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Challenges of Posmonmg N Urban Areas
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| Tall/dense buildings!

How to improve the
GNSS positioning in
GNSS positioning is urban areas?
challenged due to signal

blockage and reflection!
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Code vs Carrier-Based Positioning

Standard Positioning
(code-based)

e TR

Precise Positioning
(carrier-based)

Source: RTK-AlgorithmAn-Lin-

Observables Pseudorange Carrier-Phase +
(Code) Pseudorange
Receiver Noise 30cm 3 mm Tao-2015
Multipath 30cm-30m 1-3cm
Sensitivity High (<20dBHz) Low (>35dBHz)
Discontinuity No Slip Cycle-Slip
Ambiguity - Estimated/Resolved
Receiver Low-Cost (~$100) Expensive (~$20,000)
Accuracy 3 m (H), 5 m (V) (Single) 5 mm (H), 1 cm (V) (Static)
(RMS) 1m(H), 2 m (V) (DGPS) 1 cm (H), 2 cm (V) (RTK)
Application Navigation, Timing, SAR,... Survey, Mapping, ...
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If good carrier-phase is available, what FGO can do!

Time-differenced carrier phase (TDCP) [
(Van Graas and Soloviev 2003)

(0, —09) =0,

01 =9 DX¢—¢,
Precise receiver velocity estimation!
(19cm resolution!)
How to use this TDCP in FGO?

o
e "0, =N+06,+86
SV n @0 =N + 00 n 1 0 1
tracked ;| < » 1
L Axt —t t [1] Van Graas F, Soloviev A (2003) Precise velocity estimation
t 0 1 1 using a stand-alone GPS receiver. In: Proc. ION NTM 2003, 4
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Framework of Conventional Method (TDCP)

X1 X2 X3 X4 X5 Xg

Cross-correlation Matrix

@ State node: GNSS receiver @ Satellite Bl Pseudorange Factor: ef,

M Doppler Velocity Factor: ey oy .
, VDV 4 yDV 2 e,{ can considers two
DV _ r,t rt+1 DV B .
|eR? £DV = 5 — h2Y (Xpe1, X ) neighboring epochs
’ Py
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Framework of Conventional Method (TDCP)

Time-differenced carrier phase (TDCP)
TDCP,1 eTDCP,Z e .
7,1 ) , X1 X2 X3 X4 X5 Xg

Cross-correlation Matrix

TDCP only considers two
neighboring epochs

TDCP,3 _TDCP,4

@ State node: GNSS receiver . Satellite Pseudorange Factor: eﬁ,t TDCP measurement modeling

M Doppler Velocity Factor: e?Y M TDCP Factor: e[ """

AP i1 = (Fpsr — Tre) + CL(5r,t+1 — 5r,t) + (€7 ¢41 — €1r)
6
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Framework of Conventional Method (TDCP)

Time-differenced carrier phase (TDCP)
X1 X2 X3 X4 X5 Xg

/h»bff,t = rrs,t +cp (5r,t - 5rs,t) - Irs,t + Trs,t + ABﬁ,t + dlpﬁ,t + Eﬁ,t

. : X
carrier-phase bias: Bf; = Yot — Y5 + Niy xl
2

carrier-phase integer ambiguity: N, X3
- x4

TDCP measurement modeling Xc

A3 i1 = (Pes1 — Tre) T C1 (6r,t+1 — r,t) + (€r¢41 — €rt)

Cross-correlation Matrix

S ' DeP Limitation : TDCP only considers
S — »S S S ,S . ;
DY rq = heg o (Pres DL Oy Prors 1y Pipas Or i1 ) + @y two neighboring epochs
TDCP,s |2 TDCP, 2
.t S|ET?CP.s = |A/h/)1§,t,t+1 — hyy S(Pr,t»pf» 8r,t»pr,t+1'ptsf+116r,t+1)|zT?CP,s
T, T,



According to the nature of GNSS tracking loops, the integer
ambiguity tends to be constant when the satellite is
effectively tracked !
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WCP can explore the kinematic time-
Fram eWOrk Of PrOpOSEd Meth Od correlation between multiple epochs
X1 X2 X3 X4 X5 X6

