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Satellite Navigation
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Global Navigation Satellite System (GNSS)

> US Global Positioning System GPS
> Russia GLONASS

> China Beidou

> EU Galileo
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New Era of GNSS

> GPS, GLONASS, Galileo and Beidou
>Visible GNSS satellltes with mask angle > 300 iIn 2020

Latitude (deg)
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GNSS in Autonomous Driving

mm,' =
Model
Company Name Waymo Ford Tesla Nuro Oxbotica
. GNSS- GNSS- . GNSS- GNSS-
Positioning RTK/INS/LIDAR/HD | RTK/INS/LiDAR/HD | CNSS/INS/LIDAR/H | or /NS /LiDAR/HD | RTK/INS/LIDAR/HD
Solution M D Map
ap Map Map Map
: Open area/sub- Open area/sub- Open area/sub- Open area/sub- Open area/sub-
Tested Scenario urban urban urban urban urban
Level of
Automation L5 L5 L2.5 L5 L5

ADAS": Advanced Driving Assistant System
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SPP’: Single Point Positioning

G N SS I n U rban Canyo nS RTK": Real-time Kinematic

nSat Full nSat Ratio HDOP | VDOP | XDOP | YDOP

8.50 21.70 39.03% 2.82 4.69 1.87 1.85
Tvpe Availab 2D X Y 2D X Y
yp ility Error | Error | Error STD STD STD

NMEA | 91.43% | 84.74 | 78.75 | 16.71 | 85.11 | 87.68 | 16.01

SPP 76.94% | 51.49 | 31.71 | 32.28 | 61.28 | 49.48 | 43.73

DGNS 72.07% | 45.87 | 28.91 | 28.62 | 57.41 | 46.54 | 39.74

RTK
FLOA | 31.40% | 28.91 | 14.69 | 21.66 | 4459 | 30.13 | 35.10

RTK

FIX 2.09% | 10.10 | 5.88 7.12 12.87 9.89 9.25
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B aC kg ro u n d NLOS": Non-line-of-sight

Problem 1: Poor GNSS measurements quality: Problem 2: Poor satellite geometry:
* NLOS receptions « Limited satellites numbers
*  Multipath effects « Hard to get fixed during ambiguity
L. resolution

/

Hsu, 2016 Hsu, 2016

Satellite geometry in Urban

[1]J. Bref3er, etc, "GNSS positioning in non-line-of-sight context—A survey," ITSC 2016.
[2] Hsu, Li-Ta, etc. "3D building model-based pedestrian positioning method using GPS/GLONASS/QZSS and its reliability

. Daening Mire's < Shapirug vz Futizie s [5 38
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« GPS Overview

* Recelver Position Estimation
 GPS Performance

* Improved GPS Performance
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GPS Overview
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System Configuration of GPS

> Satellite navigation system is consisted of three segments:
1. Control segment

» Command infrequent small maneuvers to

maintain orbit

» Keep the synchronization of GPS time
2. Space segment (broadcasting)

* 31+ medium earth orbit (MEO)

satellites

» 6 orbit planes
3. User segment

Space Segment
GPS Satellites

 Antenna

* A/D converter User Segment
. . Control Segment

* Signal processin .
g. ) p. g. Ground stations GPS Receiver

* Positioning algorithm
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Space Segment

> Able to see 5 to 8 satellites at any point
on the earth

> Each satellite has atomic clocks

> 32 satellites in 6 orbital planes (5-6
satellite per orbit)

> 20,200 km altitude, 55 degree inclination
> Two revolutions per sidereal day

> One sidereal day is 23 hours 56 minutes
4.091seconds

> SVs repeat more or less the same
ground track on each day

" Opening Minds * Shaping the Future » i B A& « B # 5k



Control Segment

REIBEQERS

» Monitor stations measure signals from SVs and compute precise orbital and
clock corrections data for each SV.

 Master Control station uploads orbital & clock data to SVs.

w\r f’:;.a

/. 'M Master Controf ahon . Monitor Station A Ground Antenna S 11
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User Segment

> GPS receivers with quartz clocks can convert SV signals into position and time
estimates and derive velocity.

il
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> Four satellites are required to compute the four dimensions of X, Y, Z (position)
and Time.

Commercial

Antenna

Front-end

Signal processing Code
written in
Matlab/Python/C/C++/Java

/" Opening Minds * Shaping the Future » B B # + 5 3 %
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Architecture of GPS Software Define Recelver

I Antenna Hardware 1177777777777 Software "7
|

| : : If loss of lock |
: -3,1,1,-1-1,3,1,3,-1 11 { | 1
1 |

: RF > A/D : |  Acquisition > Tracking [ 1
I front-end converter | : :
o :
r I

I |

| N Decode nav. -~ SV Position _ Position :

: bits | Calculation | calculation 1

- I

> Acquisition: to determine visible satellites, coarse values of carrier frequency, and code delay of received signals.
> Tracking: to refine these values and keep track and demodulate navigation data from satellites.

> Navigation Data Decode: to obtain Pseudorange, GPS time, Ephemeris, Almanac, and Klobuchar information.

> User Positioning: to calculate the receiver position via estimating technique.

13
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What IS S|gnal

Lots of
satellite in
the sky!
Whichis .

this one!? ™

Don’t worry!
Acquisition process
could help you to
identify which satellite it
is!

acquisition?

y;!‘]ntcrdisciplinan‘ Division of b THE HONGKONG
Aeronautical and Aviation Engineering Q P(‘)L_Y TECHNIC UNIVERSITY
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. PRN14
%10 . . ;
Peak indicate:

Succes fully: acq :

b

nN

Correlation Yalue

o
o
o
o

15000

0 10000

5000

. -5000 A
Doppler shift (Hz) Code phase (samples)
. PRN16
¥ 10 :

@ | et

=

g 104

k=

B 5o

[

S

O

5000

- 15000
10000

5000

-5000

Doppler shift (Hz)

Code phase {(samples) 14
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Purpose of Tracking

> Tracking is to continuously track the code-phase and Doppler
frequency of GNSS signals. Loop filter is used in the tracking

Hz 11540 Hz .
10230035
2965 - 1575426H — 02300 1.023MHz
2960 11 1023003
Joss ) . 1023002.5 -
1023002 -
2950
rous 1023001.5 -
1023001
2940 1 1023000.5
2935 1023000
2930 ' ' ' 1022999.5 -
0 1000 2000 3000 0 1000 2000 3000 4000
Doppler Frequency (ms) Code Frequency (ms) 15
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GNSS Positioning Theory

> GNSS Positioning is based on the
triangulation method.

