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Outline

* GNSS positioning solution and ionosphere
range errors

« DGPS & SBAS
* Equatorial anomaly and SED

* Impact on positioning — examples and
case studies

 Summary
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How does GNSS work?
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GNSS Ranging Errors

Orbit Error (AXx, Ay, Az)

Doppler

Tonospheric
Evil Wavefor ) ( Scintillation
Spurious
Tranmissions o

N\

Tonosphere Tropospheric

\ Scintillation T h
Signal roposphere

Jamming "
Signal aé"

S. Skone/2012



S. Skone/2012

Lines of Position

Line of
Position
(LOP's)

Transmitter Baseline

Transmitter

Another
Possible
Position



GPS Positioning Solution
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FOSTTIO
and
TIME
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Receiver computes position
in mathematical adjustment

4 range
observations
required to
estimate 4
unknowns.

Receiver
reports

X =[x,y,z,t]
and
Cx
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Satellite (5W) coordinates in ECEF A% from Ephemerie Parametes and W Time
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GPS Observations

Receiver
Observations

Travel time: At

Phase:®
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GNSS lonosphere Range Error

Range computed as R = ¢ At

But GNSS signal velocity is not c, (n is not 1)!

X

Po=1—

1— /72— Yy : i|: Yy , —|—)f:|
20— X —-72) | 40— X —i2)?

AR = [(n-1yds

path

40.3
AR = R TEC [m]
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Position Accuracy will depend
on the ‘Satellite Geometry’

BAD
Satellites are bunched together
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Numbers to Consider

GPS receivers report
« Lat/long and height

 Dilution of Precision (DOP) — measure of satellite
geometry and the smaller values are better

Rule-of-Thumb:
Positioning accuracy a DOP x AR
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GPS Positioning Accuracy

Low High
(single frequency, (multiple frequencies,
metre-level accuracy) centimetre-level
accuracy)
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How can we reduce ionospheric
effect for better positioning
accuracy?
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Calculating TEC (Dual Frequency)

» Assume measurements on two frequencies f. £, (i.e. GPS)
« Different range errors:

AR, = 4;:'1'3 TEC AR, =223 TEC
1 2
« We can compute TEC: L1=1.5GHz
o L2 = 1.2 GHz
R,—R,=AR, —AR, = 40.3{—,,——,,}TEC
. %
L (fep sy My
TEC - 11 111 ('&RI _ﬂ‘RE) lonospheric Area=1m’
4034 £ -7 ) Shell Height '

1000 4

250-400

Altitude (km)

1001

Total Elecrton

Content (TEC) IRI Profile
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[http:/ /www.gnss.be/]



Broadcast (Klobuchar) lonospheric Correction

30

25

20

15

10

Tg (nanoseconds at 1.6 GHz)

Algorithm

JAMAICA, WEST INDIES
SEPTEMBER 1970

ACTUAL DATA. Tg rms =19.5(NO CORRECTION)
-------- CONSTANT FIT. ATg rms =9.4 (52 % CORRECTION)
_—— COSINE FIT. ATg rms =1.94 (90% CORRECTION)

oooooooooooooooooooooooooooooooooooooooooooooo

(1-I4)27r]

Tg=7+25 —_—

5 |- o] 25 cos [ >a

0O 1 | | | i | | ] | | i J
O 4 8 12 16 20 29

LOCAL TIME

S. Skone/2012



S. Skone/2012

Sample Storm Event

July 15-16 2000
Storm Event

* severe global
geomagnetic storm

* bright aurora
(geomagnetic substorm)

* large absolute TEC and
gradients at mid-
latitudes

 storm-enhanced density

* Kp=9
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TEC Map July 15, 2000: 22:25 UT
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Single Point Positioning Accuracies (Single Frequency)

Horizontal Position Error Vertical Position Error
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Broadcast ionosphere model does not represent storm conditions
accurately
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Differential GPS

RS /
Radio Link |\ W))))),
|II II| #J!I‘J"'I":I“-_
[

* Range corrections measured at reference station and sent
to remote users

» Without DGPS... your accuracy is 5-10 metres

* With DGPS...your accuracy improves to 0.5 - 2 metres

» Accuracy degrades with baseline distance
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* Many service providers worldwide
* Horizontal positioning accuracies typically 1-2 m
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Nationwide DGPS (U.S.)

