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DEGRADACIJA KVALITETE GPS SATELITSKOG
ODREDIVANJA POLOZAJA USLIJED PREKIDA RADA
SATELITA: ANALIZA SLUCAJA GPS PRN24 U HRVATSKOJ

GPS PERFORMANCE DEGRADATION CAUSED BY SINGLE
SATELLITE OUTAGE: A GPS PRN24 CROATIA CASE STUDY

SAZETAK

Prekidi rada pojedinacnih satelita opcenito imaju veli-
ki utjecaj na kvalitetu odredivanja polozaja satelitskim
sustavima. Privremeni prekid GPS satelita PRN24
predviden za 12. rujna 2009. godine postao je motivom
pokretanja analize utjecaja na sveukupnu dostupnost
ikvalitetu odredivanja poloZaja sustavom GPS. Teme-
liena na simulaciji, analiza je usmjerena ka definira-
njui utvrdivanju degradacije kvalitete GPS satelitskog
odredivanja polozaja uslijed prekida rada satelita u
Hrvatskoj, s obzirom na sve vecu upotrebu satelitskih
navigacijskih sustava kao sastavnog dijela nacionalne
infrastrukture. Za utvrdivanje prepreka satelitskoj vid-
ljiivosti na otvorenom nebu simulirane su dvije GPS
referentne lokacije u ruralnim podrucjima. Isto tako,
za razdoblje prije i poslije planiranog prekida rada sa-
telita definirana je vidljivost satelita i odgovarajuca
prostorna degradacija tocnosti (PDOP) za obje refe-
rentne lokacije. IzvrSena je usporedba rezultata dobi-
venih simulacijom na referentnim lokacijama koriste-
njem emitiranog GPS almanaha s rezultatima koji se
odnose na neometanu vidljivost nebeskog svoda.
Analiza je pokazala kako u situacijama neometane
vidljivosti nebeskog svoda privremeni prekid rada jed-
nog GPS satelita nije prouzrocio znacajniju degradaci-
ju kvalitete odredivanja poloZaja satelitskim sustavom
GPS.Medutim, zamjetan utjecaj uocen je u slucaju
odredivanja poloZaja u okruZenju s prirodnim prepre-
kama na juznom dijelu nebeskog svoda.

Kiljuéne rijeci: kvaliteta rada GPS sustava, prekid rada
satelita, degradacija toc¢nosti poloZaja (DOP),
dostupnost

SUMMARY

Navigation satellite outage has a profound effect on
the satellite navigation systems performance. A progra-
mmed temporal outage of the PRN24 satellite schedu-
led for 12"September 2009 motivated a simulation-ba-
sed study of the satellite outage effects on the overall
GPS positioning performance and signal availability.
The study was focused on the identification of the GPS
performance degradation due to satellite outages in
Croatia due to the growing utilization ofthe satellite
navigation systems as a component of the national in-
frastructure. Two GPS reference sites in rural areas
were simulated for the determination of open sky view
obstructions. The satellite visibility and the correspon-
ding positioning dilution of precision (PDOP) for both
sites prior and after the planned temporal outage of
GPS PRN24 satellite were determined. The results
obtained from simulation using broadcast GPS alma-
nac were compared with those related to the un-
obstructed view of the sky.

The analysis revealed no significant disruption for the
un-obustructed sky view, but a significant impact was
identified particularly to sites with natural southward
sky-view obstruction.

Key words: GPS performance, satellite outage, dilution
of precision (DOP), availability
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1. UVOD

Satelitski navigacijski sustavi postali su sa-
stavni dio nacionalne infrastrukture. Operativ-
ne znacajke sve veceg broja tehnickih, ekonom-
skih i drusStvenih sustava djelomi¢no ili u
potpunosti ovise o kvaliteti rada satelitskih na-
vigacijskih sustava. Kao i ostali tehnicki sustavi,
satelitski navigacijski sustavi podlozZni su osjet-
ljivostima i ograniCenjima, Sto povecava rizik
njihovog koriStenja.

Transport, turizam i poljoprivreda, grane koje
igraju znacajnu ulogu u gospodarstvu Republike
Hrvatske, sve viSe su ovisne o koriStenju satelit-
skih navigacijskih sustava. Stoga, praéenje kvali-
tete rada GPS sustava i prepoznavanje degrada-
cije kvalitete odredivanja polozaja javlja se kao
znanstveni izazov, ali i kao pitanje o¢uvanja inte-
griteta nacionalnog gospodarstva i javne sigur-
nosti. Brojni sloZeni sustavi i sluzbe (pomorska,
zracna i kopnena navigacija, operacije traganja i
spasavanja, sluzba 112, telekomunikacije, usluge
prometnih informacija, upravljanje brodskim
flotama, itd.) od lokalne ili nacionalne vaznosti,
kao i velik broj osobnih usluga (navigacija, uslu-
ge temeljene na lokaciji, itd.) ovisni su o odrzivoj
kvaliteti rada GPS sustava.

Dostupnost satelitskog signala i vidljivost sa-
telita su, izmedu ostalog, uzroci koji utjecu na
kvalitetu rada satelitskih sustava [6, 12]. Nedav-
ne rasprave o odrzivosti GPS konstelacije od
strane Sjedinjenih Americ¢kih Drzava obratile
su i povecale pozornost 0 moguéim rizicima sve
brojnijih sustava u kojima je satelitska navigaci-
ja pronasla primjenu.

