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Confidence in Your Location
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Smartphone tells you approximate
confidence level of the position.
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User Requests

 |s GNSS position reliable 7
« FEasily exceeds 1-2 m (+big jumps) in urban areas.

GNSS+IMU/Odometer
Odometer depends on the road condition.

e |s GNSS/IMU/QOdometer position reliable ?
« Not easily exceeds 1-2 m (no big jumps) in urban areas.
« Integration with other sensors (Radar, Lidar, Camera:-+)

Integrity monitoring is one solution
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Integrity monitoring

Integrity

The ability of a navigation system to guarantee the absence of errors and to
give an alarm when it should not be used for navigation. As a performance
requirement, the probability that integrity is satisfied is defined.

The PL defines the confidence limits of the
positioning error at the user's location. The
confidence limit is called Protection Level (PL).
—HPL : Horizontal PL

VPL : Vertical PL

The pI’OteCtion Ievel iS Compared ................ . 1' alasusssussssnnafuaasunnnannn >
with the AL (Alert Limit) to
determine if the system can be used.

HPL<HAL HPL>HAL
Available Unavailable
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Approach of commercial receiver (only GNSS)

u-blox started to provide protection level (PL).
UBX-NAV-PL FW HPG1.30 (2021/12)

« TMIR(target misleading information risk)[%]
Of all observed epochs, what percentage we will have over protection
level ?

While basic protection levels add value
to many consumer and industrial
applications, critical automotive
e P applications set much more stringent
position - position | - requirements on the protection level
to achieve “functional safety.”
Automotive functional safety is
defined in the ISO 26262 standard.

by u-blox

°| Receiver provides PL(Protection Level)[m, ENU] |

Protecion
Level

Positioning function available Positioning function unavailable
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illodp i P 1 Solutions:
‘, 7..7\“\\\ Fix : 70.7%
/I Tokyo Station AN
/% o NG DGNSS : 3.4%
P A No Fix : 0.1%
Mostly Business District Reference :
\ POSLVX

TTUMSAT

TUMSAT to Downtown Tokyo
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Actual Horizontal Errors
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Protection Levels In this Test
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8000

7000

PLs were quite large.

6000
5000
4000

DGN
- Float

3000

2000 I

i s
A o
0 HLL .
277000 277500 278000 278500 279000 279500 280000 280500 281000 281500 282000
ToW(s]

1000 - Fix

A

PL Horizontal

.. Comparison between Errors and PL (only RTK fixed)

10 LY H
9 . : . ]I ros . i & !
. L I -t 4i
8 1 |i 5 R : -
7 | - ! 1 :
6 ] ] [ ] = u
lE! N iz 'l 'i
= 3 : 5 3t
e, c 1 . :I
i - ol . H ..
5 | ; ' R - DGN
" J_I :_ i i L] l-
2 l = : P4 . . |t . * Float
1 # A olicly bl -
0 ] - ] = Fix
277000 277500 278000 278500 279000 279500 280000 280500 281000 281500 282000

ToW(s]

PL Horizontal(#X) Enlarged view

Wrong fixed positions
10 L
9 I .
8
7
6

E 5
4 2 -
3 PL H
2
1 " « 2D _diff[m]
0 ettt ¥ ¢ it entn) gl On Sumen =
277000 278000 279000 280000 281000 282000

ToW(s]
s RTK FixBF D/KF H R DPLE 25 E
Even for fixed solutions, PLs were over 1 m ?

mmmmmmmmmmmmmmmmmmmmmmmmmmm



Summary of this Test

Reported
. positi lon

p-::sntlon

:j'ﬁé@

- RTK Fix FLOAT DGNSS

PL>Error N  98.6% 81.8% 100.0%
- - " “== pLsEmorE  97.8% = 77.1%  96.1%

»

Figure 13: PL bounding true position error

Our findings through tests (In total, 5 tests)
1. PL in RTK fixed positions seems to be large.
2. FLOAT solutions are difficult to use.

