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(Basics of Satéllite Positioning)
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GPS Enables a Diverse Array of =,
_Applications
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- & v > & NAVSTAR GPS (NAVigation Satellite with
Time And Ranging Global Positioning System)
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* Phase 1: 1973-1979
BAkE
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1978- First Launch of Block 1 SV
1978 # #:% 4 — & 21 5

- Phase 2: 1979-1985
O

« Phase 3: 1985-Present
Bz nE

1993-10C 1995-FOC
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Space Segment

[
GNSS Satellites Q& %b

[ AN

/ \/\ | GNSS Broadcast Signals

£-8-8 0

Data Uploading Master Control Base Stations
. Stations Station || |

GNSS Control
Channel
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- established ephemeris
- calculated almanacs

- satellite health

- time corrections

From satellites
L1 carrier signals

- time pulses

- ephemeris From the ground
- almanac station

- satellite health

- date, time

User segment Control segment
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27 plus 4 spares

55 degrees
20,200 km

Orbit is nearly
circular

Orbit is angled

. up 55 degrees

from the
equatorial
' plane

\ Equatorial
v _ plane
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e Correct Orbit

o Observe

ephemeris and clock errors

aﬁd clock W e Create new
navigation message

] 7 J Upload Station
', (3) Monitor Stations Falcon AFB P
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« ALk (Monitor Station, MS)

— =%t Hawai1, Ascension, Diego Garcia, Kwajalien,
Colorado Spring
— 3§ e B GPSiF h 13 5L
— BERRI TR L A
3 =k (Master Control Station, MCS)
— =%t Colorado Spring  Falcon Air Force Base
— T B T T E AR 2 BRI
— A FEEFE BRI EETELE
—éﬁiﬁgﬁhﬁﬁﬂ@
» % # *k(Ground Antenna, GA)
—",$ Hawaii % Colorado Springz. *F end v & ARk
—F1* SHEsE - ATk FARFR L B 3 GPSA
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COLLECT DATA
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SEND DATA

NAVSTAR GPS CONTROL SEGMENT
WORLDWIDE LOCATIONS
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UPLOAD DATA
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TRANSMIT DATA

USER PVT
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USAF + 6 NGA
stations

Increased accuracy with double visibility for
5 safety of navigation — Mission Success!
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Percent of time
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Minimum number of stations in view
5 degree mask
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Upload
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Signal-In | Ground Antennas
Space =)
(S1S) L
u
5 GPS Master Control Station
S Navigation . Ae
. P
2. OCS Monitor Message < Qrbit redlc.tlon
< . : & Propagation
g Stations Generation
) P(Y) Observations
~2" > Kalman Kalman State
N P(Y) Observations Filter Estimates
— >
2,
- NGA GPS > L-Band
= 2 ) Monitor
: Operations ) Link o
NGA Monitor L1 C/A Observations ) TAT2 GDGPS <
Stations
Monitoring Tools




7% URE# B 4 A 42

2001 SPS PS 6 m RMS
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% Standard Positioning Service (SPS) Signal-in-Space Performance

s,, 8 - 2008 SPS Performance Standard (PS)
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Signal-in-Space User Range
Error is the difference between a
T GPS satellite’s navigation data

(position and clock) and the
truth, projected on the line-of-
g

(&)

Equfvafent RMS Value from 2008 SPS PS (4 m)

Compare to (example):

= 4 9 m RMS User residual iono delay error (L1
only)
= (.5 m RMS User residual tropo delay error

Across All Healthy Satellites (RMS, 68%)
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SISRE RMS [m]
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GPS 2020/8-9:£0.525 m

Broadcast Orbit

Error in

Broadcast
Orbit Satellite
Position
» at Time t

Precise Orbit

Global Average URE =

\/(cx‘r)"'(o.m: RF +(0.141 x AP + (0141 xCF - 1960 xcx TxR

where ¢ = speed of light
T = total timing error
R = radial orbit error
A = alongtrack orbit error
C = crosstrack orbit error

M

Radial
Error in
Broadcast Orbit

|
2 Cross-Track
Sl

N
Along-Track

Error may be separated into
R, A, C, and Total Timing Error

25

Note: This represents signal in space error.
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4 Generations of Operational Satellites
— Block IlA - 6 Residual
« 7.5 year design life

« Launched 1990-1997

— Block [IR - 12 Operational

« 7.5 year design life
(oldest operational satellite will be 19 years old in Jul)

« Launched 1997-2004
— Block [IR-M - 7 Operational, 1 Residual

« 7.5 year design life

« Launched 2005-2009

« Added 2nd civil navigation signal (L2C)
— Block IIF - 12 Operational

« 12 year design life 2016/2/5 < /‘)_iy-éf% i
« Launched 2010-2016

« Added 3rd civil navigation signal (L)

>z = L
H a7 € g

7N GPSAr ik 3%

.
Block A Satellite - Designed & Bulit
by Rockwell International

-’
Block IRNR-M Satellite - Designed &
Bullt by Lockheed Martin

Block IIF Satellite - Designed & Built
by Boeing
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GPS SL3 (R 3
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x154

eeeeeeeee

P satellite signal
(BFSK)

CiA code

Data

Pm

x1

L1
1575.42 MHz

C/A EHE
1.023 MHz

P&t 2N
10.23 MHz B0 BPS

L2
1227.60 MHz

P EEHE ZfER
1023 MHz | 250 BPS
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L1 Carrier Wave 1575.42MHz

