drift wvelocity. The former is th
irregularity drift velotcittlye anRPR.i glnmmlt lsec acans
( GEO) satellites, the apparent dri ft vel oci't
equi val egeosFatimomary GNSS satellites, the sa
irregukasimpviag in the oppKdilt eetdafl@efti het a
ionospheric irreogul araint Yo ed reisftti mad lealc ibtyy,t he r e

O .. O Oy® (3-3)

whepw epresents the satellite scaa svetlhoec iatpyp aart

irreguatadet iyt vel e3ciitlyl.usRirgautrees-Bt sicenproper ayt

the gener al idea hol ds al bmer iachiyo nveelc t plra nceo.mp o
v, —> satellite velocity \
v,, —> satellite scan velocity at IPP - \
V;on—> irregularity drift velocity \
v’ —> apparent pattern drift velocity I =>
' scintillation
ionospheric ' irregularity
plasma
\
\f ’
at ¢, u at t,+At
ftg  -------- > Tto + At
Fi g3 el l lustration of drA fstcivnetliocliattyi oens tiirmaetc
from the yellow bubble on the | edft. tThethecetay
on the |l eft deterattgt twhda |sec itrtei IrleactedMoosne cpoantmt set h e
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| ater. The focus ofothireoampt bl smt edyaitd e sRsPcPa @

height, anHO®AED ApErditdkemdAOOA O

The main purpose of thihapteiis to estimate the irregularity drift velocity, which is often
assumed to be same as the background plasma drift velocity. The validity of this assumption has
been supported by docated I&R measurements in a number of studiegljvina et al.2004;Basu
et al, 1991aKil et al., 2002]. On occasion, however, discrepancies between ISR measured plasma
drift and spacedeceiver derived irregularity drift have also been foufidl ¢t al., 2000;Basu et
al., 1991b].Basu et al[1991b] demonstrated that only one out of four data sets for sjpaceiter
irregularity drift velocity estimations at high latitudes showed fair agreement with the Sondrestrom
ISR measured plasma drift velocitié§l et al. [2000] found the irregularity drift estimations to
be on average 1030 m/s larger than radar measured plasma drift at the same lafitwcefar
existing literature does not reveal a consistent relationship betweeretipdarity drift and the
plasma drift As will be shown in Chapter 6, the technigpeesented in this dissertation can be
used in conjunction with ISR to simultaneously measure irregularity and background plasma drift
velocities.

Based on Equation-3, o, .can be obtained bgccurately estimatingpaeand oy
Estimation ofthe satellite scan velocity yeat the IRPP is presentad the following section.
Estimation of theapparenirregularity pattern drift velocityoags more challengingnd is really
the cornerstone of this projecection 3.3 focuses on théime lag estimation, which is a key
component for estimating the[l apparentirregularity pattern driftalong receiver pairsTo
expand the solution into-R, a correlation modekirequired to account for the topology of the

irregularity pattern. This is discussed in Chapter 4.
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32. Satellite Scan Velocity
Theinstantaneousatellite scan velocity at the IRRBNn be estimated by the averagan

velocity over a short amount of time. The estimation procesteimsonstrated bthe following

steps:

1) Let the time epoch of calculation lie, determine the elevation and azimuth angles of the
satellite signals exhibiting sufficient phase fluctuatio afThisis achieved by estimating
the satellite orbit using ephemeris decoded from the receiver output at Antenna 1. Use the
same approach to determine another set of elevation and azimuth angles shorbly after
say atd , with © O Yo In this dissertatio, Y0 is taken as 1 second.

2) Compute the IRPP latitudes and longitudes_ corresponding to these two sets of

elevation and azimuth anglaslipbuchar, 1987}

rrrrr

R AU
0 wnJ Qa QAOA?—E—&E}AI @aQ (3-4)
DED AT"®aQ (3-5)

(3-6)

where i is the Earth radius,Qis the IRPP altitudes and_ are the recei
latitude and longitude, ®a &d” Qa&r e t he satelliteds el eva
determined fromstep 1,06 i s commonl y [E&fteh r & o Qdesoiest han h
the time index. Figure3-4 illustrates the geometry and relationships among these

parameters and parameters used in the following.steps
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Svat, 7 1(62/ M Plane of
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Rl Penetr atign
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IRPP, / \
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I/ ’ ) \ \

Fi g&%4 e Schematic of parameters us@diamd satel |l
OYvare determined based on the fixed amdceiver

0. The satellite scan vel ocriattyi oatb eltRwePe naltthiet ud
d, and the Yoi meodi fference

3) Use the dhaversined Tormlblkeadistaakceubeaet esvetk

i.e., the shortest distance over the surface at the IRPP altRobagto 1957]:

& OET% Ai-OAT+00EI= = (3-7)

O (A OAGAL (3-8)
NMp

Q i QI (39)

where ¢ and _ are obtained from step 2, arfd is the greatircle distance. Unlike the
classic Ohaversined formula that assumes t
Earth, a modification is made here in the last equation so that the reféneameés now

the surface at the IRPP height
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4) Calculate the bearingangle-b et ween t hie two | RPPO6s

w OEl _ Ai«0 (310

w AT+O0B1T OEBITAIT-OAT O _ (3-1)
e J

— AOAGAI (312

5) Now that both'Q and —have been found, together with the already kno#n the

average satellite scan velocity between th

SelS (313

2
30
with the direction of—- pointing from the IRPP ab to the IRPP ab . If 30 is small

enough, this average velocity can be approximated to the instantaneous scan vedBcity
321. Sulbonospheric Distance

The subionospheic distance is the distance between the IRPPs along the LOS of two
receivers observing the same satellite, as illustrated in FigRréAB approximation of the sub
ionospheric distance can be computed using a similar techdigmenstrated abové-or a
particular satellite,lte elevation and azimuth angles at each receiver can be estimated using the
decoded ephemeris. The corresponding IRPP coordinates can be calculated as in EBjdations
through3-6. Finally, thesubionospheric distandeetween the tev IRPPs is found using Equations
3-7 through3-9.

33. Ti me Lag Estimati on

331. Ti Mo mai n Met hod

The TDM wused in tltio®s v e ntuidayerrddo | nlcaovrsoesisa e i or
technkigu.et[2®#I100] . Bettlad.nBHthaet ed gina | i ntensity
in the conventional m<¢ tah 6 d ud & -beacstends-iskptaactelde n f
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technique. Hence, a major modifi catoiman ni crtobe
correl ati oBN&8Bgoartherophase measurements ins

During the process of acquiring the ti me
correlation coef fipaioadrutcs sar d ngeaindri asited dy , a < olryr e
hi gher c oeefdfeisciireendt,s aasr t hey represent higher ¢
coefficient filter can be i mplemented t-o ensu

5is a bl ock diagram demonstrating the TDM.

Correlation
Coefficient
Ti Filtering
c ume
R : :
o :f:slzizf — Domain | - (?alculate Péopagatlon
g Correlation Time Lags el
Fi g8 e Bl ock diagram showing the TDNM
On the other hand, excessively high correl
admi ssible time | ag estimati ons, degrading t

mat che nGP$ hL1l estimated drift veWawogtaed Mot hc
[ 201 7] proposed a balanced correlation coeffi
di ssertation as well

According to the spaceceiver technique, the drift velity of an irregularity patch is
captured when disturbances occur in the input signals, which are GNSS carrier phase signals in
this case. The correlation coefficient filter can guarantee a high confidence level in the estimated
time lags, but it cannot parate disturbed signals from quiet conditions. In other words, with the
correlation coefficient filter alone, the algorithm may still provide drift velocity estimations even

when the receiver array is not observing any significant irregularities.
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To further ensure the validity of the algorithm, irregularity strengtesismatedand the
calculated time lags are further filtered based on the irregularity strehgthe v al ue i1 s t h
most commonly adopted metYed Bodl&8AS. phaseur

study,t haeshold at 12A is found to be capable

similar duaicohsegutemcy séludy, a¥armse ean d nMdrhteo
2016]. This threfscinl@PYadnue Gal aldoptzeatel | it e
scintillation strength filtering technique <ca
Al s o, the TDM is |l ess applicable wunder n
attenuation issuayatlbnhhéeéhH&aARPssaertation, t h
collected from the Poker Flat array.

332. Ti frg e q ukonmai n Met hod

Unlike signal intensity measurements for amplitude scintillations, carrier phase
measurements can be plagued with errors fronuraber of sources. Among them, receiver
oscillatorinduced phase jitter and multipath are difficult to distinguish from ionospheric
irregularity-induced fluctuations. Carrier phase measurements are also susceptible to cycle slips,
especially during scintdition events when signals experience fading and/or higher carrier
dynamics. Carrier phase detrending processes aimed to remove low frequency components, such
as receivesatellite dynamics, satellite orbit errors, receiver and satellite clock bias, bac#gro
ionosphere and troposphere induced carrier phase trend, etc., may eveferfilter fluctuations
due to ionospheric irregularitie8¢ach 2006; Mushini et al, 2012; Niu et al, 2012]. The
combined effects of these factors are likely to yighteliable or inconsistent correlation results
when directly appling the TDM.In the case of the HAARP array, the signal conditianfesrior

due to the notable signal attenuation occuwhdn longcables were used to connettie antennas
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to the receives and frontendsFigure 36 gives an example of detrended GPSL1 carrier phase

measurements at the HAARP array.

2012/10/01 02:35:57 ~ 02:36:11
|

Detrended Phase (°)

Time (seconds)

Fi g8 e Exampl e of detrended carrier phase mea:¢
fr@®@m: 35: 57 to 02:1306:Tlhle WTh aosne 2s0ilgz2nal s ar e s ho\
for Antennas 1, Theasdgdalsespeei veedl at Ant enn
on Antenna 1 because they arecabheected t
As can be seen in Figure63thee is substantial noisen Antennas 2 and 3, as opposed to
the clean signal on Antenna 1. The cable length from Antenna 2 to the equipment shelter is the
longest, causing the largesiise corruption on the measuorents
To address these issues, we resorted to-fiieteriency analysis (TFA). The gist of the
approach is to transform the original thdemain phase measurements into tineguency

domain, so that spectral filtering can be applied without losing theaehinformation which is

crucial for the correlation process.

TFA techniques are widely used in fields associated with instrumentation and

measurement, such as power quality analyGis 4nd Bollen 2000; Radil et al, 2008], fault
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detection PinedaSarchez et al.201Q, and biomedical and biometric applicatio@hfu et al.
2008;Chatterjee et a).2010], etc. Most of the techniques stem from spectral estimation methods
that fall into two categories: nonparametric and parametric. In nonparametriodsettie signal

is assumed to be only composed of sinusoidal components with no dependency on any statistical
model. Conversely, in parametric methods, the signal is assumed to follow certain probability
distribution modelsS e j ed dl.[2009] provides aecent review on both categories. In ionospheric
scintillation studies, the Nakagamm and Gaussian distributions are often used to describe
amplitude and phase scintillations, respectivdPullen et al, 1998; Hegarty et al. 2001;
Humphreys et al.2009]. However, these model distributions appear to break down for strong
scintillations Ring, 2011]. For this reason, only nonparametric methods are considered in this
study. Our previous studies investigated several nonparametric methods. Among theemptize
periodogram (APT) method shows superior performance in both time and frequency domains
[Wang et al. 2012; Wang 2013]. It can adaptively detect the optimal window length of any
frequency component to produce high resolution {irequency speaim [Wang and Morton,

2015]

Based on the APT method, th€DM has been developgwang et al 2014;Wang and
Morton, 2015] After the transforming the timdomain signals into tim&equency domain,
additional spectral filtering routines are applied wéase the signéb-noise ratio of scintillation
signatures. As a result, this method is suitable for weak signal condFigunse 37 is a block

diagram demonstrating the TFDM.
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Apply TFA Time-Frequency Calculate

Receiver , Propagation
Processi on Domain Averaged —> s
108 Detrended Phase Correlation Time Lags
Sipssil CorrelaFlon
o Coefficient
Filtering o
Filtering

Fi g8&% e Bl oc ks da vaigmggm he TFDM.