Other sensors such as IMU/
Odometer are definitely required.
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Wheel odometer

PERFORMANCE SPECIFICATIONS* (RMS ERROR)

Mo GNSS outages, standard road vehicle dynamics

1km or 1 minute GNSS outage, standard road vehicle dynamics®

SPS SBAS RTK Post-Processed®
n) | oy | oy | ooy ooy
Velocity 001 001 001 0.005
Roll & Pitch (deg) 004 003 0.03 0.025
True Heading¥(deg) 0.12 009 0.09 0.06

SPS SBAS RTK Post-Processed®
Position (m) 20H 20H 10H 0.80 H
50V 30V 20V 020V
Roll & Pitch (deg) 0.09 009 0.09 0.05
True Headings (deg) 035 035 0.30 0.20




Kachidoki

Monzen
nakacho

Blue : FIX
Light blue : DGNSS
Gray : Dead reckoning
Orange : FLOAT

TUMSAT

FIX rate 66.3%
—only GNSS 40%

FIX rate is improved by integrating GNSS
with IMU/Odometer.
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POSLVX provides RMS (SD) values simultaneously.
Post-processed Real-time

m

5 3
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Relatively large error (normally 60-70cm in maximum)
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PL =Post-RMS + Real-time RMSX 3

Generated a temporary protection level.

Orange : Protection level(HPL), Blue : Actual errors (HE)

14 Percentage HPL>HE
17527/18426=95.1%

—— Absolute Horizontal Errors
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Integration performance (semi urban case)

Post-processed Real-time

Light blue : DGNSS
Gray : Dead reckoning
Orange : FLOAT S/

FIX rate 81.9%
—only GNSS 77.4%

100 m
— —

Multipath errors are less than the previous case (dense urban)
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AVE=E:-0.0100m N: 0.0049m U:-0.0206m
STD=E: 0.0738m N: 0.0962m U: 0.0587m
RM5=E: 0.0764m N: 0.0963m U: 0.0622m 20: 0.2458m
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Accuracy is different from the results of dense urban.
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PL =Post-RMS + Real-time RMSX 3

Generated a temporary protection level.
Orange : Protection level (HPL), Blue : Actual errors (HE)

3 Percentage HPL>HE
7819/8201=95.3%

—— Absolute Horizontal Errors
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Actual error

HPL estimation for
GNSS/IMU/Odometer

HPL have to provide an upper
bound of the actual error.

HPL

HPL<HAL —l— HPL>HAL
Available Unavailable



Features of each sensor

—

GNSS — Integration
IMU/Odometer 8

Good and bad of each sensor

GNSS

o GNss
o - & - -
o o x 0 =
/\ /\

X - /\
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GNSS/IMU/Odometer Integration

Vehicle sensor ‘
(Speed) Error correction
!
IMU * Heading/Velocity | Heading, Velocity
EEE—
(Yaw rate) estimation

‘ Barometric sensor

(air pressure) Height change is aided
Navigation —
— , Position _ N
GNSS BE—— solution —» estimation Filtered position
DGNSS or RTK) i i
Y ( Filtered velocity

Position, Velocity

GNSS signal
quality check
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Priorities for PL

3

Absolute position Absolute position 2D velocity

{RTK-GNSSH DGNSS HlMU/Qdometer}
_ JEI.

LGNSS-VeIocityJ

+ 2D velocity

{IIVIU/OdometerJ
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1. Error Ellipse of RTK-GNSS
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A is coefficient (ex. 30)
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Predicted error ellipse of RTK-GNSS
based on DOP covers those real errors
o very well.

H PL(RTK-GNSS): H DO P*A* 0) (RTK-GNSS)

-« RMS of Reference position is considered.
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HDOP We use Doppler frequency while PLL was tracked.
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HDOP is somehow related to the error of GNSS velocity.
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2. GNSS(POS/VEL) + IMU + Odometer

« We coupled DGNSS with Velocity using KF.

