GNSS Errors

By Halmat Atta Ali
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GNSS Concept

User measures distance to four satellites G e
Satellites transmit their positions in orbit C e

User solves for position (X,Y,Z or @, A, h) and clock error At



Pseudorange measurement

measured
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Review
e In order to estimate its position a receiver must have at least four

satellites in view

The satellite must be in Line-of-sight (Not 100% true, depends what ,
quality of position you need) AR Ay

If a larger number of satellites is in view a better estimation IS .
possible. In the past the combination of four satellites glvmg ’the best :
performance was chosen S AP

Modern receivers use multiple channels in order to perform the -' o e -
position estimation (From multiple constellations) - - " - - o 0 ooia



Propagation

GNSS signals pass through the
near-vacuum of space, then through
the various layers of the atmosphere
to the earth, as illustrated in the figure

below:

GNSS Satellites

Reflected

~/_ / Refracted




Propagation

equment e
e The signal will “bend” when traveling through the earth’s atmosphere ,.
e This “bending” increases the amount of time the signal takes to travel o= '
from the L
e satellite to the receiver .
e The computed range will contain this propagation time error or
atmospheric error o """l:{i'"
e Since the computed range contains errors and is not exactly equal to
the actual range, we refer to it as a “pseudorange™ -~ - - -0 d :::



Propagation

at 70 to 1000 km above the earth’s surface.

e Free electrons resides in the ionosphere, influencing electromagnetic
wave propagation

e lonospheric delay are frequency dependent. It can be virtually
eliminated by calculating the range using both L1 and L2

e The troposphere, the lowest layer of the Earth’s atmosphere
contributes to delays due to local temperature, pressure and relatlve;::-'_-}_Ij{:':
humidity SO "-':;:3'*'-'

e Tropospheric delay cannot be eliminated the way |onosphenc delay
canbe res T : _- i :.-:

e Itis possible to model the tropospheric delay then predrct and s

compensate for much of the error YR



Propagation

e Signals can be reflected on the way to the receiver. This is called
“multipath propagation”
e These reflected signals are delayed from the direct signal, and if e
strong enough, can interfere with the direct signal ,
e Techniques have been developed whereby the receiver only ConS|ders o v —
the earliest-arriving signals and ignore multipath signals, WhICh amves
later : :
e |t cannot be entirely eliminated



Wide lane solution

e L1 integer fixed solution

{ T T

20 30 40 50

DGPS
Solution

Seconds Since Start of Processing (s)




GNSS Error Sources

Orbital Errors (2m)
Satellite Clock Errors (2m)
lonospheric Errors (4m)
Tropospheric Errors (0.7m)
Receiver Errors (0.5m)
Multipath (1.5m)
Interference

Geometry

GPS Errors and Biases g *Orbitalerors

o o Satellite clock ervors
\ )

® Phase Ambiguity
® Cycle Slips

o lonospheric bins =5

"'- ) o Multipath .
o lmaging ../

o Tropospheric bias Xj k
— AN

. ’ ’ «1 .
e Receiver clock errors
o Amlesna errors

o Recetver noise



Errors 1/2

e ionosphere: the propagation delay depends on the frequency on on:-v'-' '
the density of electrons along the path

e troposphere: the propagation delay depends on the pressure,
temperature, humidity of the air

e multipath



Errors 2/2

e receiver noise :
e uncompensated relativistic effects : -
e selective availability (SA): the signal has been intentionally : P a
disturbed to limit the accuracy of the GPS to civil user (“ended” May i
1st 2000) |

.;:o .}o -} o} .:. o.. .-. .-. .: . ...'. .: . ..-'. .: A
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The effect of Selective availability - GPS"

® receiver noise _ -
e uncompensated relativistic effects -
e selective availability (SA): the signal has been intentionally o
disturbed to limit the accuracy of the GPS to civil user (“ended” May
1st 2000)

Colorado Springs, Colorado 2 May 2000
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Relativistic effects Ml .