N EEN BN BN BN EEN BN NN BN NN BN EEN SN BN BN BN BN BN BN BN BN BN BN NN BN NN BN NN BN NN BN BN BN BN BN B B Ry,

WCP,2
( eWCP.1 W CP, :
I X1
|
Y4 xz
X3
e
r,1
X4
Xs
X6
3 GNSS Receiver
er,l , y , _— EQ
—
B Doppler
Pseudorange l Carrier-phase
J v ) 4
{ 1 Pseudorange Carrier-phase Velocity
1 : Modeling Modeling Estimation
: e eWC P4 1 Corrected  CorrectedMeasurements )
(U < o QR o5 SRR Measurements * Velocity
4 WCP h 4
: . . Pseudorange Factor: eS Pseudorange Construction Velocity
@ State node: GNSS receiver @ Satellite M g rt gmrariod — Eactoriagtion
actor
. . DV . _WcP, Pseudorange y Velocity
I Doppler Velocity Factor: e;¢ B WCP Factor: e, Factor Factor Graph . Fector
Optimization |

State Estimation 9
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Factor Graph Structure (Pseudorange/Doppler/WCP)
The proposed method: Window Carrier Phase YR TS+ myy 1 €71
Ay r2 Ty s ;
el R B o
/W’:,Nfé TrS,N,i + mi,N,i L1 E:,N,i
[1] left null space matrix G;
M7 Tre + M7y €r1
/W)i,N,S{ r::N,“"; + mi,Nfc ej,N,i

[1] Watkins D S. Fundamentals of matrix
The continuous observed carrier-phase computations[M]. John Wiley & Sons, 2004.

measurements between multiple epochs: P, s : feceiver r position B; s : the shared integer ambiguity

YRS rS, +ms, ABS €3, py; : satellite s position gy - the carrier phase correction
L, rS, +ms, ABS, €, 8yg : the clock bias €3 .- the errors caused by multipath
’ — ’ ’ + ’ + ’
The Ni indicates that satellite 1 is tracked continuously for N;§ epochs
1 s s s k k
AlpT,sz rr'Nli + mT‘Ni /‘{Br'Nli 67,'1\115c

2/7SP% and 212" denote covariance matrix calculated by the satellite

Withmi, = ¢ (8 = 63¢) = I7c + T + dyps, elevation angle, signal, and noise ratio
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Factor Graph Structure (Pseudorange/Doppler/WCP)

The proposed method: Window Carrier Phase WCP Factor for the given measurements (/hp,%,t,/h/)},m,. : .At/)i N
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WCP,S S
/hp%,l hr,l (pr,l' P1, 81)
1 WCP,s s
| eWCP,s”2 — ||gs Ay, GS h; (pr,z' P2, 52)
rk gWeCPs — T, rk
Tk v
yl WCP,s s
Ve k hr,Nisc Prni Pug 8le< SWCPs
Tk
6,‘?’1 0 0 0
S
sWCPs _ s 0 €, 0 0 Gs.T
ko T ETklo 0 .. 0 | Tk
S
0 0 0 Er'Nli

p‘r,N,i ‘receiverr position B:,N,i : the shared integer amblgwty
pISVZ : satellite s position

measurements between multiple epochs:

diy; .- the carrier phase correction

1 : - .
Ay reet+myg AB; 4 €21 8y : the clock bias €3 the errors caused by multipath
APl S, +ms, AB:, €S,
Vra2 =l " o+ r + T The N;; indicates that satellite 1 is tracked continuously for N epochs
1 s s s
T ys +m AB € : . .
Ar rNg T UTNg r.Ng T.Ng 2/ ¢P* and 277 denote covariance matrix calculated by the satellite

. elevation angle, signal, and noise ratio
Withm;, = ¢, (5r,t - 5f,t) =+ TP+ dys, J J
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Comparison between the proposed WCP and TDCP

WCP (aided by left null space matrix) TDCP
Al/)%,l Tre + My g €71
s Wi, | GS Try + M3, +GS €2 A’W’ﬁ,t,tﬂ = (rrs,t+1 - rrs,t) + CL(5r,t+1 - 5r,t) + (Ef,t+1 - Eﬁ,t)
1,k - YMrk .k
AIP,%,NE rrS,N,i + mf‘,N,S( E:,N,i

Cross-correlation Matrix

X1 Xp X3 X4 X5 Xe X1 X3 X3 X4 X5 Xg

X1 X1
X2 X5 the TDCP can be a special
X3 X3 format of the WCP constraint
X4 X4 with a window size of 2
X5 X5
X6 Xe

Dense matrix Sparse matrix

12



According to the nature of GNSS tracking loops, the integer
ambiguity tends to be constant when the satellite is
effectively tracked !