In the following sections, the APT is explained in SectioB23l, while the TFDM
implementation is demonstrated by an example in Sect®8.3.following the architecture in
the above block diagram
3321.Adaptive Periodogram Technique

APT is a-fjregmentymanal ysis (TFA) me-t hod d
varying spectral features of phase fluctuatic
comparisons of its per fforrengaunecnec ya gaahisan syts n ostb leeerft d
i Walng ,et2W®adaAag ,et2WaB8¢g and MOrlitsdn The basi s of
estimation method 1is Lombés periodogr am, wh i
periodogramsaqusamgs a( LSQahsagptia8r® antohl 97 6] . 't esti
spectrum wvfailtuteisngbysilnSe WwWamle d Sic@rghlhé® 82ijgndlhe[ m
is based on a |inear model fitting, which se

[Zhang, e205h2]perLioanmbdgr am oxiwi &Npoii mp st | i glredli ned

o N 2 o N 2
&8 x(t)cos@t)S & x(t)sin(nt,)8
P(w) = %= = = (319

4 cog(ut) A sin*(ut)

i=1 i=1
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Lombdés periodogram onl y outlgpoints of heieputp e r
Consequently, all time information is discarded. In order to retrieve the time information, Equation

3-14is modified into:

- 2 o 2
85 x(t)cos@t)S & x(t)sin(t )0
P (wn) = &7 S = (315
4 cos(umt,) 4 sin’(ut)

i od

The major advantage of Lombdés periodogram

to adaptively detect the window | ength of

an

il lustrates such a phepartiymelLgerat 88 nga puU &iomilt

wave (CW) si gna8deinotnesrtwraalt.e skFitdwarte t3he periodog

endpoints of this CW interval simply by searc

Window Detectability

50 C - 0
== |nput Signal
40 -—Forward Search ~

° —Backward Search ’

3

>

g

o

(@)

o

e}

]

o

[a

19 0.1 0.2 0.3 0.4 0.5

Time (s)
Figa#8& el l lustration of window dellealdalait!| iatny
resdol id | ines demonstrate the forward and
i ndi cate the successful det ect iaoln wibfnsd ohvla e e
bl ue dashed | ine

In Figure 38, 500 data points are sampled above the Nyquist rate at 1000 Hz. The input
signal blue dashed linecontains a CW cosine wave between the 126th and 375th data point
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simulated at 20 Hz in a noideee environment. A forward search at 20 Haack dashdot)
identifies the CW signal 6s eadsdolidhfmds phe starting whi |
point. The peak indices of the tweay search correctly identify the CW signal window.

A tradeoff for this window detection ability is that window biases could exist in certain
regions of the twavay search depending on the signal frequency and the sampling frequency.
Nevertheless, such biases will diminish over time due to th#tti®) feature Wang 2013].

This window detection ability of Lombéds pe
time resolution. I n order for the algorithm t
the periodogram i s eval uat eedq uaetn cfyr,e g uheen cpiee s oaodt
should remain Ii®sighiustcants Fhgesr erd®perty.

Frequency Detectability

100 L | |
— Input Signal at 20Hz

o 80 |..- Periodogram at 20Hz /___/\_.\._\_. |
= I"' \s.-_\
§ 60l | Periodogram at 10Hz L -
% o
5, 40- |
o
©
2 20¢ |
(]
a

0

- [ [ | :

20 0.1 0.2 0.3 0.4 0.5

Time (s)
Fi g% e Frequency detectabilr edgasbldt Lloimbed sd @gmaon o
forwaratse®dr iz, t he same farse g uheen cbyl. uodf h ftohlseie @i rnlcp
peak is significantly hiashetrhe hbalnaattkh aat adahfe fdehl e
frequency of 10 Hz.
In Figure 39, thebluesolid line represents tHeéW signal at 20 Hz; theed dashdot line

is the periodogram forward search at the same frequency, whilelable dashedine is the
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periodogram value at 10 Hz. Evidently, a search for ganesent frequency will yield small values

and should not be ablto identify the signal. This property can be proved by using the
orthonormality relation of the Fourier kernelWgng 2013]. On the other hand, governed by the
Uncertainty Principle, the periodogrammcyval ue
would be much more noticeabl€ghen 1995]. However, it should not exceed the periodogram
value at the true frequency.

Based on Lombdéds periodogr am, the APT power
two-way searches scanning across the desiredidreges YWang 2015]. A byproduct of the
algorithm is the APT optimized window lengths. The product of these two gives the APT energy
spectrum.

One of the most important properties of any joint tiimeguency analysis method is their
performance in the psence of noisé.omb[1976] showed that the periodogram at any frequency
has a chisquared distribution with two degrees of freedom. Under such a frameBverineman
et al [2007] designed a hypothesis test to demonstrate the frequency detection peroafna
APT under noise. The test reveals the relationship among the desired false alarm ,réte
missed detection ratep 1 , the minimum signalo-noiseratio (SNRmin) of the signal, and the
required minimum number of data points for the APT algathm.

In the actual implementation, the optimal window lengths and the separation between peak
indices can both be bounded by their correspondingpeeified rangedt certain characteristics
of the signal structure are known, as is the case for l&iioin indicators, these strategies can
drasticallybenefit thecomputational performanc&o improve the visual representation of the
resulting spectraraw APT spectra are convertedo decibel (dB) valuesvith respect to their

mean spectrum valuesing basel 0 logarithm Figure 310 shows an example of the GPS PRN 8
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APT energy spectrum idB generated from data taken by the ISM receiver from 12:06:17 to
12:11:17 UTC, 0r2012/10/13

APT Spectrum Comparison across the Antennas (PRNS)
Antenna 1

)
— ©
N SN
I [}
= 2
> ©
:
= 5
2 g
L e
n

Fi g3T@® &€imi nutes example of normalized APT en

antennas from 12:06: 17 on RMBN8thThespg®dtort d at
value of the APT spectrum.

The window | ength bound is set to [50, 600
is set to [300, 6000] (sampl es) . Tdhiessxe,lAtPdt ipam
based on the study of Wapnegc2 0 L3ajragretdhd steggupmeyge
this example is empirically set from 0.05 Hz
33222TFDMmp!l ement ati on

After applying the APT algorithm, the APT spectra are filtered in order to remove low
power level components, which are most ljkdue to contributions from noise. The cross
correlation function between two APT filtered spectrum outgeits, andP2 ¢, at frequencyf, is

given by:
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(319

The crosscorrelation is carried out during intervals within which the ionospheric
irregularity is -amdum®dritmg beacihf roaremel ati on
coefficients and the time lags are both recorétedall frequencies across the APT spectra.
Therefore, there are multiple time lags for each time window. Only time lags corresponding to
numerically high correlation coefficients (>0.9, for example) are considered to further minimize
contributions from iregularities that may have some degree of varying patterns observed by the
two antennas. Averaging of these time lags within each window is performed to obtain the time
di fference of the eventdés arrival -iobospteice en t h
distances between antennas and averaged time lags, the apparent scintillation pattern drift velocity
can be estimated.

We use phase fluctuation events observed on/20123by the receiver array at Gakona,

Alaska to illustrate the TFDM procesg. One-hour data starting from 11:54:17 UTC were
recorded on both USRP frond ends and the ISM receiver. Four GPS satellites (PRN 5, 7, 8 and 26)
exhibited large phase fluctuations. PRN 7 and PRN 8 stayed at high elevations (>40p throughout
this period, while RN 5 and PRN 26 were visible at high elevations during most of this period.

Using this phase fluctuation event, 10 minutes of detrended carrier phase measurements of
PRN 8 are extracted from both antennas starting from 12:04:17 UTC. As defined in Edgation

the commonly used phase scintillation index,, is calculated to show the strength of this event.
, at 10 s resolution and the detrended carrier phase at 0.01 s resolution are plotted in Figure 3

11 for both antennas.
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Antennal vs Antenna3, PRN8

S A
f Antenna 1

150 A
/\ ----- Antenna 3

100

o
sf(

Det[re nded Carrier Phase
200 |
|

Phase (°)
o

-200

10 11 12 13 14 15 16 17 18 19 20
Time (min)

Fi g8l Ten minutes of GPS PRN 8 detrended car
carrier phase data (bottomhmpf s@mrAntngnmas 112 :a0mM
zooming into the sibgonuatl sl sae csal nigg hitea @ dnut @Emeneat o3f
can be observed from the top figu
In Figure 311, large phase fluctuations can be observed for both antennas. From the
detrended carrier phagkot (bottorm), asmall imelag can be observed between the two antennas.

After zooming into the signals, a time lag about 1 second can be determined via inspection.

However,this featureis less obviousn the , plot (top), due to the averaging process when
calculating the,,  value (see Equation-2).

Log-scale APT energy spectra are generated from the detrended carrier phase
measurements. An example showing-mifiute comparison across all three antennas on PRN 8
was given in Figure-30in the previous section. From Figurel@, a slight advance on Antenna
3 relative to Antenna 1 can be observed, which is in accord with the previous observation from the

» Pplotin Figure 311. Note that the APT spectra of Antennas 2 and Bat&blynoisier than that

of Antenna 1 towards gher frequencies, especially in the case of Antenna 2. This is rhiksiyy

53



because athe signal attenuation through transmission via long cables. After spectral filtering, the
APT spectra on PRN 8 acroab threeantennas using the sarset ofdata aredemonstratedh
Figure 312

Filtered APT Spectra across the Antennas (PRN 8)
Antenna 1

)

— Z
N

I 0}

= 2

) >

2 3

o Antenna 3 o

7

0 ! Time (min) ° 4 °
Fig3#r2 Five minutes example of filtered APT s
PRNS.

Comparing Figure -30 and Figure 312, clearly, the phase noisdfects towards higher

frequencies have been greatly improved.

The full hourlength raw correlation and filtered results for PRN 8 across the antennas are

shown in Figure 43 and Figure 314, respectively.
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Raw Correlation Results on PRN 8 (Correlation Time = 30 sec)

Antenna 1 - Antenna 2 Correlation Coefficients

5w 3 I T o
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Antenna 1 - Antenna 3 Correlation Coefficients
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Figure3-13. Example of fulhour raw correlation results from 11:54:17 UT on 2Q021.30n
PRNS8. The top row figures are correlation coefficients, with intensity indicated byithe
colorbar. The bottom row figures reflect the catieln lag estimation, with values indicated by
thebottomcolorbar from-30 to 30 seconds. The left column figures are the correlation results
between Antennas 1 and 2, while the right column figures are for Antennas 1 and 3.

Filtered Correlation Results on PRN 8 (Correlation Time = 30 sec)

Antenna 1 - Antenna 2 Correlation Coefficients Antenna 1 - Antenna 3 Correlation Coefficients

Frequency (Hz)
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By comparing the top panel coefficient plots in both figures, it can be seen that the high

coefficient valus in the background towards higher frequencies have been further reduced in

Figure 314 than in Figure 313, leaving more reliable estimations concentrated towards the bottom

of the spectra.

Based on procedures described at the beginning of this sentenaged time lags of the

irregularity events between antennas are computed. Processed time lags across the antennas on

PRN 8 are given by FigureI®s.