JU U LU LI 1023 MH
1.023 MHz
\ ‘ I_l_l_ Navigation Message
50 Hz
JU U LI UL o "'0.23 MHz
V'3 10.23 MHz
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» Satellite time-of-transmission
e Satellite position

e Satellite (SIS) health

e Satellite clock correction

e Single-frequency (SF) ionospheric delay model corrections

Time transfer to Coordinated Universal Time (UTC) as kept by the U.S. Naval Observatory
(USNO)

Constellation status

15 1B
22 23
29 30

o 11 12 13 14
17 18 19 20 M
4 2% 2 O

Satellite Status
and Health

GPS Date and Time

Satellite Ephemeris
Information

Almanac (information about other
satellites in the constellation)



1 subframe = 10 words = 300 bits (= 6 sec)
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GPS IIR

« 13 satellites launched 1997-2004

« Design life:7.5 years

« Status: 11 satelites stil
operational

» Frequendies: 11,12

/ VY .;',‘
OB S 3
-

#3+ 34 (modernization)

GPS IIR-M

» §satellites launched 2005-2009

» Design life:7.5 years

» Status: 7satellites still
operational

« LX Givilian signal added

. llHaMlllmm

GPS IIF

« 12satelites launched 2010-2016

» Design life: 12 years

« Status: 2 satellites still
operational

o [5safety-of-life signal added

» New M-code signal added

: Wrdstametohm

GPS Il

10 satellites under contract
Design life of 5 years

3 times more accurate

8 times improved anti-jam
@pability

LIC Global Navigation Satellite
Systems (GNSS) compatibility
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L2 L1 L5
R B 1176.45 MHz { #7715 5

L2C / L5 + navigation message (CNAV)

L1C + navigation message (CNAV-2)

. 1 GPS/UTC parameters, leap seconds
CNAV 2 I 3 1 subframes #H %;: GPS/Galileo and GPS/GLONASS time offset,
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1. = —F HT XU E/] ﬂ 3 Reduced almanac
2. HjﬁE(Eﬁ:b‘ L:FIEﬁ o 1IF S)NEEE =y 4 Midi almanac
. ( -! 2 /J i B2 ¥ﬁ ) 5 Differential corrections
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. New civilian signal at 1176.45MHz (L5 Frequency). This signal should be more robust than previous
civilian signals and can be used in aviation during critical approaches.

. ncrease in the signal strength of the M Signals (= M+) through the use of concentrating beam
antennas.
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o . mprovement of the C/A Signal Structure for the civilian L1 Frequency. (To be designated L1C).
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Until early 2005 From mid 2005
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From 2010

Block IIF &I Date
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CNAV (new) vs LNAV (legacy)
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'}\E‘Qm? "

CNAV MESSAGES LNAV SUBFRAMES
Message Subframe
Type Contents (Page) Contents
Every |Satellite Time-of-Transmission All Satellite Time-of-Transmission

10 Satellite Position (half of ephemeris) 2 Satellite Position (half of ephemeris)
11 Satellite Position (rest of ephemeris) 3 Satellite Position (rest of ephemeris)
10  [Satellite (SIS) Health 1 Satellite (SIS) Health
10, 3x |Satellite User Range Accuracy (URA) 1 Satellite User Range Accuracy (URA)
3x Satellite Clock Correction 1 Satellite Clock Correction
30 Satellite Delays & lonospheric Delay 4(18) |Constellation lonospheric Delay
33  |Constellation UTC(USNO) Offset 4(18) [Constellation UTC(USNO) Offset
4 & 5 [Constellation Status (full almanacs)
37 Constellation Status (midi almanacs) - -
31 or 12 |Constellation Status (mini almanacs) - -
32 Constellation Earth Orientation - -
13; ; ; Constellation Differential Corrections 4(13) |Constellation Differential Corrections
35 Constellation GPS-GNSS Time Offset - -
36 or 15 |Constellation Text Messages 4(17) |Constellation Text Messages
0 Default CNAV Data (alternating 1s/0s)|  Any _|Default LNAV Data (alternating 1s/0s)
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o
3 GPS lIIA/IIR GPS IIR-M GPS IIF GPS 1l (SV01-10) GPS IlIF (SV11-32)
S, * Basic GPS » 2™ Civil Signal (L2C) « 3 Civil Signal (L5) + Accuracy & Power *» Unified S-Band Telemetry,
> * Nuclear Detonation » New Military Signal « Longer Life * Increased Anti-Jam Power  Tracking & Commanding
< Detection System (NDS) + Increased Anti-Jam Power + Better Clocks * Inherent Signal Integrity » Search & Rescue (SAR)
= « 4" Civil Signal (L1C) Payload
8. * Longer Life » Laser Retroreflector Array
® + Better Clocks * Redesigned NDS Payload
o®
o
| TS e e s s e 3
fu} Legacy (OCS) Architecture Evolution OCX Block 0 OCX Block 1/2 OCX Block 2+
aQ * Mainframe System Plan (AEP) * GPS Ill Launch & « Fly Constellation & GPS lll « Control all signals
= * Command & Control « Distributed Architecture Checkout System + Begin New Signal Control + Capability On-Ramps
$ « Signal Monitoring . IncrE:-asgd Signal GPS IIl Contingency Ops (COps) * Upgraded Information * GPS llIF Evolution
T Monlt(?nng Coverage « GPS IIl Mission on AEP Assurance
n « Security
5 « Accuracy M-Code Early Use (MCEU)
C * Update OCS to operationalize
32’. Core M-Code
o
| S e e oGt st AT s 3
<
- Continued support to an ever-growing number of applications Modernized Civil Signals
;‘ + Annual Public Interface Control Working Group (ICWG) * L2C (Various commercial applications)
s + Standard Positioning Service (SPS) Performance Standard Updates « L5 (Safety-of-life, frequency band protected)
= * Precise Positioning Service (PPS) Enhancements * L1C (Multi-GNSS interoperability)
+ Sustained commitment to transparency
+ Visit GPS.gov for more info
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WGS 84 WGS 84

|dentical to ITRF and TWD97!



