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Acronyms

Acronym  Full Form Acronym  Full Form
ADAS Advanced Driver Assistance Systems OSR Observation Space Representation
API Application Programming Interface PE99 Vertical 99th Percentile Error
CDF Cumulative Distribution Function PNT Positioning, Navigation and Timing
CEP99 Circular Error Probable 99% PPP Precise Point Positioning
CORS Continuously Operating Reference Station PVS PPP via southPAN
GIs Geographic Information Systems RMS Root Mean Square
GNSS Global Navigational Satellite System RTK Real-Time Kinematic
GSA European Global Navigation Satellite Systems Agency RUC Road User Charging
HAS High Accuracy Service SBAS Satellite Based Augmentation System
INS Inertial Navigation System SouthPAN Southern Positioning Augmentation Network
JAXA Japan Aerospace Exploration Agency SPP Single Point Positioning
JPL Jet Propulsion Laboratory SSR Space State Representation
MADOCA Multi-GNSS Advanced Demonstration tool for Orbit and UHF Ultra-High Frequency

Clock Analysis
NRTK Network Real-Time Kinematic
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1. Introduction

Mobile phones are now the dominant

GNSS receivers globally, embedded in
transport systems, emergency response
workflows, logistics networks, mapping, and
increasingly, safety-critical applications.

Yet the performance of these devices in real environments,
remains inconsistent and sensitive to multipath, signal
attenuation, and measurement quality.

PNT Labs aims to benchmark mass-market device performance
under controlled, repeatable conditions. This first study
evaluates Tupaia, an emerging cloud-delivered differential
positioning service that leverages nearby GNSS reference
stations to generate enhanced real-time solutions.

Four mobile phones were tested in a driving environment,
which is one of the biggest use cases for mobile phone
positioning. The test route covered mixed environments
including suburban residential, multi-lane intersections with
high-rise buildings, areas with trees and railway bridges,
as well as open sky environments without obstructions. It
represents typical conditions where most mobile devices
operate on a daily basis in a driving environment for
navigation.
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Typical mobile positioning accuracy ranges between 3-10m
depending on the operational environment. In driving scenario,
in most cases it is sufficient to put the car on the correct road,
but not enough to put in the correct lane on the road. As the
various road applications become more sophisticated, more
accurate positioning will be needed, which will require lane-
level accuracy. Typically, this will require sub-metre positioning
performance.

This paper establishes the structure for future analyses and

provides a shared reference scenario for comparing high-
accuracy mobile positioning services.
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2. PNT Labs

PNT Labs is a specialist initiative of
FrontierSl dedicated to advancing the
accuracy, resilience and reliability of
Positioning, Navigation and Timing (PNT)
technologies in real-world environments
(FrontierSl, 2026).

Founded to address the growing reliance on GNSS-derived
services across critical infrastructure, transport, defence and
commercial systems, PNT Labs provides independent, vendor-
neutral evaluation and validation of PNT performance and
behaviour. Its purpose is to deliver defensible, repeatable
results that help technology vendors, operators and policy
makers understand how various technologies perform under
both nominal and degraded conditions.

The PNT Labs capability comprises a network of configurable
testbeds that span road, rail, maritime, aviation and timing
domains, enabling consistent evaluation of both commercially
available and emerging PNT solutions. A core part of this work
is controlled signal degradation testing, including simulated
GNSS interference, such as jamming and spoofing performed
in compliant and safe environments using signal combiners or
software-defined radios. These controlled tests allow PNT Labs
to recreate realistic failure modes without creating harmful
interference for other users, and to quantify how receivers and
positioning algorithms behave when signals are compromised.
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PNT Labs collaborates with industry, research partners and
infrastructure operators to assess current and future PNT
services. By combining high-precision ground truth systems,
standardised statistical analysis and resilience testing, PNT
Labs supports the development of technologies and practices
that are better prepared for the increasingly contested and
complex electronic environment in which modern positioning
systems must operate.