> Known information obtained from the
signal processing |

* Position of satellites

- Distance between L
satellites and receiver
(Pseudoranges)

> The time difference between satellite and
receiver Is also estimated in the
positioning process.

> At least 4 satellites are required.

Opening Minds * Shaping the Future * il B # « Bt & R



e LY, 2 e BN i S

mmmmmmmmmmm

ﬁ IS m %?Efmlyk%‘

Recelver Position Estimation
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Code Phase Measurement (Pseudorange)

)

I‘
e

4 I T | I e cu
o | Satellite time
568 g . | 3 cloc_ks are not synchronized.
- Yo | Satellite clock error can be
g | | V& . | | . - corrected using navigation
(t-1) "o, £/ GPStime message.
L " | User clock error can be
DRI ’ estimated as an unknown
o, ! parameter in the positioning.
[ I [ I

Transit time: <
Pseudo-transit time: 7 + (&, — &)
Pseudorange: c[7+ (&, - &°)]
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Real Pseudorange Measurements

26,000 I I I I I
,é\ s:fvixmr /
X, 24,000 / —
[0}
% /
o /
° :
=) 22,000 _
Q
Q
/
) \'l-— |
1 I I I l I
0 | 4 6
Time (hours)

The variations of pseudo-range are mainly due to the satellite motion and earth rotation,
Several gaps in all satellites are due to receiver clock offset. Receiver usually offset their
own clock because the receiver clock error continues to increase.

19
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Position Estimation

> Satellite position in the transmitted time “t - t”.
> Pseudo-range between satellite and user in the received time “t”

PY M) =19, t—7)+c|d, 0) - aV{t—7) [+ 1P +TO ) + X ()
[ | Y J

The reason why we call “pseudo-range” is from second term.

Satellite clock and Receiver clock are not synchronized.

How many unknown parameters do we have ? 20
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i . QD L
- Satellite and Sate\lﬂe and
receiverclock rece clo k
X, Y, zZ, receiver clock offset , == , S
’ ’ ’ ::l?ei:; By BN '{h:] iy /nr"ﬂ i;\
};: gi#{_ ?5msg;25ms o ,’; ;ng;ﬁ 75ms§r;§25ms o
- - - ~\__‘.“ j%_é,d'//ﬁ_}' \\ \h gﬂj‘f b
> Satellite clock Is corrected using NG YT NG YA
A /\U‘i (™ 1 ~

navigation data. & Yy At
. VANV,

> Fortunately, receiver clock offsetis N
same for all satellites. erelrecepten ioptine

> Therefore, unknown variables
should be solved are x, y, z and
receiver clock offset.

{p(k)}: Pseudoranges (measurements)
{(x(), ytk), Zlkh}: Satellite positions (known)

p0 = x—x + (Y- y)P + (29-2)7 ~ b
k=12, K

If K> 4, solve for user position (x, y, z), 2 1
and receiver clock bias b
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Trlangulatlon Posmonlng Theory  Goal:Solvexyz!

Known Information

ppt EN G R0 (5L )2 1 (25T 2)2 + b

plgz \/(XSZ — x)2 W (y52|— )2 + (252 +2)2 + b

o8 G F 07 L O F 07 {7 27 +b

Pseudorange Satellite Positions
measurement

P.op = (x,y,2)
3 equations with 4 unknowns! Therefore, 4 satellites are required

Can we solve? YES! How!? Mathematically, linearize the equation by Taylor Series
Expansion at a point we GUESS. =
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Posmonlng using Least Square Estimation

| satellite
|:| Unknown ﬁ%P (' y', Z)
hi
Ap = P~ Po = (ptrue +bu)_p0
_ Ap =Ap-cosd+D,
/ %’0 (Ap-cos@ = Apx1x8,.)

Ap=Ap- cose+b
If ___________ Moo T l
ir A
| RCV oo il el "y !
: P(X,y,2) Po(X0,Y0:Zo) |: P(X y.2) Ap Po(Xo'YO’Zo):
N e ——————— R -
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Posmonlng using Least Square Estimation

| satellite
Ap = p=po = (Pue +5,) = o ¥ PI(X. Y 7)
Ap =Ap-cosé+h, (Ap-cos@ = Apx1x@,.) i
AX
o[ k) (v (#mn) ey
o= i i i 1
Po Po Po Az
Ab : /
_ p [
Ap=GAp  (Ap=GAp) P'o
Ap, | [ X=X X | [ %2 | |APxna
Apy _ y_yo yn _ yn1 - Apy 1
Ap, | z- 0 Z, - Z, Ap, 4 r ___________ )
Abu bu _b 0 bu,n bu,nfl Abu 1 I I
’ | & '
I |
1 Rover Rover0 | |:| Unknown
1 P(X,y,2) Po(Xo0,Yo:20) J
A T

https://en.wikipedia.org/wiki/Least_squares /' Opening Minds + Shaping the Future « B B « FL 3t
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Ap = Pimeas — Po —| by Where P() 1P(l) o POT
|:| Unknown Ap - GAp

_(xl—xo) ()’1_3’0) (z*

o o

Apl] |(x*—x0) (P —yo) (27

Ap? ns %

AP3 (x3 — Xo) ()’3 —yo) (z

Ap* % %
(x* — Xo) (3’4 — Yo)

oK I

=G 1Ap =

Satellite more than 4

— Z T
: 0) .
Po
— 7p) . A
I Ay
3 —2p) Az
3 1{lb,
Po i
z¥—z
( ! 0) .
Po .

Ap = (676) ' 6TAp

then we need pseudo-inverse

P1=P0+
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Initialize PO
Flowchart of P = [P — P
- Ap Pmeas — Po
Iterative LS [
i =
(or) ('ow) (2ozm) ]
pi pi pi
i=i+1 (xzp—gxi) (yzp_gyi) (Zp_ozt) 1
pES") "p(SV)_pi” ¢ = (x3_3xi) (3’3-3311') (3 —Zt) 1
P p Ps
Ap = Pmeas — Pi — by (x*—x;) (y4f3’i) (z* _OZl)
4 4 1
A - P TIZ pi .
Ap = (G"G) G"Ap
v
Piyy =P+ Ap

THE HONG KONG
POLYTECHNIC UNIVERSITY
&7 w1 A

Pfinal = Piv1

\ Y
lApll < 107*
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Example of Iterations in LS method

>4 unknown variables (X,y,X,clock) are present.
> At least 4 visible satellites are required.