Averaged Lag Estimation, PRN 8

Antenna 1 - Antenna 2, coefficient threshold = 0.9

Fi g8% Fhuolulr
(bott om)
t he

averaged

from 11:
previous

54: 1
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Antenna 1 - Antenna 3, coefficient threshold = 0.9

5 [o]

4 o
Q3
s
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-

000 00 000® | 0 % Pwowo o %00 °® o % o o° °
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| Aangt eensntai smalt i & n2 a(ctroops)s,

7 UT

on

PRN 8.

The

In Figure 314, the correlation coefficient thresholds aretse0.9 for both Antenna 1

esti

Antenna 2 (top plot) and Antennd JAntenna 3 (bottom plot). Note that between 10 min and 20

min, the lags are mostly around 0.5 s, which is again in good agreement with our previous inspected

value from Figure 1.
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On topof the transmission loss issue, it must be noted that the distance between Antennas
1 and 2 is almost 4 times the did sDamascssumept wear
a stronger challenge over longer distances. The collective result ibdltrrelation coefficients
for Antenna I Antenna 2 tend to be lower than that for AnteninagAbtenna 3. Even after spectral
filtering, the 0.9 threshold would reject most of the lag results, leaving numerous blanks in the lag
estimation (indicated bthe zerelags in the plots). However, further decreasing this threshold
would render the results to be more susceptible to noise interference in the estimation and may
introduce correlations between different irregularity patterns. In this study, thdcemff
threshold is maintained at the high value of 0.9 for the TFDM. In the -tffideetween
measurement availability and reliability, this choice is in favor of the latter.
34. Dri ft Velocity Estimation Bounds

Now that both the time lag information and théionospheric distance are obtained, the
1-D apparent irregularity pattern drift velocitpee , can be determined’he upper and lower
bounds ofose = can be established using system paramelardvina et al.[2004] derived
simple bounds for the measuraft® apparent irregularity pattern drift velocig:

yQ o)
o T % (317

where 0 is the correlation time intervalyQ s the distance between antennas, ¥od

is the sampling interval of the data. Note that the baseline distance between antennas is used in
place of the suionospheric distance for simplicity. The upper bound is determined by the system
seup. It is typically not a limiting factor, especially in tisisidywhere Y0 18t @O is small

enough to provide a sufficiently large upper bound. The lower bound is mainly dependent on
correlation time. While a larged will result in a smaller lower bound, it may violate the

Afrozen Iind assumption.
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I n thi®e somnsdeyconds is used for tohe HAARP a

seconds is used when processing twae®Rokesr FIl a
fixed, decreasing the baseline distance bet we
bounds. However, by doing this, the toleranc

increasingly stringesnitng Gnh et hbea soetl hienre hbayn dt,o oi n
viol ate -dma&ced odsdympti on, as it far exceeds
altitude.

Thus far the methodology of phaseintillation-based spaceeceiver technique has been
introduced.Derivation for the satellite scan velocity is presenfBde general processes for
obtaining the time lag information have been demonstrated thimigthe TDM andthe TFDM.
The 1-D apparentrregulaity patterndrift velocities along receiver paian be determineiom
the time lag information and the siwdmospheric distances of the receiver arfBlye next step is
to determine the-B apparenpatterndrift from these1-D estimatesThis is achieveth Chapter

4 through modelinghe received correlation pattern
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4. CHAPTER41 CORRELATION MODELS

Knowi nd talpeiafkreengdir iafrti twel oci ti es along the

approach for-Dcaré¢ditaiisnghrbegdceiect@Dawddeyt i o

arbitrargomfeiognertahtyisompr ocess can be generali ze
YO 4-1
@] - -
&)’(‘)ﬁ ( )

Whe#g;;ig__vggzgzsanﬂig;@denote the unit Wean diQsp aalrosn g raenstpeencrt :

However, as broiighgd deStéb 04 I, . by hi s model i's ra
suitable in theceanteaxtcoafr ed md @2ddc a ppdart igfsti si. s [
caus ¢ ti eebrye gautl raurddttufr ear ptohiannt Twb jceoatr ect I-Dy drreicfotn,s t
a correlation model is required to account fo

I n this chapter, three cortrlkéacl @ans modied @t &
in Section 4.1, the framd tvkeé oxnityomoadey Mmond&Sk
compare and analyze thesti meorcedmel ami anmoded Is
met hod 1 s Widrhauthrébekcatnendi.hg mer i ts and dr awhacks
hybrid correlation model is proposed in Secti
ani sotropy model

Al t hough different correlation models make
topology, all correlation model sagd smprtsisamnds, i n
the ffm®zasns umpmi o inemvadsl suunmedosn r tgruliaarrdn tayr i ft  dir e
within thentdMivtaerd 48P0.i oAns si mielsatrli tngep acceer r el at i on
can be observed at each receiver, while an av

t he correlati on functi ons ar e assumed t o be
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correl atAromms opnega kasn dl o Jle.ahwii mgadssumpt item ffewmlsli yo |
characterdizemet cerspaaei on dAmdedalstdornr al gteioomre
relationship is assumed to rel atteg terludcabtuitdere de
carrier p hasrnehef | dednagatseufRre mentand 1B7Emoawand
Livingst9@8®hi s assumption establishes the rela
and the observed correlation pattern on the g

At this stage, the irregularity height is
s wibonos pherciad caduil sattd foecnevhemapoemul ating the dr i
t kenowaecei ver baseline dilkée-aoowmspheei asddstanp
sa,pproxdetadrerdi ni stic drift velhicsg taylftfeercaitiiivoenh ge
puts t&de tfOreeucBepilvaenre on, t hahgedhoimpd ane defi ned
| RPPO6s ibBphlleerieofnosrteeead of the term Airregul at
previ ouswe hmpw ersse t he ter mfiAadmft heatcd i dbeesr qraiulr e
thed Zappar[fenvi dgst ®820opstt agll6.8\We |@ | 15s@ep podaese
to distinguish the diffegaotbontpafastedNrodred ft f
that the drift wvel ocliatbya teése iinrarteegsu lcaarni tbye hceoirght
41. Cl assic I sotropy Model

Thel assic correlation model aiming to resol
Mi t[r1a9 4 9] and Bdevgeglsp peetl O&ryiamd@d adhl]i.s model mak e
i mplicittaadsduthi epaactritisanat i st i clan | tyhji stodirsogmad e |
referred to as th€ombiasisng wistohr opyg mombn a:
above, it fimlsltaawms atnteatu stpwgt tbisalr vear rag |l athieo nr e

woul dt te kfeor m oifr ccloensc ewittrh ci ccreasing i ntensit
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A key issue this model A-Ddrefstsevel eshbw ¢
alongo&iepamswhhese alagnmentanigddriactdrioiaf tp aditreercnt
Thisllilaeastrated by t hrRXafn®klXl epwr egeakamhkeeretetyv
al on@Xdihree,ctwieédr 8 at ©OheAmriigatnropi c di ffracti
vel ofatt yan—bogiIXaei s. Let the corresponding tin
correl atiton Theakp dddeanft t bveetlwoeceint yt hi s apaing o her

OXdirectr ot swher®&w Yo Fidduiél ustrates this

\\VD
/); \
x T A
Vi Vy
RX]_ RXZ
(a) (b)
Fi g#-lel l ustration of the classic isotropy mooct

driidfagt veWwWati ay—baogd¥aeai s. The sootndemindi dasihe
indicate the observed correlation pattern cau
observseedc o ndasRXapn&IXt r espectively. Subplot (b)
derived from.this configuration

Note that the concentric circles in subpl
reflecting the monotonic decreasing property
velocities derived f Norme ptrhel ssetidhfftilatriacm opat tw
ang,i s Daephdreinftt @KaomigsAts-ﬁﬂ@mri ggg 1&5503di ttetasne

t hterdei ft velocity alongwithle wkeicehvan phser de

move @Komnmgorder to reduce the speed of fading
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ambser vienag mn@)(atxhieq—ﬂvaduld find the diffraction
i n titre, odissemaVemays at OXwe tchl orseessptetchei dt f bnact

This is an intuitive defi,mérrﬁWG)mldJncdceirndihdae
the velocitVyPadomppboesné quwé Dt Idyi,f ftrhaectd on patt er

reconstruct eOd rfdmgo rhv & Iheecsiet iles al ong r ecléhiever p

foll owing relationships can be obtained:
= THAT-@ 4 ¢rAi-6 (4-2)
However, i n reality, t he anifd odauca p ioon tphad the

paradnddcdctci vitiesMehmdithleoi amgp sph@&Bgpatr dinercase,
se42 (( may not hol d, since both the elongati on
pattern woul di ompfaoht oChXalkprsoj ect

To account for the above asbalglui sly, thée gse
rel ati owveeimi phleste vedrrorcelt ateioofm mfkeuchetitevieorn sa.r r ay m
Briggs|[ 3504l .pr csgpgaasceed corr el ation schematic f
decreasing assumption on the correlation func
41.1. Spakieme Correl ati on

The spacdime correlation schematic can be a useful tool when analyzing the correlation
model. In the literature, it isften only expressed in2 along a single spatial dimensi@mith the
second dimension being tim@riggs et al, 1950;Kintner et al, 2004].Howevet it can be very
challengingto differentiate between two correlation models based on their correlatidaces
along a single dimensioffo better understand and compare different models, it is necessary to
construct thi full spacetime correlation schematidsy assembling correlation surfacesall

spatial dimensions
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In this study, using the classgotropy model as an example, the sp@ee correlation
schematic is constructed as the followiRgst, spacdime correlatiorsurfacesre obtained along
selected spatial dimensions for differeavalues. This is performed for three diffraction patte
propagation scenarioa) parallel tothe receiver pair orientatior{ 71 )} b) perpendiculato the
receiver pair orientation- w m);Jc) somewhere between a) and by { — wmJThe
corresponding spatial dimensions demoted asa) —, b) — , andc) — . Then, with the first two
extreme cases and the lagneralcase, thefull spacetime correlation can be derived. The
resulting individual correlation surfaces and thk spacetime correlation schematic are shown

in Figure 42.

RX1 RX2 RX1 RX2 RX1 RX2

0°</ < 90°
Z
L d
(a) (b) (c)
Figure4-2. Individual spacdime correlations along different spatial dimensions for-@) 1t J
inred, (b))— wrtihgreen, and (c)tJ — w1 ih blue, as well as thielll spacetime
correlation schematic (d) for the classic isotropy mdéed.subplots (a), (b) and (c), an

illustration isgiven on top of the correlation pattern for eaekvalue, while—, — ,and — are

thecorresponding spatia@imensionsd marks tle distance between receiv&¥; andRX, the
square marks thapparentrift velocity, andthe circle marks the true drift velocitlyor subplot
(d), the top row gives the horizontal cut through the- plane, showing the correlation pattern
from diffraction as concentric circles. In the sp#ioge schematic at the bottom, the dashed
shapes mark the vertical cuts along each spatial dimension as in subplots (a), (b), and (c).
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c

t

I n FéYJursaubp(l )t sairfld )Jusdi)e ac @r r el ati on surf ace
l ue, under the thredel, sceaawii @dtshs Sofmitl e Ition&s
orrelation str-emagtdhasx.e sAl otnhge tehset | avad edant k e v

he circl es, whi |l e marek eadphpday ssqusaurbepsl.othrn(idgs a

epresents the horizont al recei-vean pl apre sderti
eomagnetic eastcadidegddmag weatiile sou,t htthd ngrtee
ylinder repr etsiemet sc otrhree |fautlilo ns pfaocré hH éh es gdhaes si C
o maierf i ntelde-bpl ane &axdiThdreessescti on at the top

hvos the correlation strengths through the <co
ntersections from the vertical cuts along ea
reen and bl Tulke awlsipedcdrhvedughandédeat anwhinchin
ives the WaAgnharuidzeo notfa l cutatthmoiuglhe tdshpatciyali

orrel ation pattierm. tclaetstea salyaddsiifcf riascot ropy m

resescti drhmet akheagpe of Tchoinsc einst rcihcarcaicrtcelfess. et plb vt t
d), whblackhargsmhowwsaltomgVdi rection of