WGS84 § #7 At #%.

WGS-84 (Original) — 1987

Aligned with NAD83/86 (original) but standard deviation of the
transformation was +/- 2 meters.

WGS-84 (G730) — 1994

Aligned with ITRF91 (epoch date 1994.0). A significant shift took place with
this adjustment.

WGS-84 (G873) — 1996
Aligned with ITRF97 (epoch date 1997.0)

WGS-84 (G1150) — 2002
Aligned with ITRFOO (epoch date 2001.0)
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WGS-84 (G1674) — 2012
Aligned with ITRFO8 (epoch date 2005.0)
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Earth Macro image of the earth Geoid (exaggerated form)

Earth
Morth pole

Rotation

== | X = ol
South pole ///[‘ Ellipsoid
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Equator Mapping of the equator
Local 1st step: Processing the cylinder:
Q spheroid projection map with country
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» 4 4p = (carrier phase)
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NS NGA

Observed phase:
Total phase:

1207
360° » n + 1207

Mumber of complete cycles N

\\ ( Beat signal '

450
3607 « (n + 3) + 45°

Distance D
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Satellite
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dr=T,-t,
=(z,-dT)-(z,-dt) —
=(z,-,)+(dt-dT) |
P=cdr
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f% Remain constant if no cycle slip occurred/Solved for RTK
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& Y —coordinates

Circles

Position of
the receiver
(XP, YP)

Pa

X - coordinates

>

Sat 1

xsat_n Yaat_n

'ositioning Systemm
Measurements of code-phase arrival imes from at least four satelliles are used to estimate four
it ition in three di i (X, ¥, Z)and GPS time (T).
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National Marine Electronics Association

SGPRMC,130303.0,A,4717.115,N,00833.912,E,000.03,043.4,200601,01.3 W*7D<CR><|F>
$GP/DA 130304.2,20,06,2001, *56<CR><|F>

SGPGLL4717.115,N,00833.912,E,130304.0 A*33<CR><LF>

SGPVTG,205.5,T,206.8 M,000.04,N,000.08 K*4C<CR><lF>
SGPGSAA,3,13,20,11,29,01,25,07,04,,,,,1.63,0.94,1.33*04<CR><LF>
$GPGSV,2,1,8,13,15,208,36,20,80,358,39,11,52,139,43,29,13,044,36*42<CR><LF>
$GPGSV,2,2,8,01,52,187,43,25,25,074,39,07,37,286,40,04,09,306,33*44<CR><|F>
SGPRMC,130304.0,A,4717.115,N,00833.912,E,000.04,205.5,200601,01.3 W*7C<CR><|F>
SGPZDA,130305.2,20,06,2001,,*57 <CR><LF>
$GPGGA,130305.0,4717.115,N,00833.912,E,1,08,0.94,00499,M,047 ,M,, *58<CR><LF>
SGPGLLA717.115,N,00833.912,E,130305.0, A*32<CR><LF>
SGPVTG,014.2,T,015.4,M,000.03,N,000.05 K*4F<CR><LF>
SGPGSAA,3,13,20,11,29,01,25,07,04,,,,,1.63,0.94,1.33*04<CR><LF>
$GPGSV,2,1,8,13,15,208,36,20,80,358,39,11,52,139,43,29,13,044,36*42<CR><LF>
§GPGSV,2,2,8,01,52,187,43,25,25,074,39,07,37,286,40,04,09,306,33*44<CR><|F>
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Field Crescription

% Start of the data set

GP Information originating from a GPS appliance
ST Crata set identifier

130305.0 UTC positional time: 13h 03min 05 . 0sec
4717115 Latitude: 47= 17115 min

] Martherly latitude (M=north, 5= south)

o033 912 Latitude: 8% 23 91 2min

E Easterly longitude (E= east, W=west)

1 GPS quality details (0= no GPS, 1= GPFS, 2=DGPS)
08 Mumber of satellites used in the calculation

0.94 Horizontal Chilution of Precision (HDXOF)

00499 Antenna height data {geoid height)

M Unit of height (M= meter)

047 Height differential between an ellipsoid and geoid
| Unit of differential height (M= meter)

. Age of the DGPS data (in this case no DGPS is used)
0000 Identification of the DGPS reference station

w Separator for the checksum

58 C hecksum for verifying the entire data set

=_ R=<lF=> End of the data set
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DOPen & 38

« PDOP = Position Dilution Of Precision (Most
Commonly Used)

 VDOP = Vertical Dilution Of Precision

« HDOP = Horizontal Dilution Of Precision
« TDOP = Time Dilution Of Precision

« GDOP = Geometric Dilution Of Precision 8
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For Real-Time Position A\
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GPSZ i+ = % £ 3

ORI= 35.666342210° 139.792210060° 59. 73%0m.
0360m N:-6.0395m Uz 0,103%m
253m N 0.2461m Us 0.55%4m

50 cm grid

SPP (Single Point Position)

DGPS (Differential GPS)

GNSS Satellites Figure 40 Differential GNSS

Base Rover
Station - L Station

by
Base station Base station transmits range =
location is corrections to rovers, over a (] -‘“i
known accurately. ® radio link for example. o

@ Base station receives GNSS Rover stations receive GNSS signals,
signals, calculates pseudorang Iculate pseudoranges, then apply
to satellites, then determines range corrections. Corrected ranges
range errors. are used to determine position.