>With true satellite positions and true range between
satellites and user antenna, the calculated position is true
(only one solution).

> |t Is Impossible in a practical sense.

> Least-Square method (LS method) is mainly used for the
estimation of user antenna position.

27
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Example of Iterations in LS method

> The user antenna was located in PolyU campus.
> If we set (0, O, 0) as an initial x, y, z positions,

> After the first iteration, the estimated position was 22.156,
114.191, 1252955m. (Po Toi Island)

> Secondly, it was 22.304, 114.101, 42298m (close to near sea
of Kowloon)

> Thirdly, it was 22.305166, 114.181192, 116m (about 30m away
from antenna)

> Fourth, itwas 22.305843, 114.181064, 63m (within 2m from
antenna)

28
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Common Biases are negligible

> Please remember that the common biases to all satellites are
negligible in LS method. They are absorbed into clock offset

term.
10m Tropospheric Errors (m)
5m
IRENEE I 1
Om
12 14 15 18 22 24 25 193 PRN

29
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What IS receiver clock offset ? "
Receilver clock offset is co-product of single positioning

500000

450000 u-blox receiver (TCXO)

400000

350000

467535m/86400s = 5.4m/s
5.4m is equal to 18ns
Clock shift 18ns every 1sec

300000

250000
200000

Error (m)

150000

100000

Il
50000 T
. [ Rubidium

100000 110800 121600 132400 14?&8%1_' I\]’Fél(i%(i 164800 175600 186400 197200

NovAtel receiver Clock (TCXO)

30
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Doppler Effect
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fs 1:obs
Vs Vo ,,/ﬁd\‘
é é oLV @
One dimension is assumed. Right direction is positive. i_
> Recelver Is set in the car.
] . CS—V
> Received frequency is fops = T -
e yy - . CS—V,
> “cs” 1s speed of light.

> Doppler frequency “f” is equal to “f . — fo yree
> FLL (frequency lock loop) tries to estimate “f;”.

(19 2% ¢¢

> Once we can estimate “fy”, “v,” can be resolved.

31
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Velocity Estimation

> Velocity estimation in GPS is just same as shown in the previous slide.
> The differences are as follows.

* 3 dimension velocity (v, v, v,) have to be estimated.

* Frequency in the receiver is based on on-board clock.

* Measurement is pseudorange rate, which calculated from Doppler
frequency AND satellite velocity.

>4 unknown variables (v, v, v, f.,) have to be estimated using at least 4

visible satellites. DOP is also important.
> \elocity estimation is same as position estimation.

32
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7T b= priemasss 7o K
Image of Velocity Estimation

s

L &S &

NS
* 4 relative velocities (projection of satellite .
velocity on unit LOS vector to receiver) are % @

needed to estimate car velocity (+f,).

NS
é * The accuracy of car velocity depends X

on the accuracy of satellite velocity and
received frequency estimation.

\

(1

(Vx, Vy, Vz) +fc| k

& /ﬁd\
OO 33
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Receiver Velocity Estimation from the Doppler Measurements
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Measurements from Doppler

y=(-ADy ;. ~ADf; ~ D> ;. —ADM)T Can you try to formulate the
steps for GNSS velocity
Observation function estimation similar to the
o . position estimation? ©
¥ +edt, —edT |
;;_2 +m’fr —cdT? —eﬁr 1
W) =| 3 s odi, —cdr® | H=| —&T 1 (F.6.28)
w" +edi, —cdT™ ' 1

The range-rage 1’ between the receiveﬁ and the satellite in these equations is derived from:

rf o, .
I}S = e:: (vs(rs) - v?’ ) + Tg{v:gvxr + .FS"‘x.r - v":’.vr - 'sty.}' ) (F6'29)

34
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Performance of GPS based Velocity

m— 0 .
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Velocity in static condition

(m/s)

Latitudinal

-

Longi’:i.;dinal (m/s)

std = 1.6 cm/s

REIRERESS v s B TR 5

Accuracy in terms of frequency
GPS L1 wavelength = 19cm
1Hz : 19cm

0.1Hz : 1.9cm

Accuracy in terms of satellite velocity
sv_vel [t]=(sv_vel [t+1]-sv_vel [t-1])/2
based on ephemeris parameters
Accuracy in velocity is very good
comparing to accuracy in positioning.

35
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= Movmg Platform

\ (Sub-urban area)
\

 Origination : 0,0
» Velocity was accumulated.
» Data Rate : SHz
* Period : 650 sec
* Receiver : NovAtel OEM6
\  Leftand right rounds : 6 times
* End point: 36.76m,-62.91m
 RTK :35.75m,-65.18m

20
LIV

20
DIV

AL O
IV

Deviation after 11 minutes velocity
accumulation was about 2-3 m.

550 36
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GPS Positioning Performance
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Positioning Performance of GPS

N Horizontal accuracy =

Measurements accuracy X HDOP

{p(k)}: Pseudoranges (measurements)
{(xU9, yAR), 2tk Satellite positions (known)

I e Y P L

k=1,2, ., K
If K = 4, solve for user position (x, y, ),
and receiver clock bias b 3 8
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Satellite Geometry

> Relative position between the user and the GPS satellites
affects the accuracy of the solution
» Geometric Dilution Of Precision GDOP
» Position or spherical PDOP
« Horizontal HDOP
* Vertical VDOP
« Time TDOP

> Lower DOP values result in better accuracy

39
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What 1s DOP ? (dilution of precision : DOP)

« If the measurements errors are zero, the calculated user position

IS true.
« However, If the measurements include some errors, the accuracy

depends on measurement errors as well as the geometry of

satellites (=DOP).

S1
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AII Satellltes VS East V|S|ble Satellltes

N

—_
o

> Only east side satellites are
used in the dark color plots.
(average=8.7)

> All satellites are used in the
- light color plots.
(average=4.6)

Latitudinal (m)
© & A~ N O N A o o

L
)

-10 -8 -6 -4 -2 0 2 4 6 8 10
Longitudinal (m)
S 41
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Calculation of DOP

-1
Ap =|(GTG) "G"rp
Mapping matrix from pseudorange domain to positioning domain

H=(G"G)
H,, H, |
H= i
H; Position DOP (PDOP) = \[H,, + Hy, + H,,
" | Geometry DOP (GDOP):\/H“+H22 +H,+H,

0. = oumeHyy HDOP=\JH, +H,

o, = Oy VDOP = \[H,,

e e

o, =OyeHy, =Vo~1L

VDOP =1.0 ~ 4.5 (Why worse?) 42
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Why we learn measurements and errors ?