Al ong each spianiabbpgliomens{ajjhe @ppaaerdt (dY
S gquaorbet)aaitnsetdheesosr r el ati on peak along the vert.i
t the receiver distance. Then, tracing the <c
ut determines the true dr iBrti glgcsptle®@5€0) . f 6Ihl a
xampl e, t he n®t raiscstu mipft i @enen s applied, t hat t
ecrease over time within the correlation int
re the same i n fsfurbapcltoito n( ap)a twheernn thhaep pdeins t o b
air alignmewitth Thhe afoeementi oned observat

64



increases, the true drift decr easgeseei rs uhagpgd noitt |
Eventual+gppwbeagbetshe true drift becomes zero ;
i nfi(msietty subpl ot (b))
412.Dri ft Vel ocity Estimati on

To esthmateue drift veloci,amnal gegsanyg spa
baseds@mtcitethee c ora eg esteieacadnirifo wnmJEI|l abor ated upon
42(c), -‘Figurebé&ratkbsmatstpmeér el ataloongutrfia@acep a

di mension--axe®sg ¢t he

Fi g#43 e Schematic of a cortriemeatdioomacisnu.r Ehpendan
correl atdefni mad 4lathe&i ganeentric ellipses depi
with monotonic decoreiagsiinn.g Tvhael ueelsl ifprsoem itnh er e d
values equalbrrelabhéeoarpesak of carrier phase m
't ct besexsinee, adand fake ss@ddhe blue |l ines give |
compemrns,-ﬁlwssbciated wi, taht dttisfidaaseme adb ad wi t h
t,ang,associ atath. with

In this spacdime domain, velocities are given by the straight lines through the origin

defined as displacement ovéme (, ). Hence, their magnitudes are associated with their
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inclination angles, i.e., lower inclination angles correspond to larger velotitieggure 43, the
vertical cut tangent to the red ellipgiwes the crossorrelation function, with its gakgiving the
apparendrift velocity r¢ , 7t . Also, the horizontal cut finds the true drttlocity Tri|

, AT at the slowest diffraction pattern fading in time, reflected by the slowest changing in the
correlation function The relationsip between these two velocities is given by the following
equation Kintner et al, 2004]:

s ST (43)

wheoean al so be under st oodcoasr etl haet itoinme uatc t w li
peak val uecoorfr etlhaet icorno $fsusiclt a mgel Whdégendent on
the ellipses related dibstbkeessdetiateel oci hyt ma
the ellipo#FlsdefTeemirmé $s ot he extent to which th

equi vl ieqd 5[ 1e9t5 04 | neelds ot hdee fcihar ajftaesr ias tmeca swe leo

fading dfateaofi omepattern:

W o7t -
¢ T p‘o—T’r-"_: (4-4)
For somevéi weddeacsr eases, the concentric el
el ongat ed. This | eads to faster <changing rat
di ffraction pBRtomr eqédddicohdds,r(awheen t he el | i pse

el ongatm®dheherodt s cayklig@a@angiomn

Al | vel oci tiyn ctohmpso nsepnattsitahle dsiammeenxssiuabes csr hi epyt esa
defined wi tWXarxd ssp aantd etro tthlee conf i gur at immtns of t
can be altered under different spati al di mens

unspeci fied.
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Previous studies indicated thahen receivers are placed along the same geomagnetic
latitude in equatorial regionsyF becomes significardnly during periods of irregularity growth
and is rather small during other tim&&afchione et a].1987;Spatz et a).1988]. On this account,
Kil et al. [2000] suggested thaﬁ-4| may be approximated tg— with errors of less than 10 m/s.
Kintner etal. [2004] also showed supports for this claim and demonstrated that the direction of
equatorial drift is zonal in most cases. To summarize, when the receiver array placement and drift
velocity are both zonal, i.es— 1 Jit follows that -"-4| T and f wWhefrei s a
measure of the diffraksijdtnd ¢ adetajp aiscfeasasandc han g
Trdecreases accordingly.

A major drawback of the classic isotropy model is that the isctr@gsumption is not
particularlyrealistic.In fact,ionospheric irregulantstructures arexpected to banisotropicand
highly elongated along magnetic field lines. This leads tdikeddiffraction patterns instead of
circular ones. Another issue is that tefinition of the truevelocity can sometimes be ambigupus
as it may not equal to the projected velocity componerthef2D diffraction pattern drift.
Consequently, the reconstruction process would be erroneous via vector additi@stiovating
VP, This will be explainedn the following sections
42. Front Vel ocity Model
421. Spaktieme Correl ation

To better address the anisotrwpng aaduMer D
[ 2017] proposed a front-l ivked oicrirt egg unoareilrt iidetssi fga
than the receiver array. The method also ass
perpendicular to the velocity front (orientat:.i

under nominal conditinems wa ¢ htell did eiafrde geul |Ba rdirti yf t
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Under these asstumpet icoomrsr,eltahtel osnp asccehemati c i s ¢

model . The resultdgddatel pbowsprgtedi nubBrgaoseof

¢  ececccccccccea=

(]

(]

]

(]

: ! .

/A H VA VA )
a ' a

RX1 RX2 RX1 RX2 RX2
S =0° S/ =90°
Z Z |
PR - —_:_

_*
B e =
!db’ ¢
-
'd
(a) (b)

Fig#44d el ndi vitdureel csopaced ati ons along different
as well as #theneoceralll aspane schematic (d) f
Il n Fé4&4ureubplots (a), (b) andsalcgnge,gai n gi \

and di mensi ons. Subphatme( dc)orgied east ittdlcee rassp éaa e&dii r

str eimsgetplr else hieiende wi dt h. Cé2Znpama¢drt di Ffgueaeces

in subplots (b) and (c). They cad2(lhe 4Bmader st o

as the diffractnoneaais@eltnwopecoméske the prev

Afrdxmen ass amppt iemd.i As a result, sa4Hphot Aga) ni

a horizont al cut t-h+rplghetlgeveissk hal shgpehef

which -1 ska patdternhe top .f iNpuree ndfaites wthp!l oo d( d

assumedlj kdHshnecec opatettamn e obdeirevebdotasomi i g

subpl,otwh(ed)elaisk es hceoprart ecleantnitoen observed for i nfi
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scenwoubd | ead tad otnhegasama ndidfrfiffdetadi i omac taiso
has a | arger footprint than the receiver arra

Unli ke the <c¢classic isotropy model , t he est
coinci cdgepaidn mbhbki ons vfedroct h &h dmognfed he true vel
defined in the classic isotropy modebi 8 besachot
patteahodmpif.t
422.Dri ft Velocity Estimati on

To resolve this issue, tt haen if s @tntoprye l mad é ly)
cal cul at eB dihfef rtacutei o201 paitthyst padr oft attemptin
individual vel oci {fWanogo namodn eddirliafngi sé¢ aorfi tthe a
to exploit the assumption that the dlrhiifst |veealdos
potenti atlhastodliuta loems correspondiomgexamphe ,r eoai
arbitrary rr e ccea fviemed paby t hei rRX aannt deRn%¥n a | o

The circle for poté&mngiumle dol utions is shown i

Figa4 el l lustration of RafanRIKDbiwirtahr yp oatrernatni gael mepi
t he-l i dei@f f rpaactttkerorh. red dot gives a potenti al
di spl acerRvebhndéerr otrhe perpendicul ar assumption |
direction, all/l potential soluti oRX¥TRMoul d | i €

baseline distance being the di ame
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| n Fi-gurreehcdeairvreaangement i s indicatReXdi bgtt he
observed t he s ciRntsialwtsdatmeo npfaptateetrdmadtseThed, seve
potenti al poti keonsrefjut aei rpdpattern caerse mar
from each potent RXbBreatndioapedi byomnheobl ue
intersection of the blue and red I|ines, mar ke
irregularity R sphbaeembat te@geimheedwdoh the tw
a right triangle with the hyp®RXami@Xe Bbaesiendg otnh
this property, jatlplectaenn tbiealld hemodoru tt ihdae ¢ hed dash
t ReXTRXbaseline distance being the diameter. Ag
|l ocation for the intersection points, which d
l'i ke i rreRX| arsistocifatomg tiseo nad st.i nWa tadhf ftsheet noefe
from an addRX¥i oannaolt haenrt ecninrac | e of potential sol
information about tadbet airnFeedpuli @ad witsy rfan erst than gl

antenna arwuayngf teotherR®Bdbi trary antenna

— —

- < RX:
N

(a) Original (b) Scaled
Fig#G el l lustration of rnexceagwandyed(2rdy ©Odl hawiamnd
Figuy,e t4doget her with corsedpudobihsd woi roc| eno r ef
of potential solutions, the drift vel
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I n Fi-gureublpl ot (a) showsr ¢ henirwokiyXaamd geo

RXdenotreectedh@ceart i oQsan@hmdrek t he di stexzmpavierrd.et w

The potentiatt h®olredi dms hade circles. The two ¢
of f st bebdRamRIX, andet wRXamRX, respectively. 1In
geometry, the intersection of the two circles

ar e entirely deter mi ned by t he fixed anten
measurements. tHotwegvehi swhehersection gives thi
and orientation of the irregularity front. Ba
di stance and time offset such that fthe .appare

Equath ohemMonstrates this technique:

~

Q m Q
= - 4-5
™+ 7t t (45)
Onc® i s scRl,ed thoew circle of potential sol

by subpl ot -@.b)ltien iIFntgaurxeedti on Qwidi hechéysgi ve
irregularity ®ront di splacement

The above technique s ugpgmadtns itnhat vgediorcg tfyr ¢
the process to obtain meaningful intersection
known antenna distances by t hesafortrhees paompmpdd rngn t
velocitiesdcawhbekeoshliaittheseztaeedmgoetdi awst h t hei
geometry, respecti velfy.romCotnhvee nsioelnuttliyo n tshuer fca cre

vel ocity doMmmademorFsgtgruateesd t he tr andsofroarimed pr ot
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Fi
cor

di ftfiraam pattern

g4t el l lustratio
respo-Ddappat bat

he tranBlherimeaclprable
along each rebeiver
foundf avelbei ipnteobket

(ol o liiee]
= O

Il n Fi-gurtehel bl ack arrows mark the velocity

t ®X-RXanRIXTRX the veloci tRXIBEMpoineraltuded mas we

das

=

s ol

hed circles represent the potenti al sol uti
ee circles wildl i ntersect arrﬁmahkeslahng pbien
ow. Ho wedveecremavkehrsa mt viid st e r prri aonleldevrh i ¢ ha ldways not
e a unigqgue solution duedtalescensarionsmeéeast
For a-rsepaededker array with an arbitrary num
ve this system is to find the mini mum mean

mean squte arrosofubmont @i tr cwiesh &dhreoigdl:
and then refine it iteratively so that 1

cedur e, gener alRayp hrseofne rnrmeetdh ot do,p @iess dNdeenst@rni b e d
A practical appobheéemhéaf mmhiisgianl ways the gl ol

uti on, as all potenti al solution circles i
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can pick an initial guess to be the elngyeraec
demeni stic solution can be fourme et weoewn nagn e >
il lustrates tHieg u8nepsl leonvesn it tali @ odme fciinrecdl elsy t wo a

vel og tainggs t hat correspond ft or egowoi vaerbs.t r ary pa

Fig#48 e Transformed problem in the qveadnogCi ty dor
(solairdsmawlreaeapparent drifts alongdabbkhedesel uero
circles. The two Pcigthesgi hheirfsfoertaud taibom oantt the

veloﬁi(tdyashed arOtaorv@har ePotilmet scenter of the sol
Cartesian coorQbieniantge tshyes toerm gwint.h

Based on7,FiHRiR efr e t4her defines the geometry
in the velocity domain. | n t hilgtnGuirtthe stihaen cpilrac
cent dfrélwaand whdy. Thesdioates can be directly
recei vegeometrray.