Potential cycle slip




Cycle Slip Accommodation

X| shared integer ambiguity inside a WCP

120 Squére Loss |
=¥ Cauchy(1)
1004 -©- Cauchy(2) i
S -9~ Cauchy(4)
=¥ Huber(1)
80 - -©- Huber(2) i
. . . 2 2
. | M-estimator to detect anq mitigate ) = ’%10g(1 +§:_>2
© the effects of the cycle slip P

-50 -40 -30 -20 -10 0 10 20 30 40 50
residuals

Comparisons of the robust functions with different kernel values (k). 14



Factor Graph Structure (Pseudorange/Doppler/WCP)
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[

X' = arg minz (|elr)}t’|
X

stk

2
X

oy +lenelyg, +lole

WCP,s
.k

) (eVePs) = k2 jog(1 4 Lk
2:11f|’/kc1°,s P\ €k 5 108 k2

M Pseudorange Factor: e;,
M Doppler Velocity Factor: e?}

B WCP Factor: e, "

WCP,s\2
(err )

)

15
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We analyze the performance of
Af positioning by comparing five
“clf different methods:

— S 7 7 (a) u-blox
3 A Ry _g_-‘x’
jy — { T 2E P _ :  : (b) WLS
it s % (C) PSR-DOP (Sol 1)

GNSS Huawei P40 Pro 3 N lis & :
- Phone | = o A the pseudorange and Doppler

integration using FGO
(d) PSR-DOP-TDCP (Sol 2)

R m® the pseudorange, Doppler, and TDCP
(a) Data Collection Vehicle (¢) Urban Canyon?2 - T - %W measurements integration

The evaluated urban canyons 1 and 2. The red curves inside the (e) PSR-DOP-WCP (Sol 3)

Figures denote the trajectories of the tests. the pseudorange, Doppler, and WCP

measurements integration
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- WLS
PSR-DOP

—- PSR-DOP-TDCP

error (meters)
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WLS: >10 meters

M Sol3: 4.06 meters
LG

WLS: 3.5 meters |
sy ;:i- Sol3: 2 meters it
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s
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100 150
. _time (seconds) .
Performance of the listed five methods in urban canyon 1

200

250

ltem (m) u-blox WLS Soll Sol?2 Sol 3
MEAN 3.10 2.14 2.01 1.76
STD 195 1.01 0.82 0.57
Max 11.23 6.52 5.69 4.06

north (meters)

150

_
o
o

(4]
o
T

trajectory

THE HONG KONG

Aeronautical and Aviation Engineering Q POLYTECHNIC UNIVERSITY
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— u-blox
— WLS

— GT )
]

PSR-DOP
— PSR-DOP-TDCP

— PSR-DOP-WCP

Urban jcanyon 1:
building height is 16 n

Bireet idth is 15 m

50 100
east (meters)

150 200

The improvement of our proposed method (Sol3) can
reach 71.7%, compared to the method of u-blox

Almost a lane-level accuracy

17



Analysis of Impact of Maximum Window Size
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Positioning errors of the proposed method under different Ny, .«
Due to the potential cycle slips

error

100 5 200 ' - —
. WS=25 B \VS=16 - x::g
6w WS=16]
5 50 - WS=25
3 —~— WS=35
5 L
0 0
al 0 10 20 30 5 10 15 20 .
size of WCP ] size of WCP
3+ (a) Histogram with “WS=25" ' _ (b) Histogram with “WS=16"
2 14 ! :
: 9 too Iarge asize does not necessarily §
lead to better results

0 50

100 150 200 250 300
time (seconds)

WS: maximum window size (N,iMAX)

violate the shared integer ambiguity

The larger N y4x €nables the stronger
correlation between the states

18



Cycle Slip Accommodation

X| shared integer ambiguity inside a WCP

120 Squére Loss
=¥ Cauchy(1)
100 o (@ _ M-estimator to detect and
~* Huber(1) , mitigate the effects of the
80 - -©- Huber(2) .
Cycle Slip Area Cycle Slip Area  *? Cycle S|Ip
2 6ol ‘ 2 ]
2 Free of Cycle Slip Area : WCP,s2
p(eWCPS) = p log(1 +—( ) )
| Al " (pr,0 P37, 81)
o—o—o [l lluer. = |G Mz | g, | fra (Prapi8e)
‘ AIP:,N; hwcps(prwk ka 8 s) e