>Needless to say, “position, velocity and time” are
Important for users.

>The ability to improve final performance of the above
outputs strongly depends on how can we estimate or
possibly mitigate measurements errors.

>Measurements errors strongly depends on the
environment and receiver performance.

43
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Noise and Bias

- Errors are often categorized as noise and bias.

> #1 Errors in the parameter values broadcast by a satellite in its
navigation message for which the Control Segment is
responsible

> #2 Uncertainties associated with the propagation medium
which affect the travel time of the signal from a satellite to the
receiver

> #3 Receiver noise which affects the precision of a measurement,
and interference from signals reflected from surfaces in the
vicinity of the antenna

44
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Source of Measurements Errors

> Control Segment Errors
> Signal Propagation Modeling Errors
> Measurement Errors GPS Satellites GPS Clock Error

- Ephemeris Error
9 o I

/ Tropospheric Delay

Receiver clock error

Receiver
noise ~ wEmEW

...... Source: GPS Lab. Stanford Univ.
Multipath ~. " Man-made interference 45
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Typical pseudo-range measurement errors for L1

recelver
Satellite clock and ephemeris 3 m (SIS URE)
parameters
Atmospheric propagation modeling 5m
Receiver noise and multipath 1m
User range error (URE) om

URE : User Range Error
SIS : Signal-in-Space 46
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Total RMS Range Error = SIS+ URE
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Measurement Error : Empirical Data

T ¥ T
* (a) Satellite clock error (SA)A

1997 : SA was activated.

Error (m)

Time (hours)

15 T T T T 15 v T T T
(b) lonospheric delay (c) Tropospheric delay
=== Broadcast model
g 10 — L1-L2 measurements g 10 - =
= =
£ K
D D
a 5 (=] 5 b -
o N 1 N 1 0 N A N 1
1 2 3 4 1 2 3
Time (hours) Time (hours)
2.5 . T v T 2.5 T T v T 77
(d) Ephemeris error m (e) Multipath e
5 0.0 s O o i ,5":;‘-,. A
= = T o B :
2.5 N 1 N
1 2 3 4 47
Time (hours) Time (hours)
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Measurement Errors - Multipath
* Multipath refers to the phenomenon of a signal reaching an
antenna via two or more paths.

* The range measurement error due to multipath depends on the
strength of the reflected signal and the delay between direct and

reflected signals.
 Mitigation of multipath errors : Antenna or Receiver

48
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~ Standard correlator A
10 L 1-chip spacing : B
BW = 2.0 MHz \
€ [ (max.error=70m) Narrow correlator
il 8 0.1-chip spacing
g | BW = 8.0 MHz
()]
e Strobe correlator, BW = 10.5 MHz
§ 6 (similar to theoretical MEDLL, BW = 8 MHz)
L MEDLL = Multipath Estimator Delay Lock Loop
9 Second derivative correlator
o BW = 20.46 MHz
2 £ RMS theoretical error limit
for 1 s observation time
2 (Achieved by MMSE and
MMT estimators, BW = 20.46 MHz)
0|||||||1|P||1|i||1|I‘H-||I|1||I||||J|||1|
0 10 20 30 40 50 60 70 80
Multipath delay (m) 49
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Recelver thermal noise for two types of receiver

RMS pseudorange error (m)

1.75

1.5

1.25

75

.50

25

= Standard receiver
— Advanced receiver | |

t
\
\

".‘Hﬁ
e —
\\“*--_____
20 40 60 80

Elevation angle (deqg)

C/N, [dB-Hz]

60

50

40

30
-2
——15

20

0 20 40 60 80

Elevation [deg]

Received Signal Strength (C/N,)
and Elevation

50
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Sky Views In two different places
(same constellation but different performance)

%
2 Propagation Type
Green: Direct
Yellow : Diffraction
Campus Red: Masking Urban Canyon

+Reflection
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Temporal Measurements Errors and DOP
Variation (sub-urban)

HDOP A

104 J 10
e lonosphere Multipath
e T
» Troposphere ,/ _ 5
= Satellite derjved O
LLl \

1 Mﬁ 1

0 o = 1o

52
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GPS Measurement Errors

Source Potential error size Error mitigation using single
point positioning

Satellite clock model 2 m (rms) —
Satellite ephemeris prediction 2 m (rms) along the LOS —
lonospheric delay 2-10 m (zenith) 1-5 m (single-freq.)
Obliquity factor 3 at 5° within 0.5m (dual-freq.)
Tropospheric delay 2.3-2.5m (zenith) 0.1-1m
Obliquity factor 10 at 5°
Multipath (open sky) Code : 0.5-1m —

Carrier : 0.5-1 cm
Receiver Noise Code : 0.25-0.5 m (rms) — -

Carrier : 1-2 mm (rms) !
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History...Deactivation the artificial distortion
Of the Signal 150 -Colmadu Springs, Colorado 2 May 2000

140
120 -
100 'l — Horizontal Error (meters)

gg 1] ﬂ ﬁ T - Vertical Error (meters) p———

a0 Wl 1
gl L i

_'—I—-

il | B ILN
e [
-100 +4
-120
-140
-160
-180
-200

Instantaneous Error (meters)

1] 1 2 3 4 =] B 7 g 9 10
Time of Day (Hours UTC)

On September 18, 2007, the US DoD reported that with the next generation of GPS
satellites (GPS I1I1), satellite navigation signals can no longer be artificially distorted

o4
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Improved Positioning
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Why we discuss about measurement errors ?

> Back to bias and noise errors discussion, noise errors of pseudo-
range can be mitigated to some degree using carrier phase
smoothing technique.

>On the other hand, you have to estimate bias errors as accurate
as possible by yourself to improve positioning performance.

> All kinds of improved techniques are essentially same in terms
of estimating or eliminating bias or noise errors.