ORI~ 15.666342230° 130.702210000% 59.7350m
AVE=E -0.0000m N: 0.0002m U: 0.0028m

STO=E: 0.0017m N: 0,0013n U: 0.0039M

RMS=£: 0.0017m N: 0.0016m U: 0.004Bm 20: 0.0046m

5 cm grid

RTK (Real Time Kinematic)

Number of carrier cycles
from the satellite to the
equipment is determined and
used to calculate the range.

GNSS Satellite

nN " Correction data
\\.N AN from the base

- station is transmitted
Carrier wave, for CGarrier Phase to the rover station
example L1 at 1575.42 MHz, Measurements for use in real-time,
which has a wavelength or is used later in
of about 19 centimetres ® post processing
Rover Station Base Station
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M 2 L& (linear combination)
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GROUND PLANES AND
MULTIPATH SIGNALS

* Signals striking at shallow angles
attempt to create surface waves

« Signals from below the horizon
must be eliminated
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1) Choke Ring weakens multipath signals 2) Zephyr Geodetic 2 consumes multipath signals

Desirable signals are shown in green; undesirable signals are shown in red.
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Provided all -ﬂ-ll'-ij are in the same coordinate

system as R, we have (for example):
R:=R + ARpz+ ARn + AR5

o
\)
T
=}
3
-+
3
\)
S
-+
o
-
>
o
=
a.
Q.
®
o
o
3
]
=7
(9]
=
Q
=
\]
i
X
=
3
c
=
<
o®
=3
=
-+
=
—
=
3
o
S




&L s
- X & BLIR|

Pa

ApAB :pA‘ pB

Al+) = {'}mﬁdmz = C* Deceiver 1
ﬁp=ﬁp—ﬂ-ﬂﬂT+ﬂdmn+$duﬂp
g’? AP = Ap - c.AdT + AN - Ad ;,, + Ad g

o
\)
T
=}
-3
-+
3
\)
S
-+
o
-+
>
o
=
60
Q.
©
o
o
3
]
=7
(9]
i
Q
=
\]
i
X
=
3
c
F
<
o®
=3
=
-+
=
=]
=
3
o
S




GPSI

uoDMID | ‘AJISU2AIUN UISH-U21YD ‘S14DW029 paiiddy jo juawiuodaq

VAp=VAp +VAd,+VAd,
VAD =VAp+ VAN — VAd,, + VAd,,




o
\)
T
=}
3
-+
3
o®
S
=+
o
=+
>
T
=
6.
(o
0

SVAP =8VAp + 8VAdion + VA d o
| E‘Fﬁﬂmﬁﬁ’ﬁp—ﬁﬁﬂdm +oVA dth




o
\)
T
=}
3
-+
3
o®
=]
=+
o
=h
>
T




[GS:E i® 7%

® Governing Board (GB)

® Central Bureau (CB)

® |GS Network

® Analysis Centers (ACs)

® Data Centers (DCs)

® \Working Groups (WGs)

http://www.igs.org
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[GS2zFH ¢ < (DCs)

Institution Abbreviation Country
Wuhan University WHU Ching

Insftut Geographique National GN France
Korean Astronomy and Space Science [nsttute KAS| Korea
European Space Agency | ESAC ESA/ESAC Spain
Crustal Dynamics Data Information System CDDIS United States
Scripps Insttution of Ocsanography 3[0 United States




A2
- [GSA 4 ¥ = (ACS)

&

1§+ Institution Abbreviation Country

% Natural Resources Canada EMR Canada

sl Vihen Universiy WHU China

% Geodetic Observatory Pecny GOP-RIGTC Czech Republic
§ Space geodesy team of the CNES GRG France

% European Space Agency/ESOC ESA/ESOC Germany
i GeoForschungsZentrum GFZ Germany
g Center for Orbit Determination in Europe CODE Switzerland
§ Jet Propulsion Laboratory JPL USA

S Massachusetts Institute of Technology MIT USA

§.. NOAA/National Geodetic Survey NGS USA

i Scripps Institution of Oceanography SI0 USA

5

§' U.S. Naval Observatory USNO USA
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3 GPS Satellite Ephemerides / Satellite & Station Clocks

£

-+

9h Type Accuracy Latency Updates Sample Interval
>

s orbits ~100 cm

® Broadcast real time - daily
= Sat. clocks “ons RMS

D : ~2.5ns SDev

o

g orbits ~5ecm

o Ultra-Rapid (predicted half) real time at 03, 09, 15, 21 UTC 15 min
7 Sat. clocks ~3ns RMS

O ) ~1.5ns 5SDev

=

$ orbits ~3cm

X Ultra-Rapid (observed half) 3 -9 hours at 03, 09, 15, 21 UTC 15 min
= Sat. clocks ~150 ps RMS