40 50

residuals

Comparisons of the robust functions with different kernel values (k,) 19



Cycle Slip Accommodation

Analysis of the Cycle Slip Accommodation via M-estimator

120 : : - .
Square Loss > <
% Cauchy(1) |tem C C C
L -6 Cauchy(2) i
100, iﬁa;‘gﬁz‘;” - (m) H (1) H(2) (1) ) (@)
L -6~ Huber(2) _ 1 1
” Cycle Slip Area Cycle Slip Area ME A Dlg\/eer Dlg\/eer 3.62 3.11 3.05
2 60 ‘ g
£ Free of Cycle Slip Ar i i
1 N T STD Diver Diver 2.04 1.78 1.68
40 ge ge
Max Diver Diver 13.1 11.2 10.7
2 ge ge 1 0 . 6 |
%0 40 30 20 10 0 10 20 30 40 50
residuals
long-tail with large values
Positioning error of the Sol3 under different Which one best ?

M-estimator setups in urban canyon 2 20
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Cycle Slip Mltlgatlon In Urban Canyon 2

700 ! ‘
[ relsudals (Huber(1))
4 \ I reisudals (Cauchy(4))

600 - *

500 - N

Cycle Slip Area Cycle Slip Area -

/

-100 - - - - 100
residuals

N

o

o
T

Histograms of residuals of the WCP constraints using the Cauchy and Huber functions !
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Experiment Results in Urban Canyon 2

error

15 =
- u-blox \
—~- WLS

PSR-DOP
| |+ PsrR-DOP-TDCP 200
\| |~ PsR-DOP-wCP

R E . saad el .
\ p THEH Kor

trajectory

Urban canyon 2:
building height is 35 m

N
(&)
o

error (meters)

[&)]
o

north (meters)
=
o
£ n
) =
@
@D
o~
=,
o
L I —
-y
7
N
N
3

o

_ —GT
% 50 100 150 200 250 300 — u-blox
time (seconds) — WLS
Performance of the listed five methods in urban canyon 2 -50|~ PSR-DOP 1

— PSR-DOP-TDCP
— PSR-DOP-WCP

-250 -200 -150 -100 -50 0 50 100 150
east (meters)

The improvement of our proposed method (Sol3) ca
reach 90.5%, compared to the method of u-blox

serious deviatio

Item (m) u-blox WLS Soll Sol 2 Sol 3

MEAN 31.0 16.66  3.90 5.21
STD 37.69 | 12.82 2.29 2.38

Max 1776/ 56.23 1284 1252

22
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Experiment results by Huawel P40 phone

trajectory .
or = ~wau—— Performance of the listed four methods
50 - in the urban canyon
10 ltem(m) WLS Soll Sol2  Sol3
-150 -
2 MEAN 14.45 8.74 9.19 7.4
5 -200 -
£ STD 11.79 4.21 4.82 4.60
£ -250
g Max 110.74 46.10  45.39 6.3
350 - —GrT
— WLS .
400l PSR-DOP The improvement of our proposed method (Sol3)
vl | | U feroorwos|  Can reach 48.3%, compared to the method of
-200 -100 0 100 200 300 WLS
east (meters)
(L Low-cost Smartphone-level Receiver

Huawei P40 Pro Phone

23
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 Solved Problems: Exploitation of time-correlation of
carrier measurements

- Limitations: Relying on the assumption of constant
Integer ambiguity for the continuously observed carrier-
phase measurements.

* Future work: How to detect the cycle slip of the carrier
phase measurements in urban canyons

24
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_ _ Performance Comparison of the Loosely and Tightly
APPENDIX-Discussion Integrated Doppler Measurements in FGO

error

10 ‘
TC ~ PSR-DOP-TC

8 MEAN (meter) 2.14 2.01 |
STD (meter) 1.01 0.91
_ 6.52 5.6
7 ;
G 6 Used Time Per 51 125
o Epoch (ms)
E
S 4
o
2 “‘u

0 50 100 150 200 250 300
time (seconds) 25
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Performance Comparison of the Cycle Slip Mitigation
Using M-estimator and loop lock indicator (LLI)

The implementation is based on PSR-DOP-WCP

5 e |

4+ -~ M-estimator-LLI 2 esti mator LLI
- DIEA 176 164 1.47
: T STD 057 053 0.56
7} 406  3.19 2.87

Cycle slip detection

= : sl u ; A i
O | “ | | | |
0 50 100 150 200 250 300
time (seconds)

LLI :one of the popular methods for cycle slip a new WCP constraint will be generated
detection, can be directly output from receiver

26
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