« We will see GNSS based 2D velocity by comparing 2D velocity
from IMU/Odometer.

- If we see large errors, we can rely on IMU/Odometer.

« Next position will be predicted by previous position + velocity
vector.

« We always see the gap between GNSS based position with this
predicted position.

 If we see large gap, we rely on predicted position.

HPL Gnss+imu+odometery = EStimated error from KF (POS. is valid)
HPL gnss+imu+odometer) = 1S @accumulated by the estimated error of the velocity

(POS. is not valid)
Coefficient is added. |



3. IMU + Odometer (Dead-reckoning)

* It depends on the speed of the car.

« Resolution of the speed pulse.

« The bias of the speed should be removed.

- Bias stability of gyro sensor (YAW) should be checked.

« Bias is removed by ZUPT.
» 1 deg. / 20 min. with 5 m/s = approx. 105m error in

20min.
HPL jmu-odometer = 1S @accumulated by the estimated bias stability
Coefficient is added.

True
2

S = — < -:~ > - > > '
= —— - Error
BN |
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Accumulated error {m)
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« IMU sensor used in our lab. is similar to this in total
but it is also important to see the bias in short period.
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Typical behavior of the actual YAW Error

GNSS corrected YAW angle error (typical example)

2

15

1
o 05
o
0 0 7
@ 146650 a7 &
O | ROO000T1AseSKN K 268000 268500

-1

e We can see large fluctuations.

- large errors during short period

0.7 deg. in 30 min. in total. However,:--
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Test Results (dense urban case)

ORI= 35.666334250°N 139.792201810°E 59.9050m °
AVE=E:-1306.4538m N:744.7061m U:-19.5552m

STD=E:1061.5817m M:234.4780m U: 1.2938m

RMS=E:1683.3617m N:1194.8982m U:19.5979m 2D:4128.6745m L4

500 m

Test route (TUMSAT-MARUNOUCHI-GINZA-TUMSAT)

Day : 2022/5/31

Time : 04:38 - 05:31 (UTC)

Receiver : u-blox F9P (base and rover), 5Hz
IMU : ST (Acc. 3 axes, Gyro 3 axes), 50Hz
Odometer : Over 1000 pulses from the car
Car : SUBARU IMPREZA SPORT

Reference : Post-processed POSLVX

Base station : TUMSAT
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RTK-GNSS
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IMU + Odometer + GNSS based velocity

-no absolute position-

i 3% : , + inti i
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Proposed HPL
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Summary

- Commercial product provide reasonable HPL using GNSS/IMU/Odometer.

« Lab’s software also provide HPL, but we still need to improve it.

« Under open sky condition, PL will work well.

« PL using only GNSS is not reliable especially in challenging environment.

- Adding IMU/Odometer compensates a lot for the above weaknesses.

- Difficult to use FLOAT/DGNSS positions (absolute position as well as PL).

« Adaptive KF will compensate it by weighting the predicted position.

« Odometer is not always available. For example, under snow condition.
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How to treat wrong RTK Fixes

Two Challenges (remaining issues)

Heading accuracy in dead reckoning

Possible

2m
N )

Impossible

Accumulated Errors (m)

o B N W B~ U OO N 0

1. GNSS/IMU/Speed integrated position assures 2-3
meters. It is possible to detect large errors of the
wrong fixes. However, it will be difficult to detect
small errors.

Worse cases in distance betweer

n fixed epoc

—Nagoyad
@®2013

wntown

®2010

0.4 deg, 2cm/s
0.4 deg, 1cm/s

0.2 deg, 2cm/s

0.2 deg, 1cm/s

////
~
———

Simulation setting

Heading, Speed error

0

200

400
Travel Distance (m)

600
-assumed 20km/h speed-

800

1000

2. Multi-antenna approach (GNSS compass)

3. More reliable ambiguity search (->low fix rate)

At present, RTK-GNSS is better than 2010,2013.
Furthermore, low-cost nice receiver is available.
The accuracy of low-cost IMU is still challenging.
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