Nationwide DGPS

®  Operating Sites
Planned Sites
D Single Coverage
I:] Multiple Coverage

December 2008

http://www.navcen.uscg.gov/dgps/coverage/CurrentCoverage.htm
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Applications

 Mapping and surveying, including hydrographic
surveying

* Natural resource exploration and management

» Agriculture (seeding and harvesting)

« Environmental monitoring (GIS)

* Transportation — asset management, road
construction, train control, and truck routing

 Emergency response

S. Skone/2012



Satellite-Based Augmentation

Communication
Satellite

N ide Asea
weleteiiCe M ois

http://www.nstb.tc.faa.gov

« Satellite clock, orbit and ionosphere corrections estimated using
dual-frequency reference network

* lonosphere corrections defined on (typically) 5 deg by 5 deg grid
« Positioning accuracies typically 1-3 m

« WAAS implemented in United States for commercial aviation;
EGNOS in Europe; extension to Africa

« SBAS positioning capabilities in low-cost receivers (marine and land
applications)
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Wide Area lonosphere

Observations
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Mapped to Two Dimensions
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Wide Area Differential GPS Network
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Network Observations and Output
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Wide Area Approach

Broadcast Navigation
Message

Satellite pseudorange
and carrier phase

g& ------ -ll!; | 'g,

Satellite _ - -g@Q¥ ¥\ \ /ﬁ&\\

orbit A NN AN s’\‘?("/" % ~~20,200km
NN / \ Pid // ’,

|
|
|
1
l 1200 km
Y

Obse NatlonS lonosphere
/i%;:ué\ 100 km
A2 Earth Surface
Satellite elevation Derive
angles jonospheric
observables

Compute IPPs
and mapping
functions

time

Estimate 2D model in latitude and local
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WTEC Oct. 30,2003 22:00 to 22:30 UT TEC
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TEC

Error Bounds
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Example: WAAS Error Bounds
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Equatorial Anomaly

d - primary peak at 1400
/48 - secondary peak at 2100
* large gradients: 30 ppm
« scintillations
* largest peaks observed during
equinoxes at solar maximum



Spatial Distribution of VTEC during
Solar Maximum

June 2000
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Spatial Distribution of VTEC
during Solar Maximum (Equinox)

March 2000
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Low Latitude DGPS at Solar Maximum

RBMC Reference Stations
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* DGPS positioning
accuracies computed
for UEPP-PARA
baseline (430 km)



DGPS Positioning Accuracies

Vertical Horizontal
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Horizontal DGPS Positioning Accuracies — Evening Sector
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Storm-Enhanced Density

Day324 @ PM
Range Error:
[=+40.3 TEZC
f

» Impact on GNSS applications?

* Plume extends 1000 km E-W

» Gradients of 30-50 ppm near edges of plume (E-W) and base of plume (N-S)
» Conjugate effects in northern and southern hemispheres — impact in Africa
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Conjugate Effects: 1730 Oct 2, 2001

Day275 @pm .}m?“ MIT Haystack Observatory
GPS TEC Map from 02-Oct-2001 17:00:00 to 02-Oct-2001 17:30:00 TEC

Geodetic Latitude, Deg

Deq from solar noon
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VTEC Oct.29,2003 22:02 to 22:32 UT
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DGPS&WAAS Horizontal
Positioning Errors: 29 October 2003

Ionosphere Map 2130 UT Horlzontal Posmon Errors
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DGPS&WAAS Horizontal
Positioning Errors: 29 October 2003

Ionosphere Map 2230 UT
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DGPS&WAAS Horizontal
Positioning Errors: 29 October 2003

Ionosphere Map: 2330 UT Horlzontal Posmon Errors
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DGPS&WAAS Horizontal
Positioning Errors: 29 October 2003

Ionosphere Map 2130 UT Horlzontal Posmon Errors
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DGPS&WAAS Horizontal
Positioning Errors: 29 October 2003

Ionosphere Map: 2230 UT
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DGPS&WAAS Horizontal
Positioning Errors: 29 October 2003

Horizontal Position Errors
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WAAS Positioning Errors

Horizontal WAAS Accuracies: 2300-2330 LT 95th-pretile Yerical WAAS Accuracies: 2300-2350 UT S5th-pretile
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WAAS Ilono Model Errors