é ’ ~50 ps SDev

S

g orbits ~25cm 15 min
a Rapid 17 - 41 hours at 17 UTC daily

-+ Sat. & Stn. ~75 ps RMS 5 min
= clocks ~25 ps SDev

5

g orbits ~2.5¢cm 15 min
g Final 12 - 18 days every Thursday

Sat. & Stn. ~75 ps RMS Sat.: 30s

clocks ~20 ps SDev Stn.; 5 min
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GLONASS Satellite Ephemerides

[GSF #L &

Type Accuracy Latency Updates Sample Interval

Final ~3cm 12 - 18 days every Thursday 15 min

Geocentric Coordinates of IGS Tracking Stations

Type Accuracy Latency Updates Sample Interval
) N horizontal 3 mm
Final positions : 11 -17 days every Wednesday weekly
vertical 6 mm
) N harizontal 2 mm/yr
Final velocities : 11 -17 days every Wednesday weekly
vertical 3 mmiyr

Atmospheric parameters
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Type Accuracy Latency Updates Sample Interval
Flnal_ tropospheric zenith path delay with N, E 4 mm (ZPD) < 4 weeks daily 5 minutes
gradients
L . . 2 hours;
Final ionospheric TEC grid 2-8 TECU 11 days weekly 5 deg (Ion) x 2.5 deg (lat)
Rapid ionospheric TEC grid 2-9 TECU <24 hours daily 2 hours;

5deg (lon) x 2.5 deg (lat)




2 3 & 3% 25 1= 7% (ITRF)

|ERS Terrestial Reference Frame
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Collocated techniques = 70 2h B

IERS® § %International Earth Rotation and Reference Systems Service (2003)
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[TRF3& & th 46 5 40

ITRF2000 STATION POSITIONS AT EPOCH 1997.0 AND VELOCITIES
GPS STATIONS

DOMES NB. SITE NAME TECH. ID. XIVx Y/\Vy ZINz Sigmas SOLN

----------------------- MY = m e e e e e
10002M006 GRASSE GPS GRAS 4581691.012 556114.680 4389360.696 .002 .001 .002
10002MO006 -.0131 .0189 .0101 .0003 .0001 .0004
10003M004 TOULOUSE GPS TOUL 4627846.128 119629.178 4372999.723 .002 .001 .002
10003M004 -.0134 .0187 .0088 .0009 .0003 .0008
10004M002 BREST GPS 7604 4228877.078 -333104.179 4747181.000 .005 .001 .006
10004M002 -.0133 .0184 .0085 .0021 .0004 .0022
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Rinex v3.01.html

File Type Version | Version Date | File Name Description
5 10 10 December Observation Rinex RINEX format for GPS and
' 2007 v2.10.html GLONASS observations.
10 December Observation Rinex RINEX format for GPS and
Observation 2.11
2007 v2.11.html GLONASS observations.
Observation Rinex RINEX format for GPS and
3.01 22 June 2009
v3.01.html GLONASS observations.
5 11 10 December GLONASS Navigation  RINEX format for GLONASS
' 2007 Rinex v2.11.html Navigation Message File.
5 11 10 December GPS Navigation Rinex RINEX format for GPS
o ' 2007 v2.11.html Navigation Message File.
Navigation
RINEX format for the
SBAS Navigation complete broadcast data of
3.01 22 June 2009

Space-Based Augmentation
Systems (SBAS).

RINEX 3.04 19 Dec 2018 support new signals for GNSS
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Ionospheric

Clocks

Antenna

Precise
Products

1.00

3.00

1.3

GPSAp B B F $2 5° -2

25 February
1998

14 November
2006

20
September
2006

12 February
2007

IONEX v1.0.html

RINEX CLOCKS
v3.00.html

ANTEX v1.3.html

SP3 Version C.html

IONEX format for
ionosphere models
determined by processing
data of a GNSS tracking
network.

RINEX format for satellite
and receiver clock offsets
determined by processing
data of a GNSS tracking
network.

ANTEX format for Phase
Center Offsets (PCOs) and
Phase Center Variations
(PCVs) of geodetic GNSS
antennae.

SP3 format for GNSS orbit
and clock solutions.
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GPSF s 2 # 1% 5% (RINEX)

Receiver Independent Exchange Format

2.10 OBSERVATION DATA M (MIXED)

RinExp V.2.0.2  TESTUSER 00-02-04 09:30
COMMENT
The file contains L1 pseudorange and phase data of the

geostationary AOR-E satellite (PRN 120 = S20)

TLSE D
ESTB TESTAGENCY
SGL98030069 Novatel Millennium HW3-1SW 4.45/2.3

ASH701073.1
4629365.0750 112100.1790 4371619.4160
0.0000 0.0000 0.0000
1T 1
4 C1 L1 L2 P2
1
2000 1 13 14 45 0.000000  GPS
2000 1 13 15 0 0.000000  GPS
0

00 011314 45 0.0000000 0 7G25G17G06G05G24G29G30
21839900.207  -236148.877 9 -184047.71049 21839901.4384
25151926.413  -161002.900 9 -125509.72447 25151935.8274
20531103.515  763336.059 9 594797.53149 20531105.0114
23001624.801  -432989.642 9 -337436.50348 23001628.1684
23610349.510  -384890.728 9 -299952.38848 23610354.3504
23954474398  -151982.173 9 -118480.96847 23954481.1994
20622367.016 -332628.466 9 -259214.55249 20622367.8754

