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Introduction

« Urban canyons can be challenging
for GNSS-based navigation

 Buildings can block the LOS to satellites
and reflect NLOS signals

« Multiple reflections can interfere
with each other (known as multipath)

* Pseudorange errors from urban effects
are more than “lengthened paths”...

« Position- and time-varying
« Change by meters from centimeters of
receiver movement Blocked LOS

* Can be negative NLOS Reflection s
LOS Signal s

LOS: Line of Sight ) )
MITRE | @ NLOS: Non-Line of Sight Multipath Reflection
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Background

Motivation: urban navigation risk assessment
« Better understand urban pseudorange error behaviors to:
« Extend rigorous GNSS integrity concepts [1, 2]

« Assess if a navigation technique is resilient and robust
to the urban effects expected in a proposed mission

-

~

Are the error distributions:

e Symmetric or asymmetric?
* Where's the mass?
 How long are the tails?

* Prior work

« Our prior work: Statistical Analysis of
GNSS Multipath Errors in Urban Canyons
(ION PLANS 2025) [3]

« Other prior empirical studies: [4, 5, 6]

Pseudorange error
distributions as a
function of urban
canyon shape [3]

This work: statistical findings from empirical data of the
Impact of these effects on pseudorange measurements
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Multipath Error Isolation

Data el ™ [ Bl

IN pUtS RINEX .obs logs Reference station Truth positions Urban digital
of two “test receivers” with RINEX .obs logs of “test receivers” elevation map

! ! |

Three steps:

Processing 1. S.ubtract. known true range from mgasurements |
2. Single-difference measurements with reference station

3. Estimate and remove clock bias

- J -

Ve

Assess if the LOS is
blocked for each satellite
at each truth position [7, 8]

|
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Pseudorange Measurements Canyon Depth Canyon “Sided-ness”
due to Interference Classified Either Classifications Classifications

and Reception LOS or NLOS
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Discrete colors and icon shapes are
consistent with prior work ([4])

Dataset Overview
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(Tallest buildings)
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Results

The LOS measurements from both test receivers experience

near-zero-mean, generally symmetric pseudorange error distributions

Statistical Behavior of Multipath Error

on LOS Measurements (u-Blox M8)
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R | The NLOS measurements from both test receivers experience
esults . . N
non-zero-mean, right-tailed pseudorange error distributions

Statistical Behavior of NLOS Reception Errors Statistical Behavior of NLOS Reception Errors
on NLOS Measurements (u-Blox M8) on NLOS Measurements (Septentrio Mosaic Go-H)
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R | The Septentrio receiver produced fewer measurements than
esults : -
the u-Blox receiver over the same trajectory

Statistical Behavior of NLOS Reception Errors Statistical Behavior of NLOS Reception Errors
on NLOS Measurements (u-Blox M8) on NLOS Measurements (Septentrio Mosaic Go-H)
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Results

Primary takeaway: commonalities and differences observed in
pseudorange error distribution shape, size, and scale across receivers

u-Blox M8

Septentrio

Mosaic

LOS Meas. Count

5984 meas

5748 meas

LOS Meas.
Mean and Median

0.5 m (mean),
-0.6 m (median)

0.3 m (mean),
-0.2 m (median)

LOS Meas. Errors
[25m, 125m)

11.4%

10.1%

NLOS Meas. Count

7427 meas

4631 meas

NLOS Meas.
Mean and Median

53.2 m (mean),
31.0 m (median)

22.7 m (mean),
12.9 m (median)

NLOS Meas. Errors
[25m, 125m)

41.6%

32.6%

-

Accuracy and availability
requirements are necessary
for navigation risk mitigation [1]

« This table does not imply
one receiver is “better”

 Employ navigation
strategies to best leverage
performance characteristics
(path planning, data fusion)

e Other mission requirements
Include form factor, power,
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Conclusions

* Trends: NLOS reception ranging errors have
non-zero-mean and tailed distributions
» This work and the prior work ([3]) are exemplars of

pseudorange error distribution as a function of select
urban canyon properties

« Canyon classification metrics computed from digital
elevation maps enable comparison across datasets

* Future work

« Study how navigation-domain errors behave in the -150 -100 -5 0 50 100 150

LOS Measurements
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presence of these pseudorange-domain errors

(least squares solvers, Kalman filters, integrity metrics)