This white paper forms part of the PNT Labs test and
evaluation series and represents the second publication
focused on mobile phone positioning performance. It evaluates
the Tupaia cloud-based differential positioning service and its
impact on mass-market Android devices. The study contributes
to a growing body of independent evidence examining

how modern smartphones perform when augmented with
advanced correction services. By publishing repeatable
methodologies and transparent results, PNT Labs aims to build
a structured benchmarking framework for assessing current
and emerging mobile positioning technologies.
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3. Mobile Phone Positioning

Most people are used to using GNSS on
their phone for navigating either by car, or
on foot using a mapping application, such
as Google Maps, Apple Maps, or another
third-party application.

In most cases, the navigation boils down to showing a blue
dot on the screen showing which road we are on. In reality,
the accuracy of that dot is typically anywhere between 3-10m,
which in most cases is good enough to place the user on the
right road, but not always on the correct side of the road,

and definitely not within a specified lane on the road, which
limits the type and number of applications that mobile phone
positioning could be used for.

However, there is a growing demand for an increasing
number of mobile phone positioning applications that require
much better accuracy. These include road applications that
require the car to be positioned in the correct lane, which

will allow applications such as road user charging (RUC),
advanced driver assistance systems (ADAS) and smart

traffic management. Additionally, there is a distinct market
of geographic information systems (GIS) and mapping data
collection that requires users to collect asset data. Whilst in
many cases, special GNSS equipment is used, which allows
users to achieve high precision positioning, there is a growing
proportion of users that only use their phones without any
external devices.

This is evident by a large number of Android and iOS
applications for this market. Most of these applications are
aimed at using the internal GNSS receiver in the phone, which
limits greatly the use cases where these apps could be used
due to the poor positioning accuracy.

Generally speaking, most mobile phone positioning
applications would be satisfied by metre-level, or sub-

metre accuracy. This level of accuracy allows a vehicle to

be positioned in the correct lane and assets to be correctly
located in a data collection environment. Using a mobile
phone alone, this level of accuracy is not achievable. Current
smartphone positioning primarily relies on Assisted GNSS
(A-GNSS), which improves signal acquisition and reduces time-
to-first-fix through network-assisted delivery of satellite and
timing information. While A-GNSS is now standard in virtually
all smartphones, it is primarily designed to improve positioning
availability and responsiveness rather than achieve high-
accuracy positioning. However, there are several advanced
approaches that can improve mobile phone positioning.
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These include access to raw GNSS measurements, use

of GNSS correction methods and services, and access to

a positioning engine that can incorporate both the raw
measurements and corrections methods in a least squares
solver or a Kalman filter to compute a higher quality position.
Each of these are discussed below.

31 Raw GNSS Measurements

The two dominant mobile operating systems today are Android
(Google) and iOS (Apple). Of these, only Android provides
access to raw GNSS measurements. Google enabled access to
raw measurements in 2017, allowing application developers to
retrieve pseudorange, carrier phase and Doppler observations
directly from supported devices. The European Global
Navigation Satellite Systems Agency (GSA) subsequently
published detailed guidance on accessing and utilising

these measurements on Android platforms (GSA, 2017). This
development marked a significant step toward enabling
precise positioning applications on mass-market smartphones.

However, raw measurement access is not universally available
across all Android devices. Support depends primarily on

the GNSS chipset used in the handset and whether the
chipset manufacturer has enabled raw data output. The most
commonly used GNSS chipsets in smartphones are produced
by Qualcomm and Broadcom, while Samsung has historically
used both Qualcomm and Exynos variants depending on the
market region. In some cases, the same handset model may
use different chipsets in different markets (e.g., United States
versus international variants), leading to differences in raw
measurement support. For this reason, users and developers
should verify chipset compatibility when selecting devices for
high-accuracy positioning applications.

Historically, most smartphone GNSS chipsets were single-
frequency, limiting achievable positioning accuracy. In recent
years, however, dual-frequency capability (typically L1+ L5/E5)
has become increasingly common. Dual-frequency operation
enables improved mitigation of ionospheric delay, which is one
of the dominant error sources in GNSS positioning, and has
been a key enabler of sub-metre performance on mass-market
devices.