RINEX VERSION / TYPE

PGM / RUN BY / DATE

COMMENT
COMMENT
COMMENT

MARKER NAME
OBSERVER / AGENCY
REC # / TYPE / VERS
ANT # / TYPE

APPROX POSITION XYZ

ANTENNA: DELTA H/E/N
WAVELENGTH FACT L1/2
# / TYPES OF OBSERV
INTERVAL

TIME OF FIRST OBS
TIME OF LAST OBS

RCV CLOCK OFFS APPL
END OF HEADER
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ddd: fIEZ H #(1-365)
f: & REHZ FF97(1-9)
0: =K ERHH G

yy:  PHITEEZ 1R
t: 22 R
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L EHERHE
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&’ RINEX v3 BRI & 2 BB

g RINEXSH: % & % i B

9; Name 29 F A REARE (4)  BIIREAREAH (2) ~ A7R(3)
e)

g S R Y

Start Time 2 11® 5% =~ > »2YYYYDDDHHMM =& # 3% 4% & A= 4o pF

7

Period L3BF ~ o A FTHEERBE A

OBS. Freq E3FF Ao N E T AR S

A

Content X2 F

Format £3BF A~ A TR

A

Compression [2~31@ F

Fo G

Ak e 2 BRAEERG R AR erx. gz 0 AR EE R 5 RNK
4-L.SBOOOTWN_S_20181790000_01D_01Z_MO. RNX

; I LSBOE&-g“HJ—\2018ﬁ6 28p (Day of year 179) GPS time 00FF004 4= ipl1x > B
y ? B 5 IHzehiE s BRI T A o

AR

uomip | ‘ALISuaAluN)
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#aVv1993 129 0 0 0.00000000 96 dITR9TFIT JPL
## 681432000.00000000 900.00000000 49016 0.0000000000000
+ 19 12 31213141516171819 20 2123 24 25 26

+ 2728000000000000000

+ 00000000000000000 ) )

+ 00000000000000000 Version ¢ with GPS &
+ 00000000000000000 )

++ 101010101010 10 10 10 10 10 10 10 10 10 10 10 GLONASS solutions
#+ 1011 000000000000000

++  00000000000000000

++  00000000000000000

- 000000000000000O0O

96C CC CC CCC CCC CCCC CCCC CCCC CCCC CCCCC CCCCC CCCCC CCCCC

96C CC CC CCC CCC CCCC CCCC CCCC CCCC CCCCC CCCCC CCCCC CCCCC

%f 0.0000000 0.000000000 0.00000000000 0.000000000000000

%f 0.0000000 0.000000000 0.00000000000 0.000000000000000

% 0 0 0 0 0 0 0 O 0

% 0 0 0 0 0 0 0 O 0

/* CCCCCCCCCCCCCCLCererececeeecrereeeeeeeceeceeeccccececccececc
/* CCCCCCCCCCCCCCCereeececeeeeccereeeeeeecceeceeecccecccecccececc
/* CCCCCCCCCCCCCCCCreeeceeeereeccereeeeeeceecececececececccececc
/* CCCCCCCCCCCCCCLCereeececeereecrereeeereeceecececccecccecccececc
*1993 129 0 0 0.00000000

P 1 14722.638510 6464.319150 -21020.844810 -8.059218
V 1 -1196.628800 26950.022500 7502.277100  0.000000
P 2-24023.155300 -11843.563990 -1675.647210 -10.813964
V 2 -769.152700 -3247.508000 31255.023300  0.000000

P 3 2074.555420 19025.998840 17928.366120 -430.859048

V 3 -6873.932300 22421.664200 -23147.529600

0.000000




SP3 & &4, ¥of B B

Hiwwwwf.sp3
ii: B & 2 B A (Aigs...)
wwww:  GPS#E % (%11280...)
f. =82 H#(0-6)
O: 2HAH.. &rFHME
SP3:  [&lE Z A&k
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2.10 N: GPS NAV DATA RINEX VERSION / TYPE
XXRINEXN V2.10  AIUB 3-SEP-99 15:22 PGM / RUN BY / DATE
EXAMPLE OF VERSION 2.10 FORMAT COMMENT

.1676D-07 .2235D-07 -.1192D-06 -.1192D-06 ION ALPHA

.1208D+06 .1310D+06 -.1310D+06 -.1966D+06 ION BETA

.133179128170D-06 .107469588780D-12 552960 1025 DELTA-UTC: AO,A1, TW

13 LEAP SECONDS

END OF HEADER

699 9 21751 44.0-.839701388031D-03 -.165982783074D-10 .000000000000D+00
.910000000000D+02 .934062500000D+02 .116040547840D-08 .162092304801D+00
.484101474285D-05 .626740418375D-02 .652112066746D-05 .515365489006D+04
.409904000000D+06 -.242143869400D-07 .329237003460D+00 -.596046447754D-07
.111541663136D+01 .326593750000D+03 .206958726335D+01 -.638312302555D-08
.307155651409D-09 .000000000000D+00 .102500000000D+04 .000000000000D+00
.000000000000D+00 .000000000000D+00 .000000000000D+00 .910000000000D+02
.406800000000D+06 .000000000000D+00
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‘A,?
RGERTHP

g

S

8

5

S

S Toc—] 41016 33960.03.652733170023D-04 1.932676241267D-12 0.000000000000D-+00
> PEN vezrmpgpndavhm s alz=c) al(zec/zec) ad(zec/zecd)