U radu je prikazana jedna analiza slucaja
prekida rada satelita kao izvora potencijalno
kriticnog poremecaja u radu sustava GPS u Re-
publici Hrvatskoj (kontinentalna i primorska
Hrvatska), temeljena na simuliranom scenariju
planiranog prestanka rada GPS satelita PRN24.
Posljedice ovoga prekida analizirane su iz per-
spektive dviju ruralnih lokacija na podrucju Re-
publike Hrvatske. Analizirane su opazene de-
gradacije tocnosti (DOP) odredivanja polozaja
sustavom GPS s, odnosno bez dostupnog sateli-
ta u naselju Baska, Hrvatska (naselje s mjeSovi-
tim planinsko-mediteranskim karakteristikama
terena), i naselju Kalinovac, Hrvatska (konti-
nentalno naselje smjeSteno u ravnicarskom po-
drucju) (Slika 1). Navedene lokacije izabrane
su kao karakteristi¢ni reprezentanti koriStenja
satelitske navigacijske tehnologije u turizmu,

1. INTRODUCTION

Satellite navigation systems have become
components of the national infrastructure. The
operational characteristics of a growing number
of technical, economic and societal systems ei-
ther partially or completely depend on the pe-
formance of the satellite navigation systems.
Satellite navigation systems, like any other
technical system, suffer from intrinsic vulnera-
bilities and availability limitations, which rise
the level of risks caused by their utilisation.

Transport, tourism and agriculture play sig-
nificant roles in the economy of the Republic of
Croatia, so monitoring the GPS performance
and identification of the GPS performance deg-
radation emerge as both the scientific task and
the matter of national economy and safety. Nu-
merous complex systems and services (naviga-
tion at sea, in the air and on the roads and rail-
ways, SAR operations, 112  service,
telecommunications, traffic information servic-
es, fleet management etc.) of local or national
importance, as well as a plethora or personal
services (personal navigation, location-based
services etc.) depend on the sustainable GPS
performance.

Satellite signal availability and satellite visi-
bility are among the sources affecting satellite
navigation performance [6, 12]. A recent de-
bate on the ability of the US to maintain the
GPS constellation has risen concerns on poten-
tial risks for numerous complex systems utilis-
ing satellite navigation.

The paper aims at presenting a study of the
satellite outage as a source of potentially criti-
cal GPS vulnerabilities in Croatia, based on the
simulated scenario of related to planned tem-
poral cessation of the GPS satellite PRN 24
service. The PRN 24 outage effects, as seen in
two different environments in Croatia, were
analysed. The GPS dilution of precision (DOP)
with PRN 24 available and with disabled PRN
24 service, respectively, was compared as ob-
served in Baska, Croatia (a village in a com-
bined mountainous and Mediterranean envi-
ronment) and in Kalinovac, Croatia (a
continental village set in a flat landscape) (Fig-
ure 1). The choice of simulated GPS reference
sites was mainly driven by the nature of the
GPS utilisation in transport, tourism and agri-
cultue in Republic of Croatia.
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transportu i poljoprivredi Republike Hrvatske.
Rezultati simulacije razmotreni su sa stanoviSta
raznih kopnenih i pomorskih scenarija, kao i
sastanoviSta geometrijske degradacije tocnosti.
U zakljucku rada prikazani su rezultati i opca
procjena simulacije, kao i sazeti pregled dalj-
njih istrazivanja, s ciljem stjecanja dubljeg uvi-
da u moguce rizike uzrokovane ranjivoscu usli-
jed privremenog prekida rada jednog satelita
sustava GPS.

2. POVIJESNA PODLOGA I
DOSADASNJA OTKRICA

Kao sastavnica nacionalne strukture, satelit-
ski navigacijski sustavi znacajno unapreduju
funkcionalnosti postojecih, te omogucavaju ra-
zvoj 1 upotrebu potpuno novih tehnickih, eko-
nomskih i socioloskih sustava. Medutim, ogra-
ni¢enja 1 ranjivost satelitskih navigacijskih
sustava povecavaju rizike svih sustava koji kori-
ste satelitske navigacijske usluge.

The results of the simulation performed were
discussed from the perspective of various land
and maritime positioning and navigation sce-
narios, and from the perspective of the geomet-
ric dilution of precision (GDOP) deterioration
due to satellite outage.

This paper concludes with a general assess-
ment of the simulation results, and an outline
of the near-time research activities aimed at
providing a deeper insight into potential risks
caused by GPS satellite outage vulnerabilities.

2. BACKGROUND

Being a part of the national infrastructure,
satellite navigation systems considerably im-
prove the operation of the existing and allow
for the development and deployment of entire-
ly new technical, economic and social systems.
However, the limitations and vulnerabilities of
satellite navigation systems add their contribu-
tion to the risk budget of all systems that utilise
satellite navigation services.
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Slika 1: Baska (Hrvatska) i Kalinovac (Hrvatska), izabrane lokacije za analizu slucaja
Figure 1 Baska (Croatia) and Kalinovac (Croatia) were chosen as two case-study sites

Izvor: OpenStreetMap [S5]/ Source: OpenStreetMap [5]
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Americki GPS (engl. Global Positioning Sy-
stem) i ruski Glonass trenutno su jedini potpuno
operativni satelitski navigacijski sustavi, uz Bei-
dou i Galileo satelitske sustave, Cija se infra-
struktura postepeno gradi. Planiranje satelitskih
navigacijskih sustava obavlja se koriStenjem pre-
ciznih procedura u okvirima medunarodne su-
radnje. Integracijom pojedinacnih sustava sate-
litske navigacije u Globalni satelitski navigacijski
sustav (GNSS) Ce se postici pouzdanost koju ¢e
pruZzati Siroka dostupnost satelitskog signala i za-
dovoljavajuca satelitska vidljivost. Unato¢ tome,
pojedini prekidi rada satelita i dalje predstavlja-
ju opasan potencijalni rizik.