In summary, access to raw GNSS measurements, and
consequently to advanced differential positioning techniques,
is currently restricted to selected Android devices equipped
with compatible chipsets.
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3.Mobile Phone Positioning

cont.

3.2 GNSS Correction Methods

GNSS positioning solutions are fundamentally based on

two primary measurement types — pseudorange and carrier
phase. Pseudorange measurements represent the code-based
distance between the satellite and receiver. They are robust
and available on all GNSS devices, but their noise level limits

In contrast, SSR methods model and broadcast corrections to

the underlying satellite states, such as orbit and clock errors,

delivered services.

achievable accuracy to the metre level when used alone.

Carrier phase measurements track the phase of the GNSS
carrier signal. They provide millimetre-level precision, but
contain an unknown integer ambiguity that must be resolved
before high-accuracy positioning can be achieved.

Standalone GNSS positioning is affected by multiple error

allowing a receiver to apply them independently. SSR-based
techniques, including Precise Point Positioning (PPP), enable
high-accuracy positioning without the need for a nearby

base station, making them well suited to wide-area or cloud-

Basic correction services, such as Satellite Based
Augmentation System (SBAS), primarily improve pseudorange-
based positioning. In contrast, high-accuracy techniques

such as RTK, NRTK, and PPP rely heavily on carrier phase

measurements to achieve decimetre to centimetre-level

accuracy.

sources, including satellite orbit and clock errors, ionospheric

and tropospheric delay, and local multipath. To improve
accuracy beyond standard single point positioning (SPP),
external correction services can be applied. Broadly, these
correction approaches are classified into Observation Space

improved accuracy.

Representation (OSR) and State Space Representation (SSR)

methods.

In OSR methods, corrections are generated at a reference
station (or network of stations) and applied directly in the

The table below summarises the major correction methods, the

Recent hybrid approaches, such as PPP-RTK, combine SSR-
based satellite corrections with network-derived atmospheric
and ambiguity information to enable faster convergence and

correction model used (OSR or SSR), the measurement types

achievable accuracy.

measurement domain between the satellite and receiver.
These corrections are specific to a local geographic region and
typically require access to a nearby base station or network.
Real-Time Kinematic (RTK) and Network RTK (NRTK) are
examples of OSR-based approaches.

Table 1. GNSS Correction Methods.

required (pseudorange and/or carrier phase), and the typical

Method Type Measurement Explanation Accuracy (1 sigma)

SBAS SSR Pseudorange Broadcast wide-area satellite orbit, clock and ionospheric corrections via <1m horizontal
geostationary satellites. Improves standalone code-based positioning <2 m vertical
without requiring a local base station.

PPP SSR Carrier Phase Applies precise satellite orbit and clock corrections regionally or globally. 10 cm horizontal
Uses carrier phase measurements to achieve high accuracy without local 20 cm vertical
infrastructure. Typically requires a convergence period of several minutes
to several tens of minutes.

RTK OSR Carrier Phase Uses corrections from a nearby reference station to eliminate common 2-3 cm horizontal
errors. Resolves carrier phase integer ambiguities in real time for 5-6 cm vertical
centimetre-level positioning.

NRTK OSR Carrier Phase Extends single-base RTK using a network of reference stations to model 2-3 cm horizontal
spatially varying atmospheric errors, improving reliability and coverage 5-6 cm vertical
over larger areas.

PPP-RTK SSR Carrier Phase Combines precise satellite state corrections (SSR) with atmospheric 3-5 cm horizontal

and ambiguity information from a reference network, enabling rapid
convergence to centimetre-level accuracy.

5-10 cm vertical

Mobile Phone Positioning Performance — Tupaia

FRONTIERSI.COM.AU 6



3.Mobile Phone Positioning
cont.

It should be noted that the achievable accuracies presented
above reflect performance obtained using high-grade geodetic
GNSS receivers. Performance on mass-market mobile phones
is typically lower due to antenna limitations, measurement
noise, multipath susceptibility, and chipset constraints.