More results in paper,

 Further pseudorange error characterization Including discussion of distribution
(variation over tracking loops, receiver velocity, time) of errors from individual satellites
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Contact: Matt Peretic - mperetic@mitre.orq
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Introduction

Urban canyons can be challenging
for GNSS-based navigation

 Buildings can block the LOS to satellites

* A GNSS signal reflection from a building will
have a longer time of flight (ToF)

« Multiple reflections can interfere
with each other (known as multipath),
lengthening or shortening the measured ToF

This work:

statistical findings from

empirical data of the impact of these
effects on pseudorange measurements

miTre | @

Blocked LOS m—

NLOS Reflection s

LOS: Line of Sight

LOS Signal s
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Motivation

« Navigation risk assessment

« What capabilities does a GNSS receiver
need to safely operation in a given urban
environment?

 When and where should alternative
navigation technigues be employed?

 Better understanding these
pseudorange errors can inform...

« Navigation risk assessment techniques
(integrity, modsim, and error bounding)

« Urban-resilient receiver design
(tracking loops, nav solvers,
measurement rejection)

LOS: Line of Sight Perceived location from
MITRE ‘ NLOS: Non-Line of Sight © 2025 UNITED STATES GOVERNMENT AS REPRESENTED BY THE ADMINISTRATOR OF mU|tipath/N LOS effects 15
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Motivation

« Navigation risk assessment

« What capabilities does a receiver need for operation in
a given urban environment?

« What technical analysis is required to approve an
urban mission employing GNSS-based navigation?

Multipath envelope (chips)

o
o
&

o

o
o
&3]

o

o
.
[

GPS C/A-code Multipath Envelopes

EML correlation tap spacing

0.1 chips
0.3 chips
0.5 chips

o

0.2 04 0.6 0.8
Multipath

 When and how should complementary navigation
techniques be used?

* Better understanding of these pseudorange
errors can inform...

« Navigation risk assessment techniques
(integrity, modsim, and error bounding)

« Urban-resilient receiver design
(tracking loops, nav solvers, measurement rejection)
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Probability Density Function

0.000

0.025 4

0.020 4

0.015 A

0.010 A

0.005 4

e (Skewnorm) Multipath
[ PDF of Random Draw

\\ﬂ\ ap(\\

0

T
50 100
Pseudorange (m)

= T
150

© 2025 UNITED STATES GOVERNMENT AS REPRESENTED BY THE ADMINISTRATOR OF
THE NATIONAL AERONAUTICS AND SPACE ADMINISTRATION AND THE MITRE CORPORATION. ALL RIGHTS RESERVED.

16




Introduction

Urban Air Mobllity Mission Risk Analysis

GNSS Rx Performance

i)
c : .
= | * Emergency services  One approach: Pseudorange error analysis
o _ . . . .
= Urban logistics pre-mission prognostic services G
x _ . i- i : Nav solver error analysis
S |- L Multi-modal rtISk| ahsselfr?ment. y
s el tiesde, St sensors, control, health... | ~ |
need common technical currency Nav filter error analysis
L [l] ] 2.5 1 [1]
i In the presence of multipath
5 . £ 2.0
o n "] and NLOS reception, are :
26 pseudorange errors...
= 3 2 ...Zzero-mean symetric? :
D , | 0.5 4
...Or not?

%
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Background

* Few publications have empirically studied statistical behavior of multipath and
NLOS pseudorange errors [2, 3, 4]

 Our prior work: Statistical Analysis of GNSS Multipath Errors in Urban Canyons
(ION PLANS 2025) [1]

NLOS Measurements
Vehicle Perspective of Canyon e GOl
N ctmerigoniies ot [1] == oo
g o 1 150 g gl
g ] = o0
5 40+ | 100
: 20 201 7 300
04
0 a5 9% 135 180 225 270 315 360 0 '"‘5‘{;‘1 we 130 0 e 3010 X16
e . | | Multipath and NLOS reception errors
Canyon depth and LOS/NLOS Classification of each point along the elihi%it ositive error tailspwhen the
analysis using Digital Elevation Map trajectory using canyon depth metrics P
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Agenda

This paper: do similar trends emerge...