To solpfjeb&d; noteYOt haatnbdl/)/ are congruent t|
Yo/ | e¥Il | , hé&rlcle "I/ [/ [; @M/ /. By apiplrpyidugtdot
and trigopemetey po these observations, the f
0050 w0 U 2 oh
o 0 0S i

CAT-0 p Al (4-6)
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00 0 Wl whd & ™ (47)
wheteis the radius ofRXahneRXwii tGhl e def Alf&d by

obtained by:

OO0 DO ® o © 2 wh
H 0 0s iswo ohd o s

AT-6 (4-8)

Combining the above eqafticoanns ,b ea oubntiagiunee ds:ol u't

w

w ¢ OEfF——F— -

S wWw wWw (49)
6 ¢ OEL—2 @

| +— -

S wWw wWw (4lD

The above method gi wefsr oam d@Onhaepyplar ol utvied o cf

Tleflee .For a receiver) acdmrageiswertse,m twieths iy mit ©end .i

Ther eLc’asruech solutions, which cdarni fbte vuesleodc ittoy cer
It should be noted that due to the inverse
error imedsureedtmmgt ead to | arge velocity error:

To address this, the al gor it hamo rcraenl aatdiaopn i pvesd ky:
associatedewimme 1t lag smalules. This efiffetctvievieolcyi t
magnitude esti mates.

The drawback of the front velocity model i
bet ween the velocity front and drift didriecti ol
et ,ak011]. Honeesv é re,s si tv i lagod aemaugnndeetri ,ca ecsoipnedei it a | ol ny
high | atitudes, where interplanetary magnetic

in the direction and.magnitude of the drift v
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43. Ani sotropy Model

The ani sosdetopyg mevel oped to addr esst htehe mo
di ffraction pattern i ndFuecdeodblydlyh ei anoasp h eroincs i sd
partthkeor war d promaglatihen cmodel ati on model

The forwaridonpdneogpdeegdiabes t hteh@mojsepdteirarc fimrorm
i n stpoactehe di fbobnatthieomefehgerhd@h@ajpoer el ati on m
esti mhdemrissyt papamedtiefrfsr aand omelpaftriceng aeidwerf tarr
measur PAmenstts ong, alndit2Cas e g me s-tti met ctohe ed md ¢ ® n
the diffraction pattern t &RkKea tama .fLalvin8mag)fs.t © o n
focus of this sectilon whsi loen tthhee fcoorrwaerl datp roonp arg
in Chapter 5.
431. Spakieme Correl ati on

Unl i ke the cases for the <classic i-stortirotpy
Afr amen as s uanppptifiimand t e a nibsyo tarlolpogl il nogdcerle as e i n
correlation strength Twiatdhaipni atdhieerc oa r e ttfadmeotnh e
correlation to remain consistent with the n
ani sotr oipfhyeemad g dtaenee Icaotriron schematic of the ar

in F4Qur e
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(b)

Fig#4% el ndi vitdurel csopraced ati ons along different
as wel |l as ftheneovcvoeralell as p @ @ens o loeardodapyndda(rde) f or
scal ecthapemi amdnosremmixes of t.he diffracti

I n Fi-Qumrsaeibpl ots (a), (b) and (c) again giyv

di mension, while subpl ot (dt)i ngd vceosr rtenlea toiua ians
I n adibanamar k t he i nter dedtiivordau abh etsweadn atl he x e
correlation ellipsoid in s ulgme ootfs t(hae) dainfd r(abc)t

Note that subplot (a) 48 adidféfredr eninsreamdt bbse
of correl at i-eolnowgdtued ,c dhnoedtyri c el l i pses are
of ftbecentricaseubmppsondsAlthough subplots (b)
Fi gu2d ) 42a(nad) tihe cl assic isotreapynemocdelr,el talh e
subplot (d) 44 dgl osnet hteo fFioggur el oci ty model .
the axi al ratio of tdeed.i fIifmr asdq waétegpRaitdtle rrnatiis
val uerse gaurbdas & KV end nler 2e0Ax4gd.l. r ati o caEEeswmap i ons
of t en nussecd mo d ek [Setcpponn eli€@Br.an,@ 06t al
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432.Dri ft Velocity Estimati on

Compared to themodeolts optilce amandi Sogtomdpy mode
requires infor matrired aftn @am f uen cdcuotoor eil mt a dadi tfiuo
to solve folntekssantemeaepypynekati on el lipsoid
can dekelned by the and@ddiiopywimmga mesethe( axi a
of the di ffF adcetpiiocnt sp atthteerar,i ent ati @8i olie t he
magni tude of t-hge wes rteHe tdroinf tandli recti on.

There are two general methods for solving
devel opedF ebddostO9db 7¢n f ocusesopnelpat ind sr A enld aatairtaor
functions with the samecacnarbreesloditditiierda vad-mmon Th
ti me corr elTahteiroent oalel,i ptshoei da nddesoVE®HO p ama ba&metod r
simultdmeomwnselAstrerent refinement DU d[tlRiCal7dppr
The secondde vnee tohpoeddArmssad ngy a8d2Cpl Esecuses on

bet ween correlation funct i ofnvsal uTehse saen di nctaenr sbeec

with the same hortiizmentadr rcailtatoifon hel Isipppaei d. E
a dswep approach. It first sol vels# f)orb ashed dtiH
correlation intersections -owoit heladi o¢mopadks nfl

solution to find t hdeh)dergiufrid Ovigli w@ist yanp &xametl er

di f feeateamtpoi nt ssuepdapprobelsoagaiapptr oalcd . t wo
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Figar@®@ |l |l ustration of dxatteap paop it eca wls etdg @ pe nt)h ec
approach (red) f oRasn&lave pnrge stehreto atnhees aat wtoopy and
correlation functions RMYatn®RX)n ende a srtome meh e r e
| /i gul®hd t wo green dotRsiamlkRkptesdrt spomientc®r
val ue usestem apmepr omeh. The two red ®&oaand r repr
Riand t hceorcrreolsast i on psalkpuah@p mpartalbé et wer f or ma
been observed bet weesetad 1n@ &%h utdwmdk omeltéodkdu dTyh i s
foll otws®ttehpe a,p prreofaicnhed baRe choomntdh[eliowdi2rlg sd fo n
For a receireer R mmaya naf [LLio9v8i2n g sgtaovne an uppe
the numbenrt ecfd eovtoilvresd i n the calcul ati on:
3 € ¢c€&€ p €& o0& et (410
where the subtracted terms¢é aocoehat ifor ftithrect
themsel vees¢e agmdnt aesections between the correl
i ma gesu.dulalol.nl 9%e9%4] gave the exact number of int
EE p €€ p

EE p C C P ¢¢ p&¢ ot ¢ (417
G G P
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where the first term acycandtsamar tihet seseadi o«
for i ntersecdtiaondys .beHoweewmer , when searching

intersectiMny, paiort havit detphaei r need to be consi ¢

number of admi ssible intersections 1is
.EeEE p EE p EE p € ot (e
€ 4-1
c c c P . (413
To calcul ate the axi al ratio and dri ft v el

t wot ep MMSE esti mat®oroimst lmeagd oyeadailp @e Bid i X

As the estimated naxispe pr,atihe appfoacheé®nup

nearly isotropic rather than anisotropic. Thi
when observed from different angl es, maki ng i
t he amyAsotar o esul t, smal | axi al ratios carry

ani sotropy tphaer ainmeptleernzFemdlait i ®© nassoci atcagge wi t h s
¢ are excluded.

Anot her practical i ssue of the anisotropy
magnitudBP ofi the ABn eSaampil ddernmaosn sgti hveesni pigno mige m
real. dlantlai ke the front wvelocity prhoderle,j etche rean
estimates that are associated with small ti me
guickly | ead to an underdetermined system.

44. Hybri d CoModkdlati on

Basetthenmerits and drawbackshefavabthWscerab
hybrid correlation method is proposed. First,
orient abt amqiganige ani sotropy model . Then, takin
adjusted frontreatedityytmodéetul ates the proje
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the dri ft direction along the diffraction pat
adaptive filtering scheme of the fr ocents madlIlloecsitt
time | ag value is rejected. The remaining mea:

of tbhhediX fraction pattern drift.

For exampl e, in the Cartesian plane-Drepres
di ffraction -rrﬁ?.tt(berﬁh darliofntg bseome arbitrary rec
ani sotropy dcbtet at tdnrdisf tpaveethgorcmblﬁby, taond t he vel
fromtient@at®eah . Then, the hybrid di-"-ﬂifractio
ohdo can be determinedT=quonttﬂeba|csreajj excrn i oine odbdr i

descr i'Oridgb®l il |l ustrates the projection geome

Fig#a4rld | |l ustration of the projectiqri]igebmetry
hybrid diffraction pa—IDt@pmardwﬁhrrtfotrdtrp)irfdtjheectdeid efcrt
the anisgfgopgedrbytthe Vhbebodasheblirbhack el li

ani sotropy, while thecridedg I[firRhead mnepreeasan

Based onlilFi gturee Mybrid velocity can be det e

y @ E® ho Ea 4-1
) == @ (413
wheEe wjw , Bndjo represent the gradients of t|

velocity fromtthrerespset whelrye. ani sotropy param
2D drift estimate takes the front velocity mo:¢t
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With the hynbrmadeclor rteHeatampparent diffracti
estimat ed. Given the irregularity height wvalu
irregularity pattern drift. Toget herelwictiht yt hcea
be found.

Thi s chapter coGhNE8Bdasceheersptieeddni ques
ionospheric irregularity drift velocity. I n

estimating the effecti vethheeiagnhits ootfr otphye mordreel g.u

81



5. CHAPTERST EFFECTIVEIRREGULARITY HEIGHT ESTIMATION

Section 4.3 has demonst r apatdt ehrorw ptaor aensetti enras
ani sotropy <correl-rad ¢ e@inv entd Harsa |dyhsa pstoplluec essp ac e d
receiver technique for efdlelxcasi emdh @ nrarnd gwlt a roiptyy
Sectiiomt 5oduced pgrhep dgpatwiaon model depicting he
structure tios fipdirenp@amat emdl diTfhfereda ditoidond ogat todr nt.h e
height esti magtiivobenn Bec Aiineg we sits of the approact
inversion problem trying to match the propaga
pattderifivedn recei ver See .8 o naeddervtesn. tlenchni que f o
the geomagnetic field par aimmepoerrtsa not$ ofobnepoaensef neta |
height esti mat iionnv etresc homé qpuriea, ®essssh it dhle pr eci si on
par amed emesdel the propagated diffraction patte
51. Forward Propagation Model
511. Propagation Geometry

The ionosphere is a dispersive medi um, cau
t he GNSS signals. During ionospherduwe stcad nplidsln
structanr®e occur tAarGNnSEIrgdsgfginnadisp 4l propagati o
t he GNSS signal is often oblique to the irreg
expected. Wit hout the complete knowledge of
receiver pathhrduasiangeg asyfsiteend toocapture the er
i mpradtipo&l0 1] . To resolve this problem, a c

(CDCS) I s Biundtdreoid9uéce]d. [Thi s system has a conti
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pl atnheat r emains centered along the principal
over the CDCS system, the total di fFfi g&dtei on ¢

demonstrates the CDCS geometry:

Figblelllustration of the Continuoowsliy DRihsepl a
incidentaepddbane ahe di splaced planeaé,aniieth hav

pointing towardsfhkaretshdshpeoseptaegra.i pa@amgdi recti o
defines the scattering angle and di spMacement
from | RPP i s zdesfyisnteedn.b yB ytchdeeg li amn en gp ki ameet tt o

the | ocal geomadpethe feéeleadi dnsleicpi bat ween th

geomagnetic field systeeann@d.an be establi

| n Fbhurtedoe | ante dGatepresents the incitdence ¢
| ayer, omdipll@antehi@atepresents the receiver plane
principal propagation direction is indicated I

it i s scatte+edThe edmartarnyg lpatdf i s i ndicated by
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equMl sThe resultingmipsphaciesmegtven, bwaihe 1 é&c
di spl ac e meoptl ainre titke gi ven zbyH#izveamd acé& veCbOF
print since they al/l cont—arienp rneusletnitpsl et hceo m pnocni e
the principal propéagaitsonTadamieéexke®tni Ffoomf t be |
in the horizontal milgmare, cwd|itest b aviientdloicrad d geeto
in ddhel ane. Theni st hsei napnigyl et he azi muth angle o
direction measur ed from geomagnetic mer i di an
propagatia@en vector

C

i — ORAT-GOEIOBIMRIT-O (51)
wheres the wavelength of the signali.aswve al so
¢

i —OEFAT-GOBI (5-2)

According to the CDCS definition, the disp

the principal propagation direction. Therefor
Wz @a (53)
Consider the tr atnhsev esrcsaet tceoroerdd i rnaayt epsa tohf i n t
pl ane,: there is
z z OAQ ¢ ¢ (5-4)
The above equation applies for the51ll 1l ustr
't can dendrualtihzed :to the foll owing
37 3z OAdG 3a (55)
whesze 3z,angdrepresent the displacements in the
and otdhier ecti on, respectively. 3zZFcampt ar aneasheef
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baseline distances IBemwéan|l yhetheceelVerci ppni D!
di spl aced plane can be defined as
Ty “lee OAF) o, (5-6)

whehle# s the apparent dri ft, vaepldoscitthye dveeflionce d yi n
al ongaxihe. z
51.2. For ward Propagati on

Fol |l Bwiimgggs a[nld9 &P3gn kegnjdé ®dA] , we assume t hat
structure is anbDsohapeiacf aand dalalsi phei 8. Thi s e
t o tfhedtlBd snamior axi s assu-hecaecltdo dne etcldad oghet he gh
conadvucttiies of t Mieen dii d 1 @s pahred e BlaPuBnZgoal r IRanveio n ga n d
Frempa®77], we definehm, coulhermde matodhige y sitdeBct or
is perpema@incduladrn ghnhed with -¢thelflkafdBhdsurragree to
magnetic ifilsuxn)o,r med dltadienlyd 4 ©9d0O] showed that t

funclj of el ectron dednsist ya @arntcuri mant iodn

< <, v T
A (57)
p ) ®

whel &@andare scaldfngt Hfeaecamirsotr opyxigdxiisg-saond a
axrespeciheaédgegi veaxi alofr athieo dnivs omtgrsi pHm8 21t al
descri bed mswyp eaanliosfiod riompr etgruusdthienyey ar e-l ¢ &klel ¢d r
W @ p,or slhiekest G®fp, or-l wkégdfp.Fi g62iel |l ustrates |1

three types of irregularity structures.
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NES

' / NZ ‘0

Rod-like Sheet-like Wing-like
Figaz el l lustration of threel itkg s ppfs-hiekeegul a
W w p and Wi kig w p.
Tomddr¥Yessn gheCDCS systikhn,Catrhesi an system n
transfor mgh cionotrod itnhaeh £ slyswmre Bl n  FfhigeulBle |V esct or
at anf aongdbdaxei s aanp Itahnee ,i i veh iall eofmigelthdee , Bt he r el at

bet ween the two systemsb53an be established as

Fi gb3 e Combined geziimandfiMocfo obrodtihnat e systems f
anisotropic irregularity model
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I n FBBurtehe bl ack veghiorosormde mrae e rsty stt keen, \
vectors reéefplbevontditntag e systemwakhes @mgli d hieet w
g venm,bwhil e t har ebplruees eanrtrso w h e-a pir © j @emmitpel catmhes f  t
Hence the incl i naitpil@amead @llea hfer dm tchagi thier each ghuy
di fferencanbeetAlelen7 vex3dlowvse iim Eiwpumpéeé anes t hat
other. @mentfafififbtee, whil e t heiddiddher Tpd mtnaions
property is captured by the blue dashed | ine:
angul ar bdeitfwWeearnedracxee s al 1s80 ne pu @mloeeds, t o be fixe
i-axi socaaxnids are notHefrree;efwrift heorntjatt $.d@mes ehéaect i
assumeblsetiph atn etaomi sobheopy 1 lsEeaalmiagyseeds hveil tiLh whi c
corr es pommadgsn etoi ¢t hfei el d surface of equal magnet

Using the above relationships, theh@ppropr

system EgMtsoy sttheen camsbe derived

i WAITO aOET (5-8)
0 WOEIOET wAT1O GAITGET (5-9)
i WOETATIO 0OET GATTATIO (510

By evab"’iuaty—i ngy— using the above transf or maf
formYofs obtaineXyYomnther nksol Rfowongnd [ E®OFmMduw
Y can be assumed ta have the general form

Yy YziVa 06 Or YziVa AYziva (519
whewW®i s the functionatofoemabfoanffumati dnauwb

normali z¥d 90 Am&tt he form of the argument i s
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Yziva AYziVa 6 Y 6 Y 6 Y&

(519
O Y'Y &Y Ya ¢6 ¥ Ya
where the eAmamenits afetdhieven as
6 PRI O OEN SOET AID (513
W W
o P~ A
6 AT OFI (519
5 DCOEf Al O SOEN AID (519
® w
p A oA e 2
0 0 o p OEIOEIAITO (519
5 8 = LOEN Al OEIAIO (517
0 W
. . p o a2
6 6 = p Alf@ERNO (51 8
Note thatp, whéde horizontal cubdpldne hlredomesg

circle. Hence the depesdheapedr@®n ©ODhed pamr amet er

To propagate the anisotropy forward to the
relationship between -+ beodpleniuv@at i pgmaseéensi e
perturbation in the el ecfobhddRdmmgiatnyd [ NEe@edig utwo
an®i no and [L1IY8gklgmtedm i c al optics rel ationshi

1 03'mBdpo and t he pbds¥% Hapd ¢ tsu & mipgli ovyeend ,by

1 %8 hargo i_ 1 03 mapo Qa (519
wherec®pxpm [ is the classicali ®ltete roar miadgi uw
of the GNRS edi gommalt.hi s | i near ray ocpotrircesl aap porr

functi onY osffe@ppbansaes t he f or m
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Y apo 6 %r Q3 180 (520
whed i s theaphalBeief fracti on pattern caused by

i rregul ariist yt hsetnr ucchtaurraect er i zzed by the quadrat.

03" 63" 3" 03"
@7 56 8 T (529
where the ani sdtGdapgapargimeerr by
o 6 6 OARAT © 6 OAJAT-O (52 2
6 ¢c6 o6 OALOBIATO OAFLS6 OBl 6 AT-O (523
6 0 6 OAFLOEI ¢6 OAIOEBI (529

whedep § 0 g and are the elZBAmaentsx,of whiheh are
from the correspoknatnrgi xe | keyhemyil ao é nbgmpdd
in EqbB3I DB respectively.

At the receiver @il fainrea c ttilhsencdpetpeetratr | zlea b

factimansde al ongnaijtosr saemindih osre mix e | x i @it virmg i tohe

" 6 o7
“y dr (5295
0 Goee 50
wher e
o o6 6 o6 7 (529

whil e the ori entfdtriacriisomyg hpea tatpegrink efi pam i r s e g ul
rel ati veex:itso t he

~ .. O
%00 OAI(.j 5

(5279

N |0 <

For more el aborated desfcorriwatrido npsr oapnadg aethiéacnu |

t ®i no and|[ EBEémpuand ARipee@d1ik]hAs3 situdy, we as s
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par ame,tbearnsd t oget her wh2huElQyat hamacddaevfaefdre ctth e 1
pataareotropy.
52. Ef fective Ilrregularity Height Estimati on

With the prfropagatbobed paittheronu gihn, nBaetcet! itohng 5e. slt i
di ffraction pdtrtoent meiars uSi@anteinavymr4g.id N probl em c
solve for the effective irregularity height b
52.1. Met hodol ogy

| n Sebc.tli.o27nhe forward propagation process s
ani sotr opyohph rfament erhse esai ¢ el Bfgie@laka mgt er s and
axi al (gpeotfi d he i onospheric i-receguwlear igtey.meWhiyl e
can be determined from the known receiver po
par amettehres iamdegularrd te/s saexn tail alrlayt i &n ktnloberns p d me
receiver analysbseshowsahed weresbnnmddffd t he an
from receiver arr.aylLatoarr &R2hBeapipamxit manison
demonstratkedwesbowighr omaxiheal cesmbdbfothe obser
di ffoacpaheemet hod also relies on trheeceneleat.i
geometr geamaddtiled idc pahasmettddresonl y remaining un
are the geomagnetic freldtéear@amet glSlieeitSgdinc h a
shows how the field parameters can be approx
magnetometers for a given irregularity height

Now t hat boashsotchieatleai grotd 8 da nadn i tstoed rmea £
ani sotthSdpgan be obtained, the Geddrecheéevdeiermi

when the modeled anisotropy best mat ches the
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el l i psoids assumption of mhechhnosotur ® pwhewode

ani sotropy is a scaled version of the measure
o QoMM h O ahQ n (52 8
Formally, this matching process can be desc

is to find the hes¢h mohat: par ameter
Qo 00 (52 9
wheiOés the forward operator describing@he re

and the propagated didhihd aacst ii mn Speattti e@rnn 2p &r. a Mot

Mis not necessarily the tffiectirveghkaghtychas
assumptions involved in the anisotropy model
In the implementation, the r atofoOFoMNEt ween
an®IMmIBMHIE, are first computed. Then mbéanbest
sqguare difference is mini mal
0.0 .0 0.0..0 . 000 0.0 .0
%% 5% (ETgk M (530
This way, the inversion problem can™e sol

Fi gbhtdid | ustrates the gener al met hodol ogy for e
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Best Match

Figbtd el l lustration of the effective irreg
On the |l eft, a diffraction pattern (bl ack
ellipsoid) is observed at the receiver array.

and green) mar k the pohemitcalrpegultaoinsy otind

assumpQi(ore@) blue® (gneen). These ellipsoids ar
Bf i eld parameters, as indicated by their dist
showi ngrdsqmponadarng di ffraction patterns, ar e
orientation and shape of the blue ellipse mat

| eAs. a ,retishuelegbbbghty associ adiefdf rvamidtttH&d mh g sb | u
det ertmo nleed ef fective irregularity heigdtto. A bI

further clar.ify this procedure
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Forward Propagation

Create
Search Space

{h}

>

Calculate

B-field Parameters —

{6,9.9,6}

v

Propagate
Anisotropy
{A,B,C}

Estimate Estimate Compute
Axial Ratio Anisotropy |€— Carrier Phase
{a: b} T (4,B,0) Correlations

Spaced-Receiver Analysis

Figbd eBl ock diagram il lluastiray i mgi ghte edf iemat
green blocks represent the forward propagat.
receiver analysis steps, and the red blocks s

of parameters.