Rasprava o odrzivosti kvalitete rada GPS su-
stava, odrzana 2009. godine na najviSoj drZav-
noj razini u Sjedinjenim Americkim Drzavama
[13, 14, 11] potaknula je ponovnu detaljnu pro-
cjenu rizika Sirom svijeta.

Broj vidljivih satelita i njihova prostorna ras-
podjela na vidljivom dijelu neba izravno utjecu
na degradaciju to¢nosti (DOP) kao jednu od
dvije komponente GPS pogreske, kako je pri-
kazano u nastavku [6,1,2]:

GPS pogreska to¢nosti = UERE X DOP (1)
gdje je:

UERE ... ekvivalentna korisnicka pogreska
udaljenosti

DOP ... degradacija tocnosti

Degradacija tocnosti odreduje ukupnu po-
gresku odredivanja polozaja sustavom GPS, te
njenu vremensku i prostorne komponente,
kako je prikazano u tablici 1.

Tablica 1: Degradacija tocnosti
Table 1 Dilution of precision

The American Global Positioning System
(GPS) and Russian Glonass are currently the
only fully operational satellite navigation sys-
tems, with Beidou and Galileo gradually build-
ing their infrastructures. Satellite navigation
systems are carefully planned and, with their
eventual integration into the Global Navigation
Satellite System (GNSS), will provide a reliable
system capable to offer good satellite signal
availability and satellite visibility. Still, the sat-
ellite outages remain a potential cause of risk
concerns.

A debate on the ability to sustain the GPS
performance held on the highest governmental
level in the US [13, 14, 11] in 2009, has added
to concerns and re-initiated detailed risk as-
sessment studies worldwide.

The number of visible satellites and their
spatial distrubution across the visible sky di-
rectly affect the dilution of precision (DOP), as
the one of the two components of the GPS po-
sitioning error, as presented below [6, 1, 2]:

GPS positioning error = UERE X DOP (1)
where:

UERE ... User Equivalent Rage Error
DOP ... Dilution of Precision

Dilution of Precision can be related to either
the total GPS positioning error or its compo-
nents, as presented in Table 1.

The determination of Geometric Dilution of
Precision (GDOP) and its components results
from the procedure for the GPS single-point

Degradacija to¢nosti
Dilution of precision

Definira
Determines

geometrijska degradacija tocnosti (GDOP)
geometric dilution of precision (GDOP)

ukupnu GPS pogresku poloZaja
total GPS positioning error

prostorna degradacija tocnosti (PDOP)
positioning dilution of precision (PDOP)

prostornu (3D) GPS pogresku poloZaja
spatial (3D) GPS positioning error

vremenska degradacija to¢nosti (TDOP)
time dilution of precision (TDOP)

GPS pogresku mjerenja vremena
GPS time-keeping error

horizontalna degradacija to¢nosti (HDOP)
horizontal dilution of precision (HDOP)

horitontalnu GPS pogresku polozaja
horizontal GPS positioning error

northing dilution of precision (NDOP)

sjeverna komponenta horizontalne degradacije to¢nosti (NDOP)

sjevernu komponentu horizontalne GPS pogreske
northing GPS positioning error

easting dilution of precision (EDOP)

istoéna komponenta horizontalne degradacije to¢nosti (EDOP)

isto¢nu komponentu horizontalne GPS pogreske
easting GPS positioning error

vertikalna degradacija to¢nosti (VDOP)
vertical dilution of precision (VDOP)

vertikalnu (visinsku) GPS pogresku polozaja
vertical (height) GPS positioning error
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Odredivanje geometrijske degradacije to¢no-
sti (GDOP) i njenih pripadajuc¢ih komponenata
proizlazi iz postupka odredivanja polozZaja su-
stavom GPS. Pod pretpostavkom da je polozaj
dobiven pomocu najmanje Cetiri satelita i pri-
padaju¢im pseudoudaljenostima, moze se utvr-
diti skup jednadzbi (2):

= =) + O3 + (=) + b
i=1,..4 (2)
gdje je:

(x, ¥, 2,).- polozaj i-tog GPS satelita

(x,y, z,)-.- polozaj korisnika (nepoznata vrijed-
nost)

b ... pogreska korisnickog sata (nepoznata vri-
jednost)

¢ ... brzina Sirenja radiovalova
p,... pseudoudaljenost izmedu korisnika i i-tog
GPS satelita.