56

/" Opening Minds * Shaping the Future » Bl B & » & # & %




Gi s A o 7 - -

‘ X w , d % _af R Q THE HONG KONG

“\\\\ ; o - /'-.-'//”:1 /”(f('c'forﬁéfé‘lgfi’.?dT‘f§L9n'L°£nginuﬁng Qb POLYTECHNIC UNIVERSITY
prEE peTRsasss T kT oK A

> Positioning Smoothing by Carrier measurement

> DGPS (Differential GPS) and
RTK (Real Time Kinematic)
are powerful method for error mitigation.

> DGPS uses the fact that the most of error sources change slowly
IN the time domain If the distance between reference and user Is

approx. within 100km.

o7
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Carrier Phase Measurement

dt)=¢,()-¢°(t—7)+N
p(t)=f-r+N

_ rt,t—7) N
A

¢ () carrierphasein thereceiver

(ps (t—t) carrierpahseinthesatellite

T transittime

N integerambiguity
f A Dopplerfrequencyand wavelength

r(t,t—t) geometricd range
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Real Carrier Phase Measurements

‘ 4121624 2334
A131E9 3‘ 2000 4000 6000 8000 10000
—~ c -2336 $
L—L 4121620 5]
~ g -2338
B\ 4121618 5}
= II -2340
4121616
> o 234
O 4121614 2
2 % 2344
4121612 -
L o
4121610 O 6
0 2000 4000 6000 8000 10000
) 2348 L
Time (ms)
0 4.435
500 2000 4000 6000 8000 10000 g
o
-1000 -4.44
D) [¢B)
@ 500 e
o \ —
i 42000 E s
<)
b -2500 )
g <
j— -3000 4.45
= o
QO W o
)
-4000 - 4.455
S
4500 8
-5000 4.46
Time (ms) Time (ms)
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Combining Code and Carrier Measurements

A% S

. S _ — THE HONG KONG
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Carrier phase measurement can be used to smooth pseudo-range
Measurement.

T T T T

Pseudorange

Pseudoranges from code
measurements

m ——— Accumulated delta
pseudoranges from carrier
phase measurements

Time
The code-based measurements are noisy. The carrier-based estimates are
precise but ambiguous, and the plot starts arbitrarily at zero value. 50
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Formula of Carrier Smoothing
p () =d", () +b", (1) -BY ) +T (1)

o(t)=p (t)—1(t)+NA
#t,)=p (t,)—1(t,)+NA

— ,0* (t)=o(t)—o(t_)+ ,0* (tiy)

o e R ; KoXG
y W o 3 R THE HONG KONG
o B e AN ﬂff{"“‘"“‘?""“ ati, Bugiocei Qib POLYTECHNIC UNIVERSITY

nnnnnnnnnnnnnnnnnnnnnnnnnnn A - .
REIERAERS T ik B T oK B

B/ ( cycles+ phasej XAy

P (tl) =P (tl) o
1 M —1r—
pta) = () + == [P0+ [0t +1)-4(1) ]
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Carrier-smoothed pseudo-ranges with o

different filter lengths

M-1) _
M- (5, )+ @) - a6, )]

M
+—= No smoothing = 15-min smoothing

E{Il} = P{Il::'- ---- 100-sec smoothing = = 30-min smoothing

p(t) = ﬁp{r,-} ;

Measurement error (m)

0 15 30 45 60,2
Time (minutes)
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arrier Smoothing Result using different M values

v¥ Interdisciplinary Division of Qb THE HONG KONG

(O  Single point positioning A True position

() Single point positioning with Carrier smoothing
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Architecture of DGPS
sa 1 «s 1., Determination of the correction values a
o5 t the reference station

* Transmission of the correction values fr
om the reference station to the GPS user

« Compensation for the determined pseud

0-ranges to correct the calculated

M position of the GPS user
W7

Correction [prn] = Pseudo-range[prn] — True-range [prn] 64
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Principle of DGPS

GPS Satellites _ GPS Clock Error
| m W Ephemeris Error
\

p

Tonospheric Delay

7 Tropospheric Delay

Have same ionospheric, tropospheric, Satellite
clock and Ephemeris error between reference
el station and rover

.....
L
"
.
uuuuu
L
.
L

Receiver clock erge

Receiver

'_'. Z“f:- fultipath Man-made interference
;——————-‘
Reference oo

Station
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Real Correction Data
> Correction [prn] =
Pseudo-range[prn] — True-range [prn]

> Correction data provides the better estimations in each satellite in LS

method. B Single point positioning
B DGPS

Estimations (m)

10m
Om
7 16 1 6 19 11 8 3 66
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DGPS mitigates ...

Source Potential error using Error mitigation using
SPP DGPS

Satellite clock model

Satellite ephemeris
prediction
lonospheric delay
Tropospheric delay

Multipath (open sky)

Receiver Noise

rms: root mean square

2 m (rms) 0.0m
2 m (rms) along the LOS 0.1 m (rms)
2-10 m (zenith) 0.2 m (rms)

Obliquity factor 3 at 5°

2.3-2.5m (zenith) 0.2 m (rms) + altitude

Obliquity factor 10 at 5° effect
Code: 0.5-1m
Carrier : 0.5-1 cm Nt ezl
Code : 0.25-0.5 m (rms) Not helpful

Carrier : 1-2 mm (rms)
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Se
7

Height error (m)
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North error (m)
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SBAS «
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DGPS and RTK Performance

REIRERESS v B TR

6
_ ¥ @ Single Positioning
=, ® DGPS
= RTK
2 0
= -2 et Rooftop (Lab.)
. ' 15s interval
. 24 hours
Reference : Ichikawa
-8

Longitudinal (m) 70
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RTK (Real Time Kinematic)

* The concept of RTK Is same as DGPS.

» RTK uses carrier phase measurements. DGPS uses
pseudo-range measurements.

» GPS receiver Is able to measure 1/100 of wavelength
of L1 frequency (19 cm).

* If you have high-end recelver, you know your position
within 1-2cm accuracy as long as you have 5 or more

LOS satellites.
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RTK Flowchart
Reference station Rover
Measurement
Measurements (code/phase)
Code, phase
\ 4 v
Satellite position Double differencing
(DD)
\ 4
Accurate A .
Ref stn pos ccurate | Float solution
DD range
¢ Vlnt
Accurate Accurate Fix solution
| Rover position X Relative
P distance
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YT b= grTERaESH Qv s H T KB
(double difference technique)

I.I Reference SV1 PS\LI'—SV2 = (PS\LI. — PS\LI.) _ (P5V2 _ PSVZ)

rov_ref rov ref rov ref

= pt 4o +io 2+ mps + noise;e
B :pfevfl +c(dt,, ) +ion’y K traposs +mp s + noise’y:
- :p:gf +c(dt ) +ion%4-troposy” +mp Y2 + noise’Y?
+ :pfevfz +ofdt,, —dT N +i 2+ mp S + noise’Y?