Foll ogub® FRiuring the forward propagation p

height val ueg$ oaiffteé refmsresatr cshe IsegpcA2ceca n Fboer ae xraammpgl ee ,0
values from 100 km to 4060fikrh.d Tphdmimelhe esor r e
cal cuWwlhaeé e€ an be obtainedr efcreoamet hggeoemetel Vi tam
assumptangdngan be cal cudlianee dg euosmanggn ertefech & i sedtd v
to Obe Seb3smmws hofw etl de vBel ueepprcoaxn mat ed fr om
magnet ometers. Once the axi al ratio of the ir
a set of ani sohbhd oaprye pcaarl acrueltaetresd using the forw

On the other dhhhgactern parameters can be

ani sotropy <correl at-r eneimoareroad nl dolvwo anigh 2Seawrm d ® ah

AppenBli a scaled ver siom odn tthe eaatiismatreodp.y Bas

dihfef r act i fhe mBth

r a toidaeo f

5. 3.hdws

on paftietnd paraemelt eas

how t g cafx itahe riartrieogul arity pattern c:
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To verify the effectiveness of t hiud airnver s
heights «amplhe eddr wvsds h the electron density pr
For ex&mpdme,be taken as the height values of t
at the GNSS estimated heindghlatnc,e memdac lorf are pd led d
Ne profiles, as these phenomena ar €ade ketbwyd as.
arceonduct e d6 .b8 s 8Eelwibintoemn s e geomagnetic storm ev
52.2. Axi al Rati o Approxi mati on

The howrsilzert alf the irregul ardisthel ¢l liispsesisc
thed 2rregularity pattenan ochaxaaatde rinihzeends ebayk i tsh e
@ The diffraction pattern i s t-maojr parxagpsaagnad e d
semi nor @Xifs a definitive relationship can be

then the irregulé&picary patderinvadcifalomathe di f f

e A simplifiddreagaumeatrriyt yofantdhei ffr&&ti on pa

w@n
L-Shell i
N~ \ o ,
\ ,
\ s
\ /
. \ 4
Irregulaﬂty\\
Pattern
Diffraction
_~"Pattern B-field .~

Receiver Plane

Figbg e Si mpl i fied schematics of th
irregul arity -phadltle,r nwtail posgnegt H&h er el i
the receiver plane.

propagat
agat ed

e
bpag C
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Il n FBGursiwnese alignedhealithanthei & pefripeelnddi c
orientation,in tise praecadilvedr cipdgm nes peci alollyl owh
sat elelcietiever di stance i si muedul anrigtey dihathan be.
is to find the dceeddti ovhs kihp chaet tweseagoeboameatcrtiecr i
projectionf.i &lichcei rmehcet iBemaj os akoseg the same p

appliedfitowl d heedBt or as well . Th3%7%s projection i

Fi gt e Geometric pr-bjecdi d®°hr ek oegpp nth@ cBh®n vect

red) along the prin@i podla cpkr)opafdiedt MBoajnamjiisav e(st i o
the angl®ab@t ween

Il n FbBurtehe projedtiedn Phadaim@r hteheB pri nci pal

vecfPomto a plane parallel to t h¥Three cBRiawgdgisnp!| a

angléeddefines the ahigledbeéeit weeni bheaBd the prir

[Bri ggs and dRarjfkalnl ows t hat

Y ® QP (539
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whedies a @dasl ar.scal @&d sveahs itomatoft he cavies ti kcea |
same as the ver® i Aal a®iosmpiotheaantplodne parall el

Define the scali gampdPr ameverheéertiveene i s

Y ®Wd® ® apde® (5-3 2
Sinobexe we finally have
Vg ol (533

EquatBEnp(tovides a coarse estdfmanddgNyfl rn he
real istiygnatlhebendi ng through the propagation pa
additional. efThecesot e, a N15% uncerdgafirotny i s
523. Ani soBrrropprys and Mitigation Techniques

The valiciffegtiove thhei ght iestiangeoyn depédnd:
accuracy of the .aditsotsropwpopdraameteor e abl e t
error soug cear amethengesevasatubelyy pol |l matees he ef

As mentioned in Sectooouds 3wBenmaathechati cal
pattern appmbachhas g ptombi ning with the to
i rregutlirau,dtturies i mpl i es omndreoégtwar pobyg neekaird i t i .
uni top p;om)t hefiB ed direction coincides with t|

"0 m.These two scenbafFigudaere il lustrated
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(a)

Fi gbh&Rot enti al scenarios fdgp pbtSubphgt ual) ys:t

possibility where the i rige@ul Suibtpy oaxi(al) rsato
possibil ity -Pwhrekrien tahreg 6Bar imgsg ss mal |
|l rei tdhaestenhe di ffr anotuilodpr @peattitcealnl y 1 sotropi c

chall engi ndostioe niAdeetratoimfeyscughb t p, whaernge errors may

estimated anisotropy parameters. [ 'int itghaet eidmphl y
filtering out the results tcddt car doasesobbaat ed
58(b), even if the axi al rati o turns out to b

“"00 m the estimated diffraction pattemaj owoul d
axis,haappems to be along the principal propag:
mitigated by discarding” d hveadralelu Iptus) associ at e

The forward propagation model is establishce
irregul arities-fared dal iHpmeed ewi,t dutrhengB acti ve <c
not hol d. | n orriaertti acteibcsmvheefedttitheef f r acti on patt

from-ftihel 8 diamelc ttihben corresponding results are
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Il n addition, only results assqgcipat pdaweth

considered, so that ndeedeseifmacedngeshket sraee
el evation mask for the i nput phase measur emen
53. GeomagnetPiag afnedled Esti mati on

Anot her key component of the hekeghtdessti ma
the i-hpeltdB The baseline field parfandtde rnso dcedn
such as the International Ge olnhaRbnaeutlitc 2eBté Baglr e B
during strong geomaguebaccestexceedsng sNLoag
observed i n addi tion to t he baseline val ue:
measurements from the College Station in Fair
on 2015/ 12/ 20 i @dleéu ebsa saerld nal sBo prov¥2detihdasged

generati.on) model

IGRF values Real-time data at College (CMO) Station
2015-12-20
ana T 3
11885.48 S00E- ™M =
= W EAA N N 7 TN == 116B2.62
y O EL \ - .‘..-I WA l' " I‘-,f“ ‘»‘.r- i .’( s E
4—500 J | f || | —
() *F LY W :
~1000 | | :
E L E)
3
3942.50 s00F- L ' ‘ 3
= = { 3BE5.0F
v 0 E 5 = ~ vy r u’l e : 'Mh" J ':,“-‘!ﬂ.‘ ] —— — 3B65.05
{ g v AW E
(n7) }:CJE .‘ur | =
oo F |
\LL.Jr 3
55415.26 S00F P Y | RO T S 3
E i \aa e \ 1 WYY 2 55401.86
7 ] T~ — N (T |1-_-\‘.u L] a =
E M ¥ E
~—S00F ! =
(nm)yE z
7‘000":— |
00 03 06 09 12 15 18 21 00

Universel Time (Hour)

Fi gb% e Rteiarhe magnet ometer measurements at the
baseline field parameters on 2015/

Il n F5Qurtehe blue | ines in the top, middle a
measurements as X (northward), Y (eastward) a
red |ines correspond to the | GBEBRF moadeée¢ledapped
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fit very wel/l to the field baseline at the beg
active hours from ~0500 to ~2000 UT, t he di ff

are substanti al (> ah@00C5MD inAMm time tXediYraantdi &n

I n the inversion algorithm for effective i
results is directly reldteddt parheetecsradhe
suggests t hbaats edsinmeg vdadiuleys from the | GRF mode
accuracy. An alternative field PAbhsamettere eisti

estimation method wultimately requires the fie
ionosphoeraechi eve t hesetregq wiprpe mercths ,i sa-fpiretpd s e d
parameters at Earthoés surface; and 2) project

I n the first step, processend rneagg noent o nse tfea rr st

from Super MAG (http:// 40 eshmaws jthhueapd . eeagi o na

stations that were available during the geoma
L
’
’
ALASKA¢ v
1 TEYRll,Z'I('PO’f(Y
Anchgiage,
(R
*
Fi gbree OAET AAT A T Aci1 AOT 1T AOAO OOAQGETT O &£O01iI 30PAO
i AOEAA AU OEA x OAA PET O AT A OEA COAAT PDPEiI 8 4EA ¢
.33 AOOAU 11T AAQEIT 1T 804 EACIXAEGIOIAABED OO O ADET T ®ERI
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Th8magnet omet er sHladd utolnisnea nt Feé ggerer al Al a
covers most of the observable region fr-om the
|l etter abbreviations and geodebli casc oao rrdeifnearteensc

Tabbtle GNSS banddi userdtaanmd datuitgpput data rate

Station Barrow | College | Deadhorse| Shumagin| Sitka | Inuvik | Petersburg Poker
Name Flat
staton | gew | cmo DED SHU | SIT | INK T22 | PKR
Code
L?th;’de 71.3 64.9 70.4 55.4 57.1 | 68.3 56.8 65.1
LOR,/%')wde 156.6 | 147.9 148.8 160.5 | 135.3| 133.3| 1332 | 1473

To approximate the geomagnetic parameters within this region, linear interpolation is
applied based on the SuperMAG data obtained from thetsiBns. A crucial component of the
interpolation process is to create uniformly spaced coordinates covering this region. However,

uniform latitude longitude grid in the geodetic coordinate system does not preserve uniform

space. For example, a 1%1°gricat low latitude would cover a much larger region than a 1%1°
grid near the North Pole. To properly address this issue, the following steps are implemented:
1) Convert the geodetic coordinates of the available magnetometer stations irtG &eeh
EarthFixed (ECEF) coordinates. Create a uniform tkateeensional (2D) mesh bounded
by these stationsdé (x, y, z) coordinates,;
2) For each vertex in the-B mesh, calculate its geodetic coordinates. For each (x,y)
coordinate, find the z coordinate that is assodiatgh the least altitude value. This way,
the fitting surface created by points |ike
3) Use the calculated geodetic latitude and longitude coordinates of the fitting surface as the

2-D fitting lattice for linear interpolation.
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Using a 50km>50kmx1L0km ECEF grid, the correspondin® 2itting lattice is illustrated

by Figureb-11as an example.

Geodetic coordinate lattice derived from uniform ECEF coordinate grid

~J
N

~
o]

Latitude °N
[6)] [0)] [0)) [e)] (0] [e)]
(o] (@] N B D (o]
3 T T T T

o))
D

w
n

225 220 215 210 205 200
Longitude °E

Figure5-11. Example of the 2D fitting lattice created from a 50km>&inxL0km ECEF grid.

In Figure5-11, note that the size of an individual lattice at lower latitigesmaller than that
of a lattice at higher latitude indicating correct projection. In the actual implementation, a
20km>x20km>5km ECEF grid is used fornbanced spatial resolution. Linear interpolation is

applied on the-D fitting lattice. Figureb-12 shows an example of fitted results.

Fitted B-field Z-component on 2015/12/20 12:00:00 UT x10%
5.7
x10* o 56
@}
5.8 4 o 55
Ce)
5.6 + 54

75 [ 5

65
Longitude °E Latitude °N
Figure5-12. Example of interpolated geomagnetic field vertical congmbr, (positive

downward) at 12:00:00 UT on 2015/12/20. The magnitude of the field values is shown by the
color bar in nT. Eastward longitude coordinates are used for fitting purposes.
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Note that field strength variation along I4 nearly 8000 nT in FigurB-12. This again
illustrates the importance of using accurate geomagnetic data to represent the field parameters for
the effective irregularity height estimation method.