The satellite clock drift is affected by the relativistic effects. In GPS

the satellite clock frequency is adjusted so that the frequency
observed by the user at sea level has the nominal value
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Relativistic effects

e The user has to take into account a relativistic periodic effect due o:.‘
the eccentricity of the satellite orbit : PR

— half of the error is due to the periodic change in the speed of the
satellite relative to the ECI (Earth Centered Inertial) frame



Relativistic effects

e The user has to take into account a relativistic periodic effect due to LRRSeRes
the eccentricity of the satellite orbit - -

— the other half is caused by the satellite’s periodic change in its

gravitational potential Vi
* At the perigee, the satellite velocity is higher and the gravitational potentlal
is lower, and the satellite clock runs slower S
At the apogee, the satellite velocity is lower and the graV|tat|ona4 potentlal
is higher, so the satellite clock runs faster - .



Relativistic effects

e In the GPS literature, it is stated that this relativistic effect can reach ;"-3."".':.'
a maximum of 70 ns (21 meters in range) - _.: et
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Required Navigation Performance (RNP):

A Availability is the percentage of time the position, navigation or timing solution
that can be computed by the user. Values vary greatly according to the specific
application and services used but typically range from 95 to 99.9%. We can
speak of two types of availability:

» System availability: is what GNSS Interface Control Documents (ICDs) refer to.
» Overall availability: takes into account the receiver performance and the user’s

environment. Values vary greatly according to the specific use cases and services
used.

Q@ Accuracy is the difference between true and computed solution (position or.* .
time). This is expressed as the value within which a specified proportion .- .~ " - - . .0
—usually 95%- of samples would fall if measured. This report refers to -~ .- . " .* .77 0l
positioning accuracy using the following convention: centimetre-level: O 10cm L
decimetre level: 10-100cm; metre- level: 1-10 metres. e S



Continuity the ability of a system to perform its function (deliver PNT services with the requ1rerd '., -
performance levels) without interruption once the operation has started. It is usually expreSsed
as the risk of discontinuity and depends entirely on the timeframe of the application. A typlcal
value is around 1*10-4 over the course of the procedure where the system is |n uSe o

Integrity is a term used to express the ability of the system to provide warnmgs to users when |t
should not be used. It is the probability of a user being exposed to an error. larger thanr the alert
limits without timely warning. The way integrity is ensured and assessed, -and.the means of"
delivering integrity-related information to users are highly application dependent Througho'a.t
this report, the “integrity concept” is to be understood at large, i.e. nat restricted to safety crltrcal
or civil aviation definitions but also encompassing concepts of quallty assurarrce/quallty cohtrot
as used in other applications and sectors. s - — T——



Definitions: Accuracy and precision

(.

The position determination is always an estimate based on measurements
The presence of disturbances, propagation errors, etc. can be modeled as randor
factors affecting the estimated position that is thus modeled as a random variable
Performance of a positioning procedure can be evaluated in a stocastic way, using
statistical parameters:

— Mean

— Variance (or standard deviation)



Example: Gaussian distribution

Id—‘ 68.3%}'

95%

99.9% —»I
0

Zero mean
Normal Distribution

Biased Normal Distribution
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Multipath

ol O oOodd

GNSS relies on line of sight between satellite and receiver

In Urban environments and indoors (obviously) this direct line of
sight is disturbed

This can cause a receiver to either lose lock on a satellite and thus reduce
the number of available signals

Or the signals can be reflected (or attenuated i.e. travel through an object)
and still be received and used by the receiver

This phenomena is known as “Multipath”

Multipath effects “code” and “carrier” measurements




Multipath in an Urban Environment

GNSS Satellite GhSsSais

GNSS Satellite

GNSS Satellite







Station Analysis

d  Nottingham - IESSG Building
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Open Sky
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The geometric factor 1/4

The pseudorange errors can be modeled as random variables
The elements of the error vector can be considered as random variables
— gaussian with zero mean

— identically distributed

— independent

— with variance s2UERE

a
a




The navigation solution

Ap =a,Ax, +a,Ay, +a,Az, —cAt,
Ap, =a,Ax, +a,Ay, +a,,Az, —cAt,
Ap; =aqAx, +a Ay, +aAz, —cAt,
Ap,=a ,Ax, +a,Ay, +a,,Az, —cAt,