31 2 0200000000000+02-6.281 250000000D+01 3.607630178594D-08-2.330087638676D+00
o®

(o 1

o I0DE Cersim) 2n (gad/sec) MO(ad)

g -3.246500485110D-06 5.403156625107D-03 1.281313598156D-03 5.152644205003D+03
(=]

5 g (e s Gl () (al(12)

= 3. 328000000000D0+05 2.655734776001D-08 5.116902100123D-01-4.097819328305D-03
3 Tosges Cic @ Q) Cis (@)

;I 0.813604784508D-01 1.457500000000D-+02-1.694602396272D+00-7 38530747668 2D-09
= i9. (0 Gt (m) W G dotQm ==

< 2.233663300926D-10 1.0000000000000-+00 1.202000000000D+03 0.0000R000MD-+00
é-" dot 1 imd/sec) GPS Waak = (v go with Toe) Contimuous mumbear, not mod{1 024!
. O OO OO0ID+00 . COOMROO0MD-+M0-3.725200288462D-0% 2.02000000000:0D+02
g SV ageuracyim) 5V haalth Tedzeq) I0DC

8 3. 328000000000D+05
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Jut

MATLAB Programming

deltatsv=a0+al*(tsv-toc)+a2*((tsv-toc)"2)-tgd;

t=tsv-deltatsyv;

tk=t-toe;

no = (sqrtu)/(sgrta ™ 3);

n =n0 + deltan;

Mk = Mo + n * tk;

Ek = Mk;

error=1;

while error > 0.0000000001,
Eo = Ek;

Ek = EK-(EK - MK - e * sin(EK)) / (1 - e * cos(EK));

error = abs(Ek - E0);
end
cosvk = (cos(Ek)-e)/(1-e*cos(Ek));
sinvk = (sqgrt(1-e”2))*sin(Ek)/(1-e*cos(Ek));
vk = atan2(sinvk,cosvk)
fik=vk+w;
deltauk = Cus*sin(2* fik)+Cuc*cos(2* fik)
uk = fik + deltauk
deltark = Crs*sin(2* fik)+Crc*cos(2* fik)
rk = (sqrta”2)*(1-e*cos(Ek))+deltark
deltaik = Cis*sin(2* fik)+Cic*cos(2* fik)
ik = io+di*tk+deltaik
deltalk = ((Omega_dot-Omega_e)*tk)-(Omega_e*toe);
Ik = Omega_0 + deltalk
xkpla = rk*cos(uk)
ykpla = rk*sin(uk)
X = xkpla*cos(Ik)-ykpla*cos(ik)*sin(Ik);
Y = xkpla*sin(lk)+ykpla*cos(ik)*cos(lk);
Z = ykpla*sin(ik);
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¥ p($4n)

Z_1

X

GPS satellite2 %
Xo¥sZs %%

GPS satellite 3
X3Y5Z,

GPS satellite 1
Xi1Y1Z,

GPS satellite 4
X‘LY 424

Receiver clock error g Receiver coordinates
dT, uuVu,
“»

GPS receiver

Py= (XI_Ux)2+(Y1_U_y)2 +(Z)~ U2+ c(dT,)

’ e Eihoese]

e \ l/) +(Y, U) +{A [!".:,)-"-H:('(z"l"i,'}

Pl = \ K= U+ (Y= U2+ (Z3— U2+ (dT,)

Ph= Ky U2+ (Yy= U2+ (Zy~ U2+ c(dT,)
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GNSS SBAS
Satellites Satellite

Reference Master Station/
Station Uplink Stations SBAS—equipped GNSS Receivers
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SBAS PR 73

SBAS INDICATIVE SERVICE AREAS

WAAS EGNOS
2019: Ground infrastructure for L5 L2 P(Y) V3 in 2025: MC (GPS + Galileo) SDCM
to GPS LS FOC over 2 years MF (L1/E1+L5/ES5) 2020: L1, L3C, L5C

- - o
>
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&

MSAS
2017: MCMF experiment
V2 in 2020 for non-aviation

KAAS
Open Service in 2020

BDSBAS
4 GEO satellites by 2020

Australian SBAS
Testing until 2019 for
multiple user sectors

GAGAN

Researching expansion of

' coverage to GULF region

SACCSA
First testing in 2011

Under development/definition

*System not yet certified for civil aviation
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Ranging Sources
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Differential Corrections,
Integrity Data and
Path Definition
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Omnidirectional VHF Data
Broadcast (VDB) Signal
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_ Honolulu
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GEO Satellite
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LJ ~ Longmont
Pabp __Fort Worth
T Abuqueraue e ten

Oberlin ’ 3
R ashua
ﬂm«lkoma
Memphts sburg

< EJH
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Miami
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_ Wide-area Reference Station (WRS)
L Wide-area Master Station (WMS)

@® International WRS's
= Ground Uplink Station

.
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GEO Satellite
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S SAFETY- AND LIABILITY-CRITICAL KEY PERFORMANCE PARAMETERS
>

Q.