Histogram of NLOS/Multipath Component of

(R
Fe’v—r-ﬂ'—" “llr'ﬁ- — vf“t

NLOS Measurements
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Multipath Error Isolation

Data ey [0 [ ~ 8B

IN puts Test Receiver Truth Positions Reference Station
with RINEX .obs Logs of Test Recelver with RINEX .0bs Logs

See paper for details on
the three processing steps
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Urban Digital
Elevation Map
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s § ﬂ ﬂ
Outputs X 'g

Pseudorange Measurements Canyon Depth
due to Interference Classified Either Classifications
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Multipath Error Isolation

* For example, atmospheric, relativistic,

satellite position, and satellite clock errors.

See [4] and [5] for more on these Common-Mode
Errors and the single-differencing technique.

Subtract other modellable/cancellable error sources to study the multipath
error in pseudorange measurements from a commercial receiver.

j

Receiver
Pseudorange
Measurements

Common-Mode Errors?*,
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Log File of Dataset

Step 1: Subtract

the known true range

L, —

Multipath Errors,

Vs

Step 2: Single-
difference with
reference station

J/

/ - . . \
Digital Elevation Map

+ Shadow Casting [6]
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R
and Timing Errors I

Multipath Errors

.

v
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Step 3: Use LOS sats

+ low-pass filter to
estimate clock bias

N

—

Multipath

and Timing Errors

TLOS: Line of Sight
NLOS: Non-Line of Sight
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Dataset Overview

Boston, MA, USA

o

Columbus, OH Boston, MA

(Prior Work [4]) (This Work)
Test Receiver 1 receiver: 2 receivers:
Models u-Blox FOR u-Blox M8,
Septentrio Mosaic Go-H
. L1+L2 multi-GNSS e L1+L5 multi-GNSS

Truth Receiver : ) ) )

. Altitude clamping * Altitude clamping

Capability o
Inertial aiding
Urban Mix of canyon depths Higher concentration of deep,

Landscape  Mix of canyon “sidedness”  one-sided canyons

Trajectory

8 laps, ~3.5min per lap 6 legs, ~4.25min per leg

Max Elevation Angle
to Top of Building Map lcon Color
on Deeper Side of Canyon
0 1o 30°
30° to 55°
35% 1o 70
T0° to 90°

&l Square Icons: Two-sided Canyon
(Difference in max elevation < 15°)

Circle Icons: One-sided Canyon
(Difference in max elevation = 15°)

®
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Dataset Overview

Time-Series of Test Receiver LOS Measurement Count (GPS Only)

6
 LOS Measurements N
| o
. . -]
« Similar total number of S
measurements (4% difference) £
87
» Usually tracking same 3 —«— Septentrio - LOS_COUNT (Dataset 1)
quantlty O.l: Satellltes ; | | | | | wneihes uBonI-LOS_COUNT'(Dataset 2) |
0 50 100 150 200 250 300 350
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Time-Series of Test Receiver NLOS Measurement Count (GPS Onl
 NLOS Measurements . ( Y)
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* Nearly 2x measurements from the £ 200 (A I R | ublos- [U0h COVNY (bawseha)
u-Blox compared to the Septentrio  8* 7| 7
) Xt
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than the other ol il | LR B Rl | |
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Prior Work ([3]):
Canyon Depth Classification

Vehicle Perspective of Canyon

Azimuth with Respect to North (deg)
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Prior Work ([3]):

Canyon Depth Classification

. . TABLE I: Urban Canyon Classification
Vehicle Perspective of Canyon
Urban Canvon Denth Max Elevation Angle
Findel .z Approx. Dir. Find elnqaxr Characteri yt' Lpb ) to Top of Building Map Icon Color
80 - of this region of Vehicle of thjs region aracterization Labet | on Deeper Side of Canyon
TS| Open 0 to 30°
Shallow 30° to 55°
. Moderate 55° to 70°
9 60 - Deep 70° to 90°
=
-
(o))
=
<
5 40 -
= 13 . ” 13 . 9
g One-sided” vs “two-sided” labels are
o .
« |If greater than 15°, label “one-sided”
°1_ ' ' ' ' | ' | ' * If less than or equal to 15°,
0 45 90 135 180 225 270 315 360 label “two-sided”
Azimuth with Respect to North (deg)
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Per-SateI | ite Tren d S LOS error distributions can differ by satellite in a

manner consistent across commercial receivers.

Statistical Behavior of Multipath Error Statistical Behavior of Multipath Error
on LOS Measurements (u-Blox M8) on LOS Measurements (Septentrio Mosaic Go-H)
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