The geometric factor 2/4

cov(dk) = E{(H"H) ' H'drdr" H(H'H) |

cov(dx) = (HT H) THT cov(dr )H(HT H)_1

cov(dnN=1_. 8. ..

cov(dx) = (HTH)_1 o



The geometric factor 3/4

e Let’s define




The geometric factor 4/4

B 2
O, = 8110 yuErE

B 2
O, = 8720 uERrE

B 2
O, = &330yzRrE

B )
O s = 8440 yERE




Jtr{cov(dx)} = \Jo? +02 +0? +02, =

=GDOP -0

e where the GDOP factor is defined as

e and represent the Geometrical Dilution of Precision



Dilution of precision

e Partial factors can be defined:
— Position Dilution of Precision

PDOP = /g, + g5, + £33

— Time Dilution of Precision

— Horizontal Dilution of Precision



Real GDOP behaviour

#Satellites

GDOP

Error [m]




The geometrical problem

e The impact of the pseudorange error on the final estimated position
depends on the displacement of the satellites (reference points)

e»

2

low GDOP Uncertainty region high GDOP R .




Earth Surface Models

Earth Surface

(Mean Sea Lavel)

Global Datur e
- WGSH4
= (hest fif globally)

Local Datum
(best fits local area
of inferest)

GS8

20



BRGTC
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Error ellipse Component

Sur\ ey Point ID Semi-major axis Semi-minor axis At
(m) (m)

AxRLC 0 06’

s8A ' 0.000)




Example of Geometry Problem

Displacement: mm

-40
400300 400500 400700 400900 401100 401300 401500 401700 401900 402100 402300
GPS time: s

ig. 4. Unfiltered lateral deflections
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400300 400500 400700 400900 401100 401300 401500 401700 401900 402100 402300
GPS time: s

5. Unfiltered longitudinal deflections



GLONASS satellite coverage

GLONASS improves satellite coverage over GPS at higher latitudes due to the
different inclination.




Optimal Geometry for GNSS




Optimal Geometry for Locata




Joined Geometry




GNSS range measurement

e |onosphere
— Dispersive at GNSS frequencies
— Remove delay with dual-frequency observations

e Troposphere
— Non-dispersive at GNSS frequencies
— Refractivity depends on temperature, pressure
and water vapour pressure




Atmospheric Delay

L-G=[(n—17)ds+(S-G)

T T

Delay Bending

Elevation Bending
Angle Effect

2 0.417
5 0.075
10 0.019
atmosphere 20 0.005
45 0.001
90 0.000
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Atmospheric Delay

The atmosphere is not a vacuum
It has density ( )
n varies from approximately 1.003 at earth’s surface to 1.0000 e
in space sl
Density is variable ( ) L —
nin the is primarily a Rk
and (humidity) = S
n in the is a function of and. .
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Tropospheric Delay

e Large variation in height error at sites when a standard
meteorological model (MAGNET) is used

e Height error when tropospheric
delay is stochastically estimated within GPS processing
software

e Large degree of correlation evident between relative delay .-« l-iinis
and height error when using standard meteorological modet .--".- "

e GPS stochastic estimation technique accounts for high d,égfeé-':-'_-'.5::{:.'.’:-'-7-'
of spatial and temporal variability in atmospheric water_.Va‘pQu'r.':.-:.".-'f';'.;é*




Tropospheric Delay g

N=77.6_ +3.73x10° 2
T T

HYDROSTATIC DELAY oo oo =T D%'.‘-.‘Ya.i':}’f g
- 90% of total tropospheric delay g 5o OO THOPYS P SMCICEIa s Sy

) : - variable in time and Space SN
- removed using surface barometric L
- surface met. data madequate D

pressure measurements S
- solve for as extra unknown T



It is possible to estimate tropospheric delay as extra unknown
(in the LS solution), using constellation geometry ie varying
elevation angles and mapping function to zenith

Deterministic approach
- scaling term to tropospheric model
- absolute term for entire tropospheric delay