Cgmpletely zero assumed zero within 10 km
_o.sva sv2
= Prov = Pref + Prov = Pret

+(mp >+ noise’) — (mp ¥ + noise’s:

ref ref
Rover Reference Receiver Sv2 : sv2 sv2 ) w
—(mp,,, +noise,,; )+ (mp, +noise,

Generating new observation data = DD range!!!

73
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Float Solution (Least Square)
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Ell Xn Y —Yn Z —Zn 0 0
R1 R R
[ pl—pr — (pk, — ph) : : : : .. i |FAz_q Floatsolution of the
: xi—x, yi—y, zi—z, Ayn relative position between
. . n
ph — ph — (pb — ph) || r R i o .. 0 Az, || rover and ref stn
q’}l—q’ﬁ—(q’}n—q’fn) 1 xl_xn yl_Yn Zl_Zn 1rr1 AN?
: AN 0 : float ambiguit
_ P R1 R1 R1 P guity
oL — L — (D, — D) i i i w1 |LANE
V=V V' —Yn Z'—2y 0 2N
Double difference range (both | R Rt Rt |

pseudorange and carrierphase)
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Overview of GNSS Real-time Kinematic WLS": Weighted Least Squares
DD *: Double-difference
GNSS T = S, Satellite w (Master) Satellite s
Receiver :' Pseudorange | | Fixed state 1 % %
! Modeling |1 p3,, ®3, .
m O ! Pt Integer Ambiguity ps,, O,
> ; Resolution
2 . 1 s S
T \ | Carrier-Phase | Prie, Pr Float solution 1 pYe O P Poe
: Modeling | ! v
\ , S
Temmmmmmmeme - Double-difference AVPT{ Float Solution
R siainiisinieiniataials ~ Technique Avqyrq; Estimation Via WLS \QO
, | Pseudorange | 7y ' <
———— : Modeling ' ps s — / j
' ! rtr Tt GNSS Receiver Reference Station
: B : W pIG',t = (pIG‘.t,r' pl(:;.t,y' pIG‘.t,Z)T Py = (pb,xr pb,yl pb,z)T
i | Carrier-Phase | ! Prit
Refergnce : Modeling |
Station Ne— -/ ) ) ]
Why GNSS Real-time Kinematic?
ps.: Pseudorange measurement * Remove the error from receiver/satellite clock bias,

atmosphere error using double-difference technique.

+ ¢+ Carrier-phase measurement _ :
» Use the high-accuracy carrier-phase measurements.

AVp; .. DD Pseudorange measurement
AV®Z .. DD Carrier-phase measurement

75
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Observation Model for Pseudorange/Carrier Measurements

Observation function for pseudorange (code) measurement multipath effects, NLOS

receptions, receiver noise,
antenna phase-related noise

Pyt =Tre + C(Sr,t — 5?;) + N T Er ¢ (0~100m)

Pseudorange \ i \ \ \

Range Receiver clock Satellite clock ionospheric delay tropospheric delay

distance  Bias (1~2m) bias Distance (1~2m)  Distance (1~2m)
G,s G
[P~ — Prell multipath effects, NLOS .
receptions, receiver noise, To use the Camer'phase
Observation function for carrier-phase measurement e phase relatednoise measurements, the
/(, m) / ambiguity need to be
S _ ..S __ &S S S S resolved.
1pr,t - 'nt + C(Sr,t 8r,t) + r,t + Tr,t + gr,t + Nrs,t
Carrier-phase \ i \4 \ \ .
range  Range Receiverclock Satellite clock ionospheric delay —tropospheric delay Ambiguity
distance  Bias (1~2m) bias Distance (1~2m)  Distance (1~2m)

G, G
1Py~ — Pyl

76
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Single Difference Pseudorange Measurements

Single difference Dbetween the GNSS receiver and the

reference station to remove the atmosphere errors: Assumption: GNSS receiver and
. N the reference station are close
S —_ ,.S S S S S \ .
Prt=Trt T C (Sr,t - Sr,t) + re o Tre + Ert with the same atmosphere errors

s _— _ — S _ — &S . Satellit Master Satellit
Ape = Pie = Poe =Tie —The +¢(8re = 87¢) —c(8pe — 85¢)  satellite s aellte w (Masten aee s

\ ) ’
4
YTTommmmmmooosssssssoosossoosossossossssooooooooes ’ % %

———————————————————————————————————————————————————————————— S N
- ~ Pr.t» Pyt

: 1

i E P, DY, Pper Poe

LW W W w w wo

Ppe = Tpt T C(Sb,t b,t) + Iy + Tpe + bt

! 1

! 1

| Apye = pre = pi = e = Toe +¢(8re = 87%) = €(8be = Bpe)  satellite ! (L))

N w (Master) ./ ‘:/ ’
----------------------------------------------------------- GNSS Receiver Reference Statiory /

Prq,t = (prG-,m" 5
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Double Difference Pseudorange Measurements

Second difference between the master satellite and the

satellite s to remove the atmosphere errors: Assumption: GNSS receiver and
the reference station are close

i 1 =
i . s s : with the same atmosphere errors
VAP = PR = P = Tre — The t C(Sr,t rt) — C(Sb r— 85 t) Satellite s E
I\ _______________________________________________________________ 1
STt T ST T T T E e E e m A, m \, . ] .
1 . w W o_ W ; Satellite w (Master) Satellite s
:Apﬁt =Prt — Pbt = Trt Tb ¢ T 0(8” rt) - C(‘Sb ¢t —6p t) S?':a"'tf ) :
w (Master
e W (e %, @,
[
--------------------------------------------------------------- N Y., @Y, Pper Poe
II S S w S S w w DD : 7 "
1 J— —_
! Avpr,t - Apr,t - Apr,t = Prt — pb,t — Prt — pb,t measurements '
\ ,'

N e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e Ee e e e e e e e e e e e

<&
L s

Reference Statiory 3

GNSS Receiver
Prq,t = (pﬁ,m’ 5
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Single Difference carrier-phase Measurements

Single difference Dbetween the GNSS receiver and the
reference station to remove the atmosphere errors:

___________________________________________________________________

Ypt =The t+ C(Sb,t — fa,t) + e+ Ty + ey + Ny

Satellite s

APy =i — Py, = 1§,t_rbst_l'c(ﬁr,t_sf",t)_c(sbt 5bt)+Nrst Ny

Assumption: GNSS receiver and

s S S S S S S ~.the reference station are close
Yre =Tre + C(Sr,t - r,t) + L+ Trp + & + Npg with the same atmosphere errors

Satellite w (Master) Satellite s

) ) ’
N 7
___________________________________________________________________

___________________________________________________________________

l/)rt—rrt'l‘C(Srt ) I A S A W, o,

W — W w w w w w .
l/)b,t - rb,t + C(8b,t - b,t) + Ib,t —+ Tb,t + gb,t + Nb,t Satal/llte

All% = ll% - lp‘ﬁft = Try,vt - TIYt + C(‘Sr,t - 81‘7,1&) - C(Sb,t - ‘13/,15)Jr 1‘4115 - Nl‘aA,/t

A

s s
pr,t' cDr,t

"""""""""""""""""""""""""""""""""""" GNSS Receiver

p: t (p, tx’

<&
=t

Reference Statiory 9
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Double Difference Pseudorange Measurements

Second difference between the master satellite and the

satellite s to remove the atmosphere errors: Satelli Assumption: GNSS receiver and
aeTes the reference station are close

‘: with the same atmosphere errors
1
1

__________________________________________________________________

:I w w w w w w : Satellite w (Master) Satellite s
! A‘Pr t = wr t wb,t =Trt —Tpe + C(Sr,t - 5r,t) - C(Sb,t - 5b,t)+ rt — Npt | % %
\ 1

[

DD measurements ®
52 \P;”t c[>;’_"’t Pb,tr Pyt
1 1
1 S S w N
:AV',D”—A#)” Ayt = Pre — Pbt — Prit pbt+(Nrt th) Npt)
- X _____________ )

Y
DD Ambiguity: AVN;, ==l ,
GNSS Receiver Reference Statioi3 ()
Prq,t = (P:Gntx’ 5
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GNSS Real-time Kinematic Positioning: Float Solution Estimation

Estimate the float solution via weighted least

square positioning T AVpL,

AVp?

pvq,t ':Dr’t
AVN}, . 1 m—1

. AVp

2 |=(G§ WGG> Gé'w, |

AVNY, ( t tUt t Wit Avw%,t
AVNTEL AVYr,
AV

Output

pg, : Position of GNSS receiver

W;: Weighting matrix

m: number of satellite

GZ: Observation matrix

AVp"1: DD pseudorange measurements
AVt/)L’ft‘l: DD carrier-phase measurements

pg, : Float solution of position of GNSS
receiver

AVN; ., AVN?,, ... Float ambiguity
T -1
(Gf W,G{ ) : Covariance matrix

Satellite w (Master) Satellite s

% %

s s
pr,tl (Dr,t

N S
w w , D
Y e @Y Pb,tr Pyt

f\:;//
GNSS Receiver Reference Station
T T
PEe = (PEex PEey DEL2) Py = (P Doy Ppz) O
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GNSS Real-time Kinematic Positioning: Ambiguity Resolution

pg; : Float solution of position of GNSS
receiver

a, = AVN},, AVNZ,, ...
T -1
Q= (Gf Wth) - Covariance matrix

: Float ambiguity

iy — Plex iy —Pley P — i, .
IIPG'1 —p& IIPG’1 —pie IIPG’1 —pie
pthm 1 - pﬁ,t,x ptGym 1 - pw(";,t,y pfzm 1 - prq,t,z 0
o - IIPGm B | IIPG"‘ B | IIPG"‘ t—pil
¢ =
pt,x - prG,t,x pt,y - prG.t,y pt,z - Pﬁ.t,z AUNZ,
T,
IIPG‘1 —pil IIPG'1 —pi IIPG'1 —pi
pthm 1 - pﬁ,t,x ptGym 1 pw(";,t,y pthm 1 - pag,t,z 0
™ = piell pe™ ™ = piell [lpe™ " = pfe|

The correct fixed solution relies
on the accuracy of float solution
pg; and the covariance matrix Q..

Fixed state,
p?,t , a¢ and Q;

Z Transform
(Decaorrelation)
A 4
0 -
Ambiguity
Searching
0
A 4
0 Inverse Z
Transform
AVNY !

Integer Least
Square Solution
(Fix Solution)

Qt,z = ZTQtZ

Larger covariance matrix Qq,
larger searching space

it == ZTat

o . 5 2
Zy = Zerrzl,lnn_lllzt Zt”Qtz
5 =177,

G _ G -1 o
Pt = Pre — QepaQea (A — ap)

82
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Double Differenced Observation
(open sky condition : prn19->prn3 : 1 hour)

4 | ] N [l 1
2
0 _
18
-2
16 | I I I
! [l
14
-6
196000 196500197000197500 198000198500 199000199500 200000 200500 12
. ’ N AL B L
14 6
196000196500197000197500 198000198500 199000199500 200000 200500
12
Average =11.8
10
Std=14
8
6 T 83

T T T T T T T |
196000196500197000197500198000198500199000 199500 200000 200500
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LAMDA fixing i : Z transformation Lo
L v i 1 Integer ambiguity validation
v 1| Ambiguity searching || |
Integer ambiguity E i E E ?d: cgvariance matrix of ambiguity
- ro ! 11t q:estimate ambiguity float
validation ro y oL . .
H ] 1 0y, d;: upper & lower bound of integer ambiguity
| Backtransformation || !