WAAS Error Oct. 30 GIVE

GWVE Map: 30 Oct 2003 2100 UT GWVE
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* Errors >15 m in WAAS ionosphere estimates
« Bounded reliably by GIVE values (“do not use”)
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SED Event 20 November 2003

21:00 UT

GPS TEC Map 20 Nov 2003 21:00 UT

19:00 UT

GPS TEC Map 20 Nov 2003 19:00 UT
: :

Geodetic Latitude, Deg
Geodetic Latitude, Deg
(o

1 1 1
200 220 240 260 280 300
Geodetic Longitude, Deg

240 6
Geodetic Longitude, Deg

« SED develops 18:00 — 22:00 UT

« SED extends north through central Canada
 Impact in eastern and central Canada on DGPS (CCG, USCG, NDGPS) and

WAAS
S. Skone/2012



DGPS and WAAS - Horizontal

Haorizontal DGPS Accuracies: 2000-2030 Horizontal YWAAS Accuracies: 2000-2030 UT S5th-pretile
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* DGPS position errors computed for 100-200 km baselines

» Horizontal accuracies of 10-15 m (DGPS) and > 15 m (WAAS)
during period 20:00-20:30 UT

. Skone/2012



Vicmap Position (Australia) GPS and
WAAS - Horizontal

« GPSnet™ operational in

2004 for sub-metre
positioning in
southeastern Australia
- Reference station
spacings of 100-200 km
 Applications in
agriculture, GIS,
navigation, forestry,
surveying, emergency
response, mining and
transportation
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Department of
Sustainability and

Vicmap Position-VICpos Environment

Victoria's Co-operative Global Positioning System Base Station Network
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10:30 UT 29 October 2003

Day29 @AM ¢ ) MIT Haystack Observatory

AAVSTACK

GPS TEC Map from 29-Oct-2003 10:00:00 to 29-Oct-2003 10:30:00
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11:00 UT 29 October 2003

Day29 @ AM
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VTEC: Reference Station CANN

CANNDctober 2003

Vicmap Position-VICpos
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» Gradients of 25-30 ppm over distances of 200 km
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» Differential ionosphere range delay of 2 to 3 m for 100 km baseline
* DGPS positioning errors of 6-7 m

S. Skone/2012

2500



VTEC: Reference Station IRYM

IRYM QLtober 2003
70 o T T L L T E

Sustainability and

Vicmap Position-VICpos Environment
Victoria's Co-operative Global Positioning System Base Station Network

Department nfl

Legend
Rural & regional GPSnet base stations:
@ Online/Real time RTK up to 20km
@ oOnline
@ Offine
Under construction
Proposed
Joint GPSnet and Australian Regional GPS
Network (ARGN) sites:

Slbury A Melbourne Observatory

Base lines / stations used to generate

N Sheppanon \ networked real time comection
Benalla
A Horsham S—(EL—/" !
L 3
Mt Buller
Mt\Hotham
Cann Rlver

chus Marsh

Hamilton‘ /B’a’llarat \ Melbourne RMIT
I

VTEC (TECU)

elboume Observa(o
v «Baimsdale

@ Gnﬁong 13 Yallourn
Colac
297
Vicm: 0 25 50 100 150 ) 200 GDA Y

r

0 r r r r |
300 300.5 301 301.5 302 302.5 303
Day of October 2003

Large TEC variations observed approx. 10:00 UT on October 29 (day 301)

S. Skone/2012



w W B B
o (¢ o (63
i i i "

VTEC (TECU)
N
(@) ]
i

N
o
i

—
(6)]
i

10 C r r r r n
0 500 1000 1500 2000 2500

Distance (km)

Structure with amplitudes of 2-3 m and scale size of 500 km

S. Skone/2012



Summary

» Large ionospheric gradients observed near equatorial
anomaly and near SED

« DGPS positioning errors of 20-30 m (95%) near anomaly

« SBAS such as WAAS with 5 deg by 5 deg grid spacing
do not fully resolve gradients

 DGPS positioning errors of 2-10 m (95%) during SED
events

« SBAS (WAAS) positioning errors of 8-12 m (95%) during
SED events

« Conjugate effects observed in northern/southern
hemispheres
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