Correction services vary in both commercial model and
delivery mechanism. Some are freely available, while

others are subscription-based. Corrections are typically
delivered either via satellite broadcast or through terrestrial
communication networks such as mobile internet. Historically,
UHF radio links were also used, although this approach is now
less common.

For smartphone applications, satellite-broadcast correction
services are generally not accessible, as consumer devices do
not support direct reception of these signals. Consequently,
mobile devices rely on corrections delivered via internet
connectivity. These include global and regional PPP services,
as well as localised RTK and network RTK services, which are
described in the following sections.

3.21 Global and Regional PPP Services

Several global and regional PPP services provide SSR
corrections via the internet. The advantage of these services

is that the corrections are delivered free without any charge to
the user. These services are typically based on SSR corrections
and support standalone positioning without the need for a
local reference station. They provide wide-area coverage,
making them particularly suitable for mass-market devices
operating beyond the reach of local RTK networks.

Galileo High Accuracy Service (HAS)

Galileo HAS is a free, global PPP service provided by the
European Union. HAS delivers SSR corrections, including
precise satellite orbit and clock information, enabling users to
achieve decimetre-level positioning accuracy with compatible
dual-frequency receivers.

Corrections are broadcast directly through the Galileo E6
signal and are also made available via internet distribution.
While the satellite broadcast requires dedicated E6-
capable hardware (typically not available in mass-market
smartphones), the internet stream can be utilised by devices
capable of processing SSR corrections through external
software or cloud-based positioning engines.

HAS is designed to support PPP processing using carrier-phase
measurements, with convergence times typically on the order
of several minutes depending on receiver capability, signal
conditions, multipath environment, and geographic location of
the user.
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Under favourable conditions, horizontal accuracies of 20 cm
or better can be achieved with geodetic-grade equipment.
Performance on smartphones is generally lower due to the
reasons described above (European Union, 2023).

As a globally available and free service, Galileo HAS
represents an important benchmark for evaluating the
performance ceiling of PPP-based positioning on mass-market
devices.

Global Differential GPS System (GDGPS)

GDGPS is a real-time multi-GNSS monitoring and
augmentation system developed and operated by NASA'’s
Jet Propulsion Laboratory (JPL). It uses a globally distributed
tracking network of more than 200 geodetic-grade reference
stations to estimate precise satellite orbit and clock states

in real time. Differential corrections are generated as state-
space representations, enabling sub-decimetre positioning
accuracy and sub-nanosecond time transfer globally,
independent of local infrastructure. GDGPS supports all major
GNSS constellations and underpins multiple augmentation
and monitoring services, including orbit and clock products,
integrity monitoring, inter-signal bias estimation, and precise
positioning services (Bar-Sever et al., 2022)

Recent comparative testing of Galileo HAS and GDGPS on
consumer smartphones further illustrates their practical
performance envelope. Drive tests conducted in the San
Francisco Bay Area evaluated real-time SSR corrections
from both systems using identical GPS and Galileo L1/L5
observations (Komjathy & van Diggelen, 2023). Results show
that both HAS and GDGPS deliver comparable improvements
over native handset positioning, reducing median 2D errors
from approximately 1.85 m (chipset-only) to ¥1.15-1.18 m at the
50% level. The study also highlights that SSR-based services
move phone performance significantly closer to an OSR
reference solution, although inherent smartphone limitations
(embedded antennas, higher noise, multipath) prevent
achieving geodetic-grade bounds.

PPP via SouthPAN (PVS)

Southern Positioning Augmentation Network (SouthPAN)
provides a regional SBAS capability across Australia and
New Zealand, including a PPP service delivered via satellite
broadcast and internet. The PPP via SouthPAN (PVS) is a
standard PPP service based on SSR corrections, providing
precise satellite orbit, clock and bias information that enables
standalone receivers to compute enhanced positioning
solutions without reliance on a local reference station.
Importantly, SouthPAN provides access to corrections for
mobile devices via internet-delivered streams rather than
direct L-band reception. SouthPAN therefore represents an
important regional benchmark for PPP-based positioning
performance in Australasian region (SouthPAN, 2023).
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3.Mobile Phone Positioning
cont.