Nakon linearizacije (2), skup jednadzbi moze
biti prikazan u matri¢nom obliku:

solution determination. Assuming the positions
of at least four GPS satellites and the given
measured pseudoranges, a set of equations in a
form (2) can be established:

pPi = \/(xsi - xu)z + (ysl- - yu)z + (Zsi - Zu)z + c-b,

i=1..,4

2
where:

(X, Y, Z,;)--- position of the i-th GPS satellite
(x,y, z,)-.. position of the user (un-known)

b ... user clock error (un-known)

¢ ... velocity of radio wave propagation

p.... pseudorange between the user and the i-th
GPS satellite

After linearisation of (2), the solution of the
set of equations can be represented in a matrix
form as:

Ap=G-x 3)

where matrix G is defined as:

Ap=G-x

gdje je matrica G definirana kao:

r Xu — X1

Yu—N

Zu — 24

b1
Xy — Xy

P1
Yu—DY2

b1

Zy — Z

P2
Xy — X3

P2
Yu—Y3

P2

Zy — 23

P3
Xy — Xy

P3
Yu—Va

P3
Zy — Z4

Pa

Pa

Pa

3)

(4)

r Xu — X1

Yu—N

Zy — 7

P1
Xy — X2

P1
Yu—Y2

P1
Zy — 23

P2
Xy — X3

P2
Yu—Y3

P2
Zy — 23

P3
Xy — X4

P3
Yu = Ya

P3
Zy — Z4

Pa

Pa

Pa

(4)

Matrica G je takozvana polozajna matrica.
Njeni elementi sadrzavaju informacije o vidlji-
vosti satelita u odnosu na azimut i elevacijske
kutove, gledano iz perspektive promatraca
(GPS korisnika). Elementi matrice odredeni su
na sljedeéi nacin:
dy di, di, di

G = diy dj dy, dj, (5)
d7. dj, di di
2, % 42

Primjenom polozajne matrice G moguce je
definirati tzv. matricu rasprsSenja tocnosti D,
prema (6):

D = [G*G]" (6)

Pri ¢emu je transponirana matrica poloZajne
matrice G.

Matrix G is the so-called positioning matrix.
Its elements comprise the satellite visibility in-
formation, related to azimuth and elevation an-
gles, as seen from the observer’s (GPS user’s)
perspective. The elements of matrix are desig-
nated as follows:

di di, di, dZ
_ di, dj dj, d} (5)
dpzcz dgzlz dg d;t

di, djc dZ df

Applying the positioning matrix G, it is pos-
sible to yield the so-called dilution-of-precision
matrix D, according to (6):

D= [GGI" ©)

Where G represents the transposing matrix
of the positioning matrix G.
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D matrica obuhvada elemente degradacije
tocnosti kao Sto je prikazano u (7):

NDOP

D EDOP )

VDOP
TDOP

Horizontalna degradacija to¢nosti proracu-
nava se iz (8):

HDOP = /NDOP? + EDOP? = /d,% +d2 (8)

Prostorna degradacija to¢nosti proracunava
se iz (9):

PDOP = \/HDOP? + VDOP? = |d} + d3 + d? )

Vertikalna (visinska) degradacija tocnosti
proracunava se iz (10):

VDOP = ./dZ (10)

Vremenska degradacija tocnosti proracuna-
vase iz (11):

TDOP = \/d? (11)

Geometrijska degradacija to¢nosti proracu-
nava se iz (12):

GDOP = +/PDOP? + TDOP? (12)

3. METODOLOGIJA

Planirani prekid rada GPS satelita PRN24
dogodio se 12. rujna 2009. godine. Studija, ko-
jom se Zeljelo procijeniti potencijalne kriticne
ucinke ovoga dogadaja, temeljena je na simula-
ciji vidljivosti satelita s 1 bez dostupnosti satelita
PRN24 na dvije pokusne referentne lokacije
(Baska (Hrvatska) i Kalinovac (Hrvatska), Sli-
ka 1).

Ove lokacije izabrane su zbog svoje geostra-
teSke i geoekonomske vrijednosti, kao i zbog
utjecaja GPS kvalitete rada na sociolosko-eko-
nomski razvoj (Baska je poznato turisticko
odrediste, dok se Kalinovac nalazi u ruralnom
podruéju s poljoprivrednom proizvodnjom,
proizvodnjom energenata (plin) i razvijenim
Sumarstvom).

Koristeni programski paketi otvorenog koda
za simulaciju analize slucaja detaljno su opisani
u [7, 8, 9]. Ovdje je dan opsezan metodoloski
opis. Kreiranje okoliSa za satelitsko odrediva-

D matrix comprises the DOP components as
presented in (7):
NDOP : .
EDOP : .
()

b= VDOP

TDOP

Horizontal dilution of precision can be calcu-
lated from (8):

HDOP = \/[NDOP? + EDOP? = |d2 + d2 (8)

Position dilution of precision can be calculat-
ed from (9):

PDOP = \/HDOP? + VDOP? = |d2 + d% + d2 9)

Vertical dilution of precision can be calculat-
ed from (10):

VDOP = /dZ (10)

Time dilution of precision can be calculated
from (11):

TDOP = \/d? (11)

Geometric dilution of precision can be calcu-
lated from (12):

GDOP = /PDOP? + TDOP? (12)

3. METHODOLOGY

The planned GPS PRN24 satellite outage
occured on 5" September 2009. A study aimed
to assess potentially critical effects of the GPS
PRN 24 satellite outage was based on a simula-
tion of the satellite visibility with and without
the PRN 24 at the two chosen experimental
sites (Baska, Croatia and Kalinovac, Croatia,
Figure 1).