Limitation - one parameter solved for per session
Alternative: time varying technique S
- Stochastic modelling IR
- Kalman Filter PO



Height error (m)
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Large variation in height error at sites when a standard
meteorological model (MAGNET) is used

Height error when tropospheric delay = 3
is stochastically estimated within GPS processing software

1 I ’:';";

Large degree of correlation evident between relative delay and helght : o
error when using standard meteorological model ges—

GPS stochastic estimation technique accounts for high degree of
spatial and temporal variability in atmospheric water vapour



lonospheric delay

A UV and X-ray radiation from the Sun causes ionisation -
releases electrons
[ lonospheric delay therefore largely governed by the activity of
the Sun
A Number of well-known periodicities
» 11 year sunspot cycle,
» seasonal cycle, diurnal cycle

A Magnetic storms - sizeable irregular pattern An X-fflare
d  Vertical ionospheric error during Solar maximum (for GNSS photographed on
frequencies) Sept -9th. 2008by
- 10m (day) Blrglt Kremer of

- 1-2m (night) . Marbella Spam.,

ﬁ
.
g o
.
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lonosphere

lonosphere (50-1000 km) is a region of ionized gases (free
electrons and ions)

lonization is caused by the sun’s radiation

The speed of propagation of a radio signal depends upon the
number of

free electrons in its path

Total electron content (TEC) is defined as the number of
electrons in a tube of 1m2 cross section from receiver to satelllte




lonospheric model

e |onosphere induces a pseudorange delay that gives an error

......

e The delay in phase measurement have same magnitude but. oppesﬂe S|gn
e It can be estimated and compensated for, using double frequency
receivers R ;'f'f'"f-.:
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lonosphere free measurements 2/2

e Dbeing p* the ionosphere-free pseudorange
e The set of equations can be solved for p* and TEC obtaining



lonosphere model

L4

e Single frequency receivers use models whose parameters are broadcg*é
by the satellites :



. > :\.

4, &E)

ln..i..."‘ |
The Klobuchar model

e The Klobuchar model is an empirical model using a reduced numbet‘af:

parameters to be described

27(t — 2z(t - 4,) A,)

A, + A, cos t—A,|<4,/4

A, otherwise

e Values A1 and A3 are fixed and A2 and A4 are speC|f|ed m the naVLgatlcrn =
message broadcast by each satellite P d 2 Pty o



Obliquity factor

The propagation path length of a signal through the ionosphere i |n
with the zenith angle
The increased path length is accounted for in terms of a multiplier of the ©
zenith delay
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The NeQuick model 1/2 i,

e The NeQuick model is a ionospheric electron density model

e |tis a quick-run model for trans-ionospheric applications that allows to

calculate both vertical or slant electron density profile and TEC for any
specified path

e Itis provided as a grid of points



NeQuick model input parameters

e ITU-R coefficients and /or monthly mean F 10.7

e Measured values

e Regional maps of coefficients based on grid values constructed from data
obtained at given locations s A



TEC maps

NeQuick Mcnth 04 UT 13 R12 108



Interference

3

As GNSS signals travel a long distance through the

atmosphere they are relative weak when they arrive at the

ground

Generating a similar (or identical) GNSS signal is not difficult

(although often illegal)
Other Radio signals can also cause problems for GNSS
receivers to track signals

Interference can be
» Intentional
» Unintentional

.
. ® ) .




Intentional Interference



C/)‘, |E.,..SSC' Station Analysis - Trondheim

£0011 Googe - imagery.©2011 DigitaiGlobe, GeoEyé_i Rp data 82011 Google - T
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Interference
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p 3 Trondheim june 2009 - 20 degree cutoft
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BRGTC
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BRGTC

S4 (black), SigPhi(Red)
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BRGTC

S4 (black), SigPhi(Red)

Trondheim aug 2009 - 20 degree cutoff
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d 3 Trondheim sep 2009 - 20 degree cutoft
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The Solar Maximum Problem

lonospheric disturbances in years of high sunspot activity
Solar maximum between 2000 and 2002, and again
2011-2013, next is 2024 - 2026

More significant effects in equatorial and auroral regions
North-South gradients can affect mid-latitude regions
GNSS applications suffer with such disturbances
Therefore, can use GNSS to study such disturbances

LoD o

.....