@ Availability .
o

g Accuracy .
=

.g Continuity .
S Integrity °
T

5 Robustness .
c

2 Indoor penetration .
3 Time To First Fix (TTFF) .
§° Latency .
=]

= Power consumption****

¢h o
;? ® Low priority ®* Medium priority ® High priority
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Global Navigation Satellite System (GNSS)

Global Navigation Satellite Systems
Global Positioning System (GPS, USA)

GLObal Navigation Satellite System (GLONASS, Russia)
Galileo (EU)

BeiDou (BDS, China)

> paiddy jo juawiuodaq

Regional Augmentation Systems
Quasi Zenith Satellite System (QZSS, Japan)
Indian Regional Navigation Satellite System (IRNSS, India)
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: . Global Constellations . Regional

;’; — GPS (24+3) Constellations
2 — GLONASS (24+) —~ QZS8 (4+3)

§ — GALILEO (24+3) — IRNSS (7)

~ BDS/BEIDOU (27+3 1GSO + 5 GEO) , catellite-Baced
: B Augmentations
: 11 | — WAAS (3)

— MSAS (2)

: - — EGNOS (3)

— GAGAN (2)

— SDCM (3)
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Orbital Period 11hrs 58min 11hrs 15mins 14hrs 04mins 12hrs 37min
Orbital Height 22,200 Km 19,100 Km 23,222 Km 21,150 Km
Inclination 55° 64,8° 56° 55°

Number of Orbital 6 3 3 6

Planes

Number of 24 operational + 6 21 operational + 3 24 operational + 6 27 MEOs + 5 GEOs
satellites spares spares spares + 31GSOs
Reference frame  WGS-84 PZ90 GTRF CGCS 2000

Reference time GPSTime (GPST)  GLONASS Time Galileo System BeiDou Time (BDT)
(GLONASST) Time (GST)
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g 35 L GLONASS ._.—""- EeiEmZ 1
3 30 | |
o
-+ = 25 | -1
§ § 20 _ UTCe GPS GALILEO |
8 g 15 —_r'_,.r"rr‘ 1
3 &
B = [ TAI 1
& oL —_——— ]
~h -5 - |
>
§' -10 | i i i ) i
lI 1970 1980 1990 2000 2010 2020
C
3.
<
3 GPST - TAI TAI = GPST + 19s
< GST - TAI TAI = GST + 19s
_l
% GLONASST - TAI TAI = GLONASST — 3h + leapsecond yrc.ra;
=}

UTC - TAI UTC = TAI — leapsecond yrc.ra;

BDT-TAI TAlI = BDT + 33s
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LS/LSOC/E5a | L2/L2C/L20C E6 /LEX L1/L10C/E1
/B2a / B1

GPS 30 30 30
GLONASS 24 24 24
Galileo 30 30
BeiDou 35 35
QZSS 3 3
IRNSS |
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4— ARNS* Bands —

B Frequency band used by the system, with N = number of satellites
{a I Frequency band not used by the system

v
(\)
O
=]
-3
-+
3
o®
=
=+
o
-h
>
o
=
3
Q.
Q)
o®
o
3
=]
=
(9]
n
Q
=
o®
3
X
=
=
c
=
<
o
-3
=
—+
o
=]
=
3
=]
=




GNSSHE 3§ & #

GNSS FREQUENCIES INTHEL BAND

BeiDou B GPS M Galileo B GLONASS
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# The BDS-3 space constellation,
consisting of 30 satellites
(2dMEOs+3GEQOs+3IGS0s),
were successfully deployed
between November 5, 2017 and
June 23, 2020.

* B+ & BeiDou,k & (BDS)

g [Thereare 15 operational BDS-2

"~ satellites (6GEOs + 7IGSOs +
3MEOs, with open service
navigation signals B11/B21/B3l,
using PRN from 1 to 195, at the
moment.

paijddy jo juawiuodaq

Type of service Signal frequency Satellite
Five types of
Basic navigation B1l, B3I, B1C, B2a | 31IGSO+24MEO services
services B1l, B3l 3GEO
7 Three kinds of
=3 BDSBAS-B1C, services areas
S BDSBAS BDSBAS-B2a 3GEO
-3 . L (uplink)
® p
3 Short- Regional S (downlink) 3GEO
3 message i
< communicati| o L (uplink) 14MEO
. on services B2b (downlink) 31GSO+24MEO ﬁ
§ International search UHF  (uplink) 6MEO
and rescue service B2b (downlink) 3IGS0O+24MEO _ _ ]
gl o Pr§c|§e Pomt_ B2b 3GEO gl ] 50 90 10 150 i B0 -120 90
A ? Positioning service

Navigation, Positioning and Timing / GSMCS / SAR
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L

m Constellation:

21 GEO Satellite, 127E
113 QZO Satellite (IGSO)

m Ground System
12 Master Control
Stations
= Hitachi-Ota and Kobe
17 Satellite TTC Stations

m Located south-western
Islands

~1Over 30 Monitor Stations
around the world

# Cabinet Office

-

X RIS

Quasi-zenith orbit
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Evolution of GNSS Performance

» \
s,

Improved /
reswstance to

interference
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Improved satellite
availability

ool Increased range for
iE a3 RTK applications
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Department of Applied Geomatics, Chien-Hsin University, Taiwan
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Time difference / ns

s -10 1 — ==
57299 57389 57479 57569 57659
MID

fiGURe 1 Reference time scales for GPS (yellow), GLONASS (red) and Gali-
leo (green) in comparison with UTC during one year, ending at Modified

Julian Day (MID) 57659, September, 28 2016.
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Post-Processing Output: GPS L1 vs GPS + GAL+ BDS + QZS L1/L5
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