The experimental sites were chosen due to
their geostrategic and geoeconomic values, as
well as for the GPS performance impact on the
socio-economic development (Baska, Croatia,
is a well-known tourist resort, while Kalinovac,
Croatia is located in a large rural area with ag-
ricultural and energy production and forestry).

The utilization of the open source and freely
available software packages for case-study sim-
ulations is described in detail elsewhere [7, 8,
9]. A comprehensive methodology description
is given here. The creation of the positioning
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Slika 2: Baska (Hrvatska) - DEM geoprostorni okolis
Figure 2 Baska (Croatia) — DEM-based geospatial environment

Izvor: Izradili autori koriStenjem MicroDEM programskog paketa [3] i DEM podataka [4]
Source: Made by the authors using MicroDEM software 3] and DEM data [4]

nja polozaja potrebnog za simulaciju izvrSeno
je koriStenjem podataka SRTM' 90-metarskog
digitalnog elevacijskog modela (DEM), pripre-
mljenog od strane CGIAR? konzorcija za pro-
storne informacije i dostupnih putem interneta
[4]-

KoriStenjem MicroDEMprogramskog pake-
ta [3] izvrSena je trodimenzionalna rekonstruk-
cija obje eksperimentalne lokacije (Slike 2 i 3),
ostvaruju¢i virtualni geoprostorni okoli§ za
odredivanje poloZaja temeljen na DEM mode-
lu (Slika 4). Linije obrisa oznacene crvenom
bojom (Slika 4) prikazuju preglednost obzora, s
parametrom vidljivosti postavljenim na 10 000 m,
te parametrom kuta maskiranja GPS signala
postavljenim na 10°.

Procjena vidljivosti satelita temeljena je na
podacima iz emitiranog satelitskog almanaha,
preuzetih s internetskih arhiva SrediSnjice za
navigaciju obalne straze Sjedinjenih Americkih
Drzava[15].

environment necessary for the simulation was
performed by the utilization of the SRTM' 90
m Digital Elevation Model (DEM) data provid-
ed on the internet by the CGIAR? Consortium
for Spatial Information [4].

Using the MicroDEM software package [3],
a 3D reconstruction of both experimental sites
was performed (Figures 2 and 3, respectively),
providing DEM-based geospatial environments
for positioning (Figure 4). The contour lines
marked in red on Figure 4 depict the horizon
visibility, with the horizon parameter set at the
visibility of 10,000 m, and with a mask angle for
the GPS signal set at 10°.

The aatellite visibility estimation was based
on th broadcasted satellite almanac data, col-
lected from the internet-based archive main-
tained by the US Coast Guard Navigation
Center [15].

A campaign-planning commercial Mission
Planning Software [10] was used for the satel-

! Shuttle Radar Topography Mission

2 Consultative Group on International Agricultural Research

' Shuttle Radar Topography Mission
2 Consultative Group on International Agricultural Research
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Slika 3: Kalinovac, Hrvatska — DEM geoprostorni okolis
Figure 3 Kalinovac, Croatia - DEM-based geospatial environment

Izvor: Izradili autori koriStenjem MicroDEM programskog paketa [3] i DEM podataka [4]
Source: Made by the authors using MicroDEM software [3] and DEM data [4]

Za procjenu vidljivosti satelita koriSten je ko-
mercijalni programski paket MissionPlannin-
gSoftware [10]. Kao jednu od opcija, ovaj pro-
gram nudi rekonstrukciju trodimenzionalnog
okoliSa satelitskog odredivanja polozaja. Za ula-
zne podatke programa koriStene su digitalizirane
geoprostorne okoline temeljene na DEM mode-
lu, ostvarene pomocu MicroDEM programskog
paketa. Programski paket kreira dnevne grafove
vidljivosti satelita, uz numeri¢ke podatke dostu-
pne za daljnju obradu. Simulacijom su obradena
dva temeljna scenarija: aktivan PRN24 (puna
operativnost GPS satelitske komponente), neak-
tivan PRN24 (broj operativnih satelita umanjen
za jedan). Statistickom analizom simuliranih sku-
pova podataka dobivena je komparativna analiza
geometrijske degradacije tocnosti (GDOP) u oba
scenarija dostupnosti satelita PRN24.

4. SIMULACIJA ANALIZE
SLUCAJA
Simulacija dva scenarija dostupnosti PRN24

satelita (PRN24 dostupan i PRN24 neaktivan)
izvrSena je za obje pokusne lokacije, s rezultati-

lite visibility estimation. The Mission Planning
Software allows for the definition of the 3D ge-
ospatial environment positioning as an option.
DEM-based geospatial environments for posi-
tioning obtained by the MicroDEM package
was used as the input for the Mission Planning
Software. The software package yields daily
satellite visibility charts, with numerical data
available for further processing. Simulations
were conducted for two scenarios: PRN 24 ac-
tive and PRN 24 disabled.

A statistical analysis of the simulation data
sets allowed a comparative analysis of the
GDOP in both PRN 24 availability scenarios.