Sunspot Cycle

1, 2008)
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lonospheric Scintillation

Effect of ionosphere dependent on TEC
Regular behaviour of TEC allows modeling with 2 frequencies

However
» lonosphere greatly influenced by solar activity AR
» Disturbances can take place during high sunspot activity (peak of cycle) ...'-_":.-'.'.":}.-'-_"::,"-;;;“_ i '
» Charged particles from solar flares cause changes in magnetic field B
» Small scale electron density irregularities + rapid TEC changes occur = i

N

Result is fluctuation in phase and amplitude of GPS S|gna1s e
Scintillation S n
More severe at Equatorial and Auroral regions "

N
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lonospheric Scintillations Phenomena

A Short-time fluctuations in received signal phase and
amplitude.

[ Originated from scattering because of electron concentration
irregularity zones in the ionosphere (mainly at F region
heights).
A Scintillation activity depends on solar and geomagnetic Lt TR,
activity, season, local time, location. S
[ Scintillation Indices: (1Y —(I?

— for intensity scintillation: RJREs RIS
(1) R

— for phase scintillation: S ..".’,.‘




The Problem

A lonospheric Scintillation produced by irregularities
A Parameters are S4 (amplitude) and o (phase)
1 Effects GNSS in 2 ways

» Refraction

» Diffraction



Frequent

Infrequent
FIGURE 1 Scintillation map showing the frequency of disturbances at solar maximumn, Scintiliation is most intense
and most frequent in two bands surrounding the magnetic equator, up to 100 days pe’r..y.e'a.r'. At pgl'qv&ai*d I_aﬂt'g}.des,

it is less frequent and it is least frequent at mid-latitude, a few to ten days per yéaf.: T
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Geographlc Latitude

ChennailNETRS/ZX). avg=86 0682
Delhi(NETRS).avg=184.3881
Kolkata 2(NETRS5),avg=138.3183

Vertical TECU for 26/08/2010 0800 UT
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PPP Analysis

Difference (cm)
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PPP Analysis
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Hammerfest — Ambiguity never solved for 30t Oct




DD Analysis
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Receiver PLL jitter variance Maps ngh
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e Increase in jitter variance with increase in scintillation levels 2
e Data from Igaluit station kindly provided by Dr Paul Prikeyl - =722



Isn’t Accurate Enough




Doesn’t Work Indoors!

BROWN

T B &

DAGVINCI

“Captain Fache plants a battery-SIzed
GPS dot in Langdon’s pocket to track hlS» ,

location, wherever he /.s acCurate to 2
feet” : L .':.;.

A great, riveting read. | loved
this book’ HARLAN COBEN










Doesn’t Work in Urban Areas

eLeica GPS530
eDual frequency

eReference station at

IESSG (<3km)

eGarmin 76

*EGNOS disabled
eQjnetiQ Q20
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e Combination of GNSS and INS will give continuous p03|t|on£”!
time and velocity information, even in difficult environments
where there is limited GPS satellites in view

=5 = GHSS/INS solution
continually available and
following true path




Measurement Unit (IMU) to compute position over time

An INS can also solve for full attitude (roll, pitch and heading)
measurements

In absence of external reference such as a GNSS solution,
INS solution will drift

over time - -
When combined, GNSS and INS will provide accurate and '
reliable navigation solution D
Tightly coupled systems allow the INS to use GNSS data to RORRS e
contain its drift, while the INS solution feeds back into the -
GNSS solution to improve signal reacquisition and -~ - .~ & o
convergence time T TS




For applications where real-time solution is not necessary, raw
GNSS data can be collected and stored for post mission
processing
Post-processing does not require a real-time transmission of
differential corrections, simplifying hardware configuration Liisel
Users can load data from multiple base stations, or download

freely available base station data Sl

Users can also download PPP data (precise ephemerls and S
clock data) to process without a base station 2 ;:‘332:;
Post-processing can be done on static or kinematic data T
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