A . Nominator component 0, = (d — Ell)le(d — )

E — ' Denominator component 0, = (a-— fiu)Qc{l(d — )
! Integer ambiguity E Ratio test O = 02/01 >3

1

! 1

! 1

validation

// Opening Minds « Shaping the Future - Bl B4 - Rt A% G



Test RTK Fix
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o e Receiver: ublox FOP
22°1844.07"N | g ;ﬁggsﬁﬁt 1 Constellation: GPS
@  rkLIB fix
Frequency: L1 only
| 218sa0eN | - Epochs: 3562 (00:59:22); 3533 available
2 ° Elev. mask: 15°; SNR mask: 15
= 22°18'44.01"N | L
Fixing RMS 2D Error (m)
22°18'43.98"N 1 MEthOd R t (y
| - ate (%) | fix Float | All
el A gOGPS 1534 | 0.476 | 0.396 | 0.409
114°1022.3'E 114°10 4 1/ . ) \ >
C s IS, RTKLIB
B e (2.4.3 b33) 20.10 0.197 0.386 0.356
WLS 100 0.805
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¢ Multi-GNSS RTK Test using Car
/"' Q. & 4 T;:'_xgy/:
KRR, " @
@0 G Test Schedule
: 1t | 2014/8/13 13:07-13:32
Vol ond | 2014/8/13 17:26-17:52
e 3rd 2014/8/13 22:26-22:50
g gl gy Y L) & gh | 2014/8/14 8:36-9:02
g m > 2 ". 5t | 2014/8/14 12:07-12:35
? %, S5O\ | * GPS/QZS/GLONASS/GALILEO/BeiDou
L Yfna LA are entirely used in this test
* Trimble SPS855 receiver was used
* RTK : Trimble and Laboratory engine
86
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Summary of Test Results

Multi-GNSS RTK GPS VS. Multi-GNSS RTK
(using two same receivers : SPS855)

Average NUS Fix rate
Test 1 12.3 58.7% Test 5 Average NUS Fix rate
Test 2 12.3 75.4% GPS 5.8 26.8%
Test 3 136 65 504 Multi- 14.2 70.5%
' D7 GNSS
Test 4 12.4 60.0%
Test 5 14.2 70.5%
Velocity : Doppler based velocity output
FIX rate comparison between GNSS combinations G:GPS J:QZSS C:BeiDou R:GLONASS
—nm-m- GICR
RTK FIX rate 48. 55.5 5.4 64.7 65.9
(%)
The reason for small contribution of BeiDou/GLONASS to RTK was 87

just due to the shortage of high elevation those satellites
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Height Determlnatlon using Automobile

& ',"

B Scvere environment
gy SO many high

| Methods | Availability | ~ ", .~
Single 07.0% | ESE A
DGNSS 95.0%

0 e Base Stat|0n
RTK 81.6% 30%for RTK GPS a7 ,UO OQK earm

Shinjuku Route 20
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How about indoor?

5 min IMES tracking in Lab.
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Signal Strength in the case of walking condition
70 ‘
60
50
40
30 \ | } i
20 \ N
10 \ \
0 \ ~
0 5000 100000 150000 200000 250000 300000
Time (ms)
Navigation decode with good S/N \Navigation decode with insufficient S/N
4000 2000 ‘
3000 | 1500
2000 ! — 1000
1000 500 ¥
4] 0
1000 10 110 210 310 410 5 5067 90
2000 m I -1000
3000 W ¥ -1500
4000 -2000 -
Time (ms) Time (ms)

Front-end
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Improve GNSS Positioning

> 3D Mapping Aided (3DMA) GNSS:

* Suzuki, Taro and Kubo, Nobuaki. GNSS positioning with multipath simulation using 3D surface model in urban
canyon. (ION GNSS+ 2012). (GNSS NLOS exclusion causes poor satellite geometry)

- . a
,‘ A Q THE HONG KONG
’ W Aeeomtho o oation Bxgioccring Q' POLYTECHNIC UNIVERSITY
REIHEARES & FsE T oK%

— Direct signal ‘

~ Refracted multipath signal " Invisible
" Diffracted multipath signal Satellite

g

/ I 1 =

/) & m——

- D e
S —— v

Prof. Kubo, 2012 90/70
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Improve GNSS Positioning
> 3D Mapping Aided (3DMA) GNSS:

» Wang, Lei, et al. "Urban positioning on a smartphone: Real-time shadow matching using GNSS and 3D city models."

Navigation, The Institute of Navigation, 2013.(Relies on the satellite visibility classification and the initial guess of
the receiver)

* Hsu, Li-Ta, et al. “3D building model-based pedestrian positioning method using GPS/GLONASS/QZSS and its

reliability calculation.” GPS solutions, 2016.(Relies on the initial guess of the receiver and causes high computation
load)

Signals @
ignals £

/  Signals
~| blocked .-~
o> >

() EsmaipiPasiion | P Paicte (eeigning)
/ | @ <G
3 ; satellites

Buildings Wang, 2013

Q

Hsu, 2016

: Signals
S 7 a‘ﬁs available
i )60

91/70
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Improve GNSS Positioning

> Camera-aided GNSS Positioning:

) W M NS
.« — THE HONG KONG
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* Meguro, Jun-ichi, et al. "GPS multipath mitigation for urban area using omnidirectional infrared camera." IEEE
Transactions on Intelligent Transportation Systems, 2013. (NLOS exclusion cause poor geometry)

»  Suzuki, Taro and Kubo, Nobuaki, "N-LOS GNSS Signal Detection Using Fish-Eye Camera for Vehicle Navigation in
Urban Environments,” (ION GNSS+ 2014), Tampa, Florida, September 2014. (NLOS detection and exclusion with
monocular camera, cause poor satellite geometry)

Exe

&}

Prxiof ) 5.

GPS ' O)'GLONASS

Meguro, 2013 Kubo, 2014 92/70
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Improve GNSS Posmonlng

> Robust Model-aided GNSS Positioning:

{_ ¥ Interdisciplinary Division of
Acronautical and Aviation Engincering q
REIBEANS S v

THE HONG KONG
b POLYTECHNIC UNIVERSITY
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» Sinderhauf, et al. "Switchable constraints and incremental smoothing for online mitigation of non-line-of-sight and
multipath effects. IEEE 1V 2013. (Relies on the initial guess of the prior factor)

» Pfeifer, Tim, et al. "Dynamic Covariance Estimation—A parameter free approach to robust Sensor Fusion." IEEE
MFI1 2017. (Relies on the percentage of healthy measurements)

« Pfeifer, Tim, and Peter Protzel. "Expectation-maximization for adaptive mixture models in graph optimization." ICRA,
2019. (Relies on the initial guess of the state estimation)

Tim, 2019

&
t 1
SP /57 i
G o 157 @ Gaussian
" n n

Mixture Model

EM-Algorithm

L

Residuals

Factor Graph

93/70
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State Estimate

Niko, 2013
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Q&A

Thank you for your

attention ©
Q&A

Dr. Weisong Wen

If you have an?/ guestions or inquiries,
please feel free to contact me.

Email: welson.wen@polyu.edu.hk
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