4. CASE-STUDY SIMULATIONS

Simulations of the two PRN24 availability
scenarios (PRN24 active and PRN24 disabled)
were performed for both experimental sites,
with the satellite availability results presented
on Figures 5 and 6, for Baska and Kalinovac,
respectively.
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Slika 4: Stvarna udaljenost horizonta nasuprot azimutu (lijevo — Baska, Hrvatska, desno — Kalinovac, Hrvatska)
Figure 4 Actual horizon distance vs azimuth (left - Baska, Croatia, right - Kalinovac, Croatia)

Izvor: Izradili autori koriStenjem MicroDEM programskog paketa [3] i DEM podataka [4]
Source: Made by the authors using the MicroDEM software 3] and the DEM data [4]
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Slika 5: Vidljivost satelita u Baski, Hrvatska, dan 255. u 2009. godini (lijevo — sa PRN24 satelitom; desno — bez
PRN24 satelita)
Figure 5 Satellite visibility in Baska, Croatia on 255"day in the year 2009 (left — with PRN 24; right — without PRN 24)

Izvor programskog paketa: Trimble Mission Planning Software, 2007 [10], analizu proveli autori
Software source: Trimble Mission Planning Software, 2007 [10], analysis conducted by the authors

ma dostupnosti satelita prikazanim na slici 5 za
Basku, odnosno na slici 6 za Kalinovac.
Simulacije pokazuju da je, u oba scenarija i na
obje lokacije, bilo vidljivo preko 6 satelita. Tije-
kom dana, utvrdena su dva minimuma broja
vidljivih satelita: prvi oko 02:00 KSV?, koji je
imao manji socio-ekonomski ucinak, i drugi
oko 14:00 KSV, s moguéim znacajnim ucinkom
na sustave koji koriste GPS.

Simulations reveal that most of the time
number of visible satellites exceeds 6 for both
scenarios and at both experimental sites. Two
minima of the visible satellite number during
the course of the day can be identified: one
around 02:00 UTC?, with minor socio-econom-
ic effect, and the other around 14:00 UTC, with
possible significant effects on the systems utilis-
ing GPS.

* Koordinirano svjetsko vrijeme
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Slika 6: Vidljivost satelita u Kalinovcu, Hrvatska, dan 255. u 2009. godini (lijevo — sa PRN24 satelitom;
desno — bez PRN24
Figure 6 Satellite visibility in Kalinovac, Croatia on 255"day in the year 2009 (left — with PRN 24, right — without PRN 24)

Izvor programskog paketa: Trimble Mission Planning Software, 2007 [10], analizu proveli autori
Software source: Trimble Mission Planning Software, 2007 [10], analysis conducted by the authors

5. RAZMATRANJA

Vrijednosti parametara degradacije tocnosti
polozaja (DOP) odredeni su za dan 255. u
2009. godini (12. rujna 2009), kada se dogodio
planirani, priviemeni prekid rada satelita
PRN24. Parametri degradacije toc¢nosti DOP
izracunati su za oba scenarija (PRN24 dostu-
pan i PRN24 neaktivan) i za obje referentne lo-
kacije. Dnevne vrijednosti geometrijske i pro-
storne degradacije polozaja prikazane su na
slikama 7 i 8 za Basku, odnosno Kalinovac.

Vrijednosti geometrijske degradacije to¢nosti
poloZaja analizirane su kako bi se kvantitativno
opisalo povecanje geometrijskog rasprsenja toc-
nosti uslijed prekida rada satelita PRN24. Ovo
povecanje degradacije toCnosti definirano je
kroz postotnu pogresku u odnosu na geometrij-
sku degradaciju tocnosti s aktivnim PRN24 sate-
litom, kako slijedi:

p = GDOPbez PRN24 — GDOPsa PRN24
GDOPSCZ PRN24

(13)

Rezultati povecane geometrijske degradacije
to¢nosti prikazani su na slici 9 za Basku, odno-
sno na slici 10 za Kalinovac. Rezultati opisne

174

S. DISCUSSION

The dilution-of-precision parameters’ values
were determined for the 255" day in the year
2009 (12" September 2009), when the planned
temporal outage of the PRN 24 occured. The
DOP parameters were calculated for both sce-
narios (PRN24 active and PRN 24 disabled)
and for both reference sites. Daily values of the
GDOP and PDOP are presented in Figures 7
and 8, for Baska, Croatia and Kalinovac,
Croatia, respectively.

The GDOP values were analysed in order to
quantitatively describe the GDOP deteriora-
tion due to PRN24 satellite outage. The GDOP
deterioration was defined through percentage
error with reference to GDOP with PRN 24 ac-
tive, as follows:

_ GDOPyithout prn24 — GDOPyith prN24
GDOPyith prn24

(13)

The GDOP deterioration results are pre-
sented in Figures 9 and 10, for BaSka, Croatia
and Kalinovac, Croatia, respectively. The re-
sults of the descriptive statistical analysis of the
GDOP deterioration due to the satellite outage
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Slika 7: GDOP, PDOP i broj vidljivih GPS satelita opazenih u Baski, Hrvatska, dan 255. u 2009. godini
(lijevo — sa PRN24 satelitom; desno — bez PRN24 satelita)
Figure 7 GDOR, PDOP and the number of visible GPS satellites observed in Baska, Croatia, on 255"day in the year
2009 (left — with PRN 24, right — without PRN 24)

Izvor: Izradili autori uz koriStenje programskog okruzenja R

Source: Analysis conducted by the authors, using the R programmable environment
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Slika 8: GDOP, PDOP i broj vidljivih GPS satelita opazenih u Kalinovcu, Hrvatska, dan 255. u 2009. godini
(lijevo — sa PRN24 satelitom; desno — bez PRN24 satelita)
Figure 8 GDOP, PDOP and the number of visible GPS satellites observed in Kalinovac, Croatia, on 255"day in theyear

2009 (left — with PRN 24, right — without PRN 24)

Izvor: Izradili autori uz koriStenje programskog okruzenja R

Source: Analysis conducted by the authors, using the R programmable environment

statisticke analize poveéanja degradacije uslijed
prekida rada satelita opaZene na obje referen-
tne stanice u Hrvatskoj sazeti su u tablici 2.