The above procedure estimates Bibeld parametersat&Er t hds sur face. The
to project the surface field parameters onto targeted altitudes. One way to accomplish this is
through modeling the Earthés magnetic field,
parameters are considered as in thisec On the other hand, this suggests that established magnetic
field models can be employed to carry out the estimation. In this study, we resorted to the IGRF
model, which uses the Altitue&djusted Corrected Geomagnetic (AACGM) coordinate system to
addess the altitude variation in tH&-field [Shepherd 2014]. The implementation is as the
following:

1) Find the IGRF baseline field parametershE ar t hds surf ace and at t
2) Calculate the ratio between these two values;
3) Use this rati@s a scaling factor to estimate the field parameter at the targeted altitude based

on the interpolated surface field value found in the previous process.

For exampl e, on 2015/12/ 31, #(BRki dleREi dali |
component) vadr5éh 43 . PFRRT at ,tame BOHSNOKBORX ndr fad
altitude. Atntke2P@b!|l @T,edt Bz value awbsP6FEIAB8FI| at
Then the instantaneodstBmrmialest ama?2@d km: abo

VTTU&IP4 vuvuvdicd vV YPIYs vTTYd @ T.

The | GRF itself is a series of mathematica

rate of change (secular wvariat i oom)a.l IAts siosc iuapd :

Geomagnetism and Aeronomyl!®y@hesadiesel GREiIi mad
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in December 2014, which is the | at@ght®bla@RE ma
al, 2015].

By now, -&NBSSspeaeacchnwvidewed oped in this diss
presenrnedphdric esbmd f é&f fveeddodcrnh ¢b éh ee gthitmat ed fromnm
phase measurements during hi dglto Ivetriitfwdéd hieo nwaad
t echni gcuoenss,i ssteelnffcy studies bet we-eom@BHBEBEsbnequa
agai nst measurements from other instruments &

studies are presented in Chapter 6.
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6. CHAPTERG6T COMPARATIVE CASESTUDIES AND ANALYSIS

Based on the algorithms and procedures described in Chapters 3, 4 and 5, together with the
receiver array setup described imapter 2, GNSS irregularity drift velocities and effective
irregularity heights can be estimated during phase scintillations.

In this chapter, several case studies will be presented to evaluate the accuracy of the
methods and compare the results with otdeeocated instrument observatior@ection 6.1 gives
the summary of the scintillation events used in this dissertation for both the HAARP array and the
Poker Flat array. Error analysis and mitigation techniques are discussed in Section 6.2. In Section
6.3, an inteffrequency seltonsistency study has been conducted based on the HAARP array data.
Section 6.4 presents a comparative study between the HAARP array drift velocity estimates and
the SuperDARN measurements. Section 6.5 focuses on the compdrid@ntewo correlation
methods: TDM and TFDM. In Section 6.6, a comparative study between the Poker Flat array drift
velocity estimates under different correlation models is conducted. The corresponding background
ASI images and PFISR vector velocity measnents are provided as references. In Section 6.7,
another comparative study is conducted between velocity estimates from the Poker Flat array and
measurements from the PFISR. In Section 6.8, the GNSS array estimated effective irregularity

heights are crascompared with the PFISR electron density profiles

6.1. Scintillation Events and Example Results
Numerous ionospheric phase scintillation e
and the Poker Fl at array. In tHi seddoesestahtcy

study across different GNSS -csangmaarl ast,i vaes sweul dy

the GNSS receiver array estimations and the K
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amount of scintil |l atThano keewre nRlsatu sairnrga yt hdea t TaF D M
comparison study between the-cDbiaarmd itviee sT RIRIM,
t he GNSS measurements and the PFlI $Rsmheagurema
using the TDM.
6.1.1. HAARP Arnrtasy abBnvde Exampl e Resul ts

The HAARP GNSS array se¢dtheml ocratl i noonwslpyh ema
to 2013/ 3. GPS measurement-sowgdei amhaillea b@LeO N AhS
measurements became avail apbfie/ 6prather |l astfulll
durazd@l2 summerTagdmpaieghnl g[] . The KOD Super DAR
continuous measurement throughout these 20 mo

To perform the data comparison dureivreqatisono
need to be extracted first. From the avail abl ¢
GPS satellite and identified theWdard adt29alieqt il

Among ‘mbet BAOperiod, Budrthgs odentaitfai @ead ewher e

mo s t concentrated. These selected data have a
than 73% of the total event ti me. Lastl vy, t he
days.

Following the procedures described in previous chapters, the apparent irregularity drift
velocities are estimated based on the TFDMthis study, the front velocity model is directly
applied to the time lag estimatasthe correlation peaks produced by tA&DM. For other
correlation models associated with the anisotropy model, additional processing is required to
retrieve the full correlation functions. It is not pursued in this stlitheg drift velocity estimates

are obtained using the front velocity modelnfr&igure 61 shows the estimated irregularity drift
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velocities for the visible GPS satellites calculated from a scintillation event from 11:51:17 to

12:54:17 UTC on 2012/10/13

lonospheric Irregularity Drift Velocity Estimation
2012/10/13 11:54:17 - 12:54:17 UTC, Gakona, Alaska
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T
N
o
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PRN 5

s
T~
=

Fi g6l e Sky vdctiormoplpdhterda ¢ irregul ari tcyodderd ft

tracks cor Qesplomels t of tdh@@ch satelliteds detre
intensity given by the colorbar. The vectors
estimation magnitude and direction. A gelocit

a reference.

I n Fi-gural b velocity wvector seasotugdil rye cptoii onn
magnitudes ranging from 300 to 3000 m/ s with r
, values of each satel Iciotleo rhawedl ea lisnad ibceaet ne dp |boyt
right. I ntuitively, it is easier for this te:
fluctuation is stronger.

6.1.2. Poker Fl at Array Events and Example Resul t.
6.1.21.The 2015/ 12/ 20 Event

A geomagnevteinct sttooorkm ped ace-2dur 20d5Dedbmbesesudi

commencement (SSC) was documented at 16:16: 12
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initial phase of the storm [ Ebre Obserhvoauror vy,
b u tulpd the hourly Disturbance Storm Time (Ds:
maxi mum i ndé&/dsinTy [aWwor | d Dat a Center ( WDC) |
http://wduo. 8agj pkwdt b Se0c03 .nhRirdl (DG t8iTnc énhibe eve
classified aoanz all gzéa®@9d hst At mt he meanti me, t |
i ndex reached 7+ . To furtiRerildasdriabe st Isiey e

geomagnetic and interplanet a@yd 1nda gln2e/ tli9c.tfoi el0dl
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Fi gt e Vari ations of selected geomag-aeitin® an
2015/.122T/h2el vertical dashed | ine gives the SE¢
[ http:// www. obsebre. edifoaim/ magirdjgedTh&lKp oit he e
d. Th

h

I

mi nute average e parameters are further s
the top subplot, thepKptjindekbeal sBlbaat by ¢ e
iI's show by the black curve. The middle subp
disturbance index in the horizont al dizrecti or
component in nT (I MebpBEkot ggayes The Bol aomwsn
bl ack), together with the Solar wind pressure
WDC Kyoto Observatory. dhtjtmp/ dédvidrc/ knude x Klytomn

par amet er s aurgeh aNcAgSUAI/rGeSd- Ctolksr Space Physics Datt
service [http:// omniweb.gsfc.nasa.go
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I n the top stbhpltonte OAFE Hingduerxe déé mo ms ti matred s
foll owing the SSC on 2015/ 12/aks%®,s vamidl € | mwcdh arr
1883 nT) occurred on 2015/12/ 20 after ~0300
(between 4 and 7) throughout the main fhase o
index shows a decreé¢asi maxt mamdi inhegesneryalatun?2
with a few uptur nlsy dtnsdk ecyad D0tg§ | asludhobnepoat nivebn tB t u r
northward after the SSC, foll owed by some f I 1
~0300 UT b2O28d48/A@€mained southward for more |
the solar wind speed shows an abrupt increase
wind pressure occurring shortly ef teewrenand | as

To proceed with the comparative study betw
vel ocities, the first data period is selecte
reasons behind this choice areas@ulemeotis $¥Whs
this period; and (2) strong | MF and geomagne:"
Figuz,e i6ndi cating high potentials for observi:
fact , accordi ng -Dtaogy st & hlen tqeuri fPaatgisa n(adlh §@& moandd
days) service, 2015/ 12/ 20 is the most disturhb
actyiifwbDtC f or Geomagnetism, -Kyatojphgqdgayd Wwidrd d
expecteadal trheegnet ometer at Poker Fl at observed
[ UAF Al aska Satellite Facility, https:// www. a

are pl ot t68d iim &adgamradecank emevaistuhr etnmheen tGNS S
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2015/12/20 Magnetometer and GNSS Parameters
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phaseneasurements are plotted for all visible
and Galileo (green plus si gdest)assoaltueslel ootnedss alb ¢

I n Fi-jyurleamdge fl uctuat i owasn dc@Bimpoen eorbtsse r bvestdy
~0430 and ~0600 UT, around ~08 UT, and betweel

al so be observed i,nmbashr &EMEnmadhtCalhfbeomages
also plotted for 2015/ 12/ 20 to dle nsdchroswsr atthee tA

keogramsognbrshices of ASI i mages at each epo
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nm, respectively.
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Il n Fi-gureoldsi stent results can be observec
where | ess paibbskevpdeatp#édaBa&tilonm and the 63
to be under cloudy conditiaes .emkFadsiuwalng waeak
|l ocali zed particle precipitation can be obser
wi dely spreading precipitation can be observe
UT to ~1730 UT. Theseveasulfteatarese adsee vwidt |
par ameter 2 iamdFitcuwer d o6c al -4p,a rraensepteecrtsi vienl yEi gur e

Foll owing the procedures described in the
phase measurements areegsglkdrittoy ecdriifmat eeltdei |
processed results from 0430 to6bbs30vealTooint 2 0\

on top of their, vatees i teditcatcikisg wi hédr phase i

Skyplot of GNSS Estimated Drift Velocities
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red; Galileorbareennredpmend otilm rtdciec gosh.a sTeh es cd st

drift velocities are illustrated by the qui\
eastward.

Il n this example, 7 GPS satellites (GPS 5,

(GLO 3, 4, b5, 13, 14 and 22) and 1 Galil eo sat

mas k. wlempttrte of the sky, t hpee arrerde gtud abre twe rdy i tf

| ocali zed. The irregularity drift vel ocities
experienced sudden turns i n aagdfiott dihreckiyonal |
satellites ea&rpkrdreinfctedv emloadihtwi es. GPS 7, GAL
and consistent drifts in almost the same dire

6.1.22.The 2015/ 12/ 31 Event
Anot her geomagnetic stor m2@®¥eG&/Nt/ laccluhhrea e8 S

regi stered at 00:a4t9 :t3h6e WTr oounn d2 O 1E5b/rle2 /Bbls er vat o

event | asted until ~0130 UT on 2016/00 n/TO I ,WDwWh
for Geomagneti sm, Kyoto] . Agai n, this event
slighiihyeheesthan the previously discussed ev

further descri bz dhows etvleemtselFe gtuedk dGeomagnet |

2015/12/31 to 2016/ 1/ 1. For compardqgueideaty. 2015/
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index stayed at a high | evel (between 3 and 6
mi ddl e subpHotndedhessBd&Wedghal evel after the S
2015/ 12/ 31, where a gener al decreasing trend

maxi mum intensity at ~0130 UT onca@mpénéent.caal

observed froem000eUSSE€ENt 20015/ 12/31. Il n the bot
can be observed in the solar wind speed, one :
The solar wind pressure also increased~2t00t0he

UT on 2015/12/ 31.
The data period selected for this case st

2015/ 12/31 is the second most disturbed day i
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[ WDC for Geomagneti sm, ogtod o] me dher d nmecmatl s neatg

pl otted -1,n iFn gaceormdancmewstthembprpt &NSS
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