Uslijed prekida rada satelita PRN24, opaze-
no je povecanje geometrijske degradacije toc-
nosti od 4,29% u Baski, dok je ista degradacija
u Kalinovcu dosegla 4,80%. Uz pretpostavku
da je ekvivalentna korisnicka pogreska udalje-
nosti (UERE) dosegla svoju gornju granicu od
12,8 m kako je definirano u [12], geometrijska
degradacija tocnosti Ce, uslijed prekida rada sa-
telita, povecati ukupnu pogresku odredivanja

observed at both reference sites in Croatia are
summarised in Table 2.

The increase of 4.29% in the GDOP due to
the PRN 24 outage was observed in Baska,
Croatia, while in Kalinovac, Croatia, the GDOP
increase amounts to 4.80%. Assuming the
amount of the UERE reached the upper limit at
12.8 m set in the GPS Standard Positioning Serv-
ice Performance Standard [12], the GDOP deg-
radation, due to a single satellite outage, will in-
crease the total GPS positioning error by 1.74 m
and 1.92 m in BaSka and Kalinovac, respectively.
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Slika 9: Povecanje geometrijske degradacije tocnosti u Baski, Hrvatska, dan 255. 2009. godine uslijed prekida
rada PRN24 satelita, sa aktivnim satelitom
Figure 9 GDOP deterioration in Baska, Croatia, on 255" day in the year 2009 due to the PRN 24 outage, with the
PRN24 active

Izvor: Izradili autori uz koriStenje programskog okruZenja R
Source: Analysis conducted by the authors, using the R programmable environment

perceniage of GDOP with active PRN 24

day 255 in 2009 [hrs]

Slika 10: Povecanje geometrijske degradacije to¢nosti u Kalinovcu, Hrvatska, dan 255. 2009. godine, uslijed
prekida rada PRN24 satelita, sa aktivnim satelitom
Figure 10 The GDOP deterioration in Kalinovac, Croatia, on 255"day in the year 2009 due to the PRN 24 outage,
with PRN24 active

Izvor: Izradili autori uz koriStenje programskog okruzenja R
Source: Analysis conducted by the authors, using the R programmable environment
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Tablica 2: Komparativna analiza geometrijske degradacije to¢nosti (GDOP) na referntnim lokacijama u

Hrvatskoj uslijed prekida rada satelita GPS PRN24

Table 2 Comparative analysis of the GDOP degradation at test sites in Croatia due to the PRN 24 outage

Baska (Croatia) Kalinovac (Croatia)
GDOP s PRN24 bez PRN24 s PRN24 bez PRN24
with PRN24 without PRN24 with PRN24 without PRN24
srednja vrijednost 3.1753 33114 3.1245 3.2746
mean
standardna devijacija 2.3703 2.4243 2.3786 2.4957
standard deviation

Izvor: Temeljeno na vlastitim rezultatima
Source: Based on own results

polozaja sustavom GPS za 1,74 m u Baski, od-
nosno za 1,92 m u Kalinovcu.

Iako lokalni reljef Baske predstavlja nepri-
kladniji okoli$ za satelitsko odredivanje poloZa-
ja, na lokaciji Kalinovac opazena je izrazenija
degradacija toc¢nosti uslijed prekida rada sateli-
ta PRN24 zbog brdovitog podrucja juzno od re-
ferentne lokacije.

Za sustave/usluge koji zahtijevaju veci broj
vidljivih satelita od standardnog opazZen je joS$
jedan ucinak privremene nedostupnosti jednog
satelitskog GPS signala. Kako se vrijeme tije-
kom kojeg su dostupni signali s barem cetiri
GPS satelita znacajno ne mijenja u slucaju pre-
kida rada jednog satelita, sustavi i usluge koji
zahtijevaju neprekidnu vidljivost vise od najma-
njeg broja potrebnih satelita mogu iskusiti bit-
na ogranienja. Za obje elaborirane lokacije,
kriticno razdoblje minimalnog broja satelita u
vremenu oko 14:00 KSV znacajno se povecava
u slucaju kvara GPS satelita. Na primjer, susta-
vi/usluge koji zahtijevaju minimalan broj od
Sest vidljivih satelita iskusit ¢e produljeno kri-
ti¢norazdoblje od priblizno 200% za Basku, od-
nosno 175% za Kalinovac.

Iako je koriStenjem SRTM podataka omogu-
¢eno kreiranje modeliranog simuliranog okoli-
Sa, u ovom istrazivanju se ne dovodi u pitanje
kvaliteta simuliranja krajolika baziranog na
SRTM modelu, ve¢ ista ostaje tema za daljnje
vrednovanje.

6. ZAKLJUCAK

Prikazana Hrvatska analiza slucaja za dvije
lokacije u Hrvatskoj, temeljena na simulaciji
prekida rada GPS satelita pokazala je mjerljive
ucinke prekida rada jednog satelita na geome-

Although the local terrain around Baska,
Croatia, provides a more challenging environ-
ment for the satellite positioning, a more pro-
nounced GDOP degradation due to the PRN
24 outage was observed in Kalinovac, due to
hilly terrain south of the reference site.

The additional effect of a single GPS satellite
outage on services that require more than a
necessary number of visible satellites was ob-
served. As the time of at least four satellites vis-
ibility does not change significantly in case of a
single GPS satellite outage, systems and servic-
es demanding a continuous visibility of more
than the necessary four satellites may experi-
ence significant limitations. For both reference
sites examined, a critical period of a minimum
number of visible satellites around 14:00 UTC
considerably extends in case of a single GPS
satellite failure. For instance, systems and serv-
ices demanding at least six visible satellites will
experience the extension of a 14:00 hrs critical
period of approximately 200% and 175% in
Baska and Kalinovac, respectively.

Although the utilisation of he SRTM data al-
lows the creation of the modelled simulation
environment, the quality of the SRTM-based
landscape re-creation was not challenged in
this research, and remains the subject of fur-
ther evaluation.

6. CONCLUSION

The Croatian simulation-based GPS outage
case-study presented here revealed the measur-
able effects of a single GPS satellite outage on
the DOP and GPS performance degradation,
that potentially affects the performance of nu-
merous systems relying on satellite navigation
services. The Croatian PRN 24 case-study anal-

POMORSTVO e Scientific Journal of Maritime Research * 26/1(2012) * str./pp. 165-179 177



S. Kos, R. Filjar, David Bréi¢: DEGRADACIJA KVALITETE GPS SATELITSKOG ODREDIVANJA POLOZAIJA...

trijsku degradaciju toc¢nosti i kvalitetu odredi-
vanja polozaja sustavom GPS, Sto potencijalno
utje¢e na ucinkovitost brojnih tehnoloskih i
drusStveno-ekonomskih sustava koji se temelje
na koriStenju satelitskih navigacijskih sustava.
Takoder, ova je analiza pokazala kako prekid
rada jednog GPS satelita uzrokuje kako pove-
¢anje degradacije toc¢nosti, tako i produljenje
razdoblja sa smanjenim brojem vidljivih GPS
satelita.

Povecana pogreska GPS pozicije uslijed pre-
kida rada satelita procijenjena je na 1,74 m
(Baska, Hrvatska), odnosno 1,92 m (Kalinovac,
Hrvatska). Analiza isti¢e ucinke prekida rada
satelita iz perspektive krajnjeg korisnika, do
kojih je u ovome slucaju doslo na juznoj strani
neba. Pored toga, produljeno razdoblje malog
broja vidljivih satelita opaZzen je na obje poku-
sne lokacije.

Buduci da se ucinci degradacije GPS kvalite-
te satelitskog odredivanja polozaja mogu pro-
matrati Sirom zemlje, potrebno je uzeti u obzir
utjecaj na nacionalnu infrastrukturu i s time po-
vezane aktivnosti u cilju odrZavanja integriteta
sustava (pracenje i obavijesti o prekidima rada
satelita, pruzanje podrSke i poboljSanja sustava
satelitskog odredivanja polozaja itd.).

Daljnja istrazivanja bit ¢e usredotoCena na
analiziranje u¢inaka istovremenog prekida rada
viSe satelita, te na aktivnosti i razvojne postup-
ke koji umanjuju privremene utjecaje ovih pre-
kida. SRTM podaci pokazali su se prikladnim
izvorom informacija za modeliranje krajolika.
Medutim, kvalitetatih modela razmotrit e se u
dogledno vrijeme.

ZAHVALE

Prikazana istrazivanja izvrSena su pod okriljem
znanstvenih projekata “IstraZivanje korelacije
maritimno-transportnih elemenata u pomorskom
prometu” 1 “Okruzenje satelitskog odredivanja po-
loZaja” uz potporu Ministarstva znanosti, obrazo-
vanja i Sporta Republike Hrvatske. Autori zahva-
ljuju na pristupu SRTM DEM podacima za
Hrvatsku, omogucenim od strane CGIAR-a, te
na programskim paketima otvorenog koda do-
stupnim za koriStenje znanstvenoj zajednici: Mi-
croDEM (omogucio prof. Peter Gith, Vojnopo-
morska akademija  Sjedinjenih  Americkih
Drzava) i Mission Planning Software (omoguce-
no od strane Trimble Navigation Ltd.)

ysis reveals that a single GPS satellite outage
causes both the DOP degradation and the ex-
tension of periods with a lower GPS satellites
visibility.

The increased GPS positioning error, due to
a single satellite outage, was estimated at 1.74
m and 1.92 m in Baska, Croatia, and Kalinovac,
Croatia, respectively. The analysis emphasised
the effects of satellite outage seen from the
end-user perspective as occurring on the south-
ern side of the sky. Additionally, the extended
periods of a low number of visible satellites
were observed at both experimental sites.

Since the effects of the GPS performance
degradation can be observed nation-wide, an
impact on the national infrastructure and relat-
ed actions in sustaining the system integrity
should be considered (outage monitoring and
notification, provision of assistance and aug-
mentation to positioning etc.).

A further research will focus on the analysis
of the effects of multi-satellite outages, and the
actions and procedure development that miti-
gate the temporal effects of the GPS satellite
outages. The SRTM data appeared at an ap-
propriate source of the data for landscape mod-
elling. However, the quality of such landscape
models will be challenged in the foreseeable
time.
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