QZSsS MADOCA

Multi-GNSS Advanced Demonstration tool for Orbit and Clock
Analysis (MADOCA) is a PPP service developed by the Japan
Aerospace Exploration Agency (JAXA). It provides real-time
SSR corrections, including precise satellite orbit and clock
information, enabling standalone PPP positioning. MADOCA
supports multi-GNSS constellations and is designed to enable
centimetre-level positioning with suitable geodetic-grade
equipment.

Corrections are broadcast via the QZSS L6 signal across the
Asia-Oceania region and are also distributed via internet-
based services. The satellite broadcast footprint covers Japan,
East and Southeast Asia, and most of Australia, while internet
delivery extends practical availability beyond the QZSS
broadcast region. For mobile devices, access is therefore
achieved via internet-delivered correction streams. MADOCA
represents an important regional PPP benchmark for Australia
and Southeast Asia, complementing services such as Galileo
HAS and SouthPAN (JAXA, 2019).

3.2.2 Localised RTK and NRTK Services

Additionally, almost every country maintains a GNSS
Continually Operating Reference Station (CORS) network
supporting RTK and NRTK services. These services may be
provided by government agencies or commercial operators.
Some are offered free of charge, while others operate on

a subscription basis, often with enhanced performance,
monitoring, or support.

For mobile phones, RTK and NRTK corrections are typically
delivered via mobile internet. Although selected Android
devices provide access to carrier-phase measurements,
performance is constrained by antenna quality, higher
measurement noise, and increased susceptibility to multipath.
As a result, ambiguity resolution may be less robust than

with geodetic receivers, but RTK/NRTK remains the primary
pathway to centimetre-level positioning on mass-market
devices under favourable conditions.

Mobile Phone Positioning Performance — Tupaia

3.3 Positioning Engine

The previous sections described access to raw GNSS
measurements and the availability of GNSS corrections. The
final component required to generate an enhanced position
is the positioning engine itself. Assuming a suitable dual-
frequency Android handset with access to raw measurements
and a correction source, a processing engine is required to
combine these inputs and compute the position solution. This
engine may operate locally on the device or remotely on a
server.

In a device-based implementation, all computations are
performed on the handset. Alternatively, raw measurements
can be transmitted to a server where corrections are applied
and the position is computed centrally, with the corrected
solution then returned to the phone. When RTK corrections
are used in this architecture, the approach is referred to as
reverse RTK.
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4. Tupaia Positioning Service

This paper describes the testing of the
cloud-based RTK positioning service offered
by Tupaia (Tupaia, 2026).

The introduced service provides a real time precise

position solution to rovers by sharing the rovers’ raw data
measurements through an Application Programming Interface
(API) to the cloud service at one hand, and accessing a
network of static GNSS receivers with corresponding raw
data streams (e.g., an RTK network or proprietary static GNSS
reference stations) on the other hand. The raw measurements
consist of code phase, carrier phase, Doppler frequency,
signal strength and tracking status. Tupaia’s cloud based
precise positioning service uses the concurrent data streams
(from the Android phone and from the reference station) to
drive proprietary algorithms for precise positioning. Unlike
conventional RTK implementations that rely on dedicated
GNSS hardware, the cloud-based architecture enables RTK-
style processing to be applied to mass-market smartphones
that expose raw GNSS measurements, but do not natively
provide RTK processing capabilities.

Mobile Phone Positioning Performance — Tupaia

In addition to the real-time signal processing function in its
core, the cloud service also manages and maintains the

static reference station network by periodically monitoring for
anomalies in operation and for interference detection. It also
handles the rover’s association with the appropriate reference
station during a service session runtime.

The test described in this study was designed to evaluate
positioning accuracy without deploying a dedicated reference
station network or establishing a live cloud service in Australia.
Instead, the Tupaia processing engine was required to perform
an offline analysis configured to replicate real-time operation.
This meant that no side information, external correction data
beyond what would be available in real time.
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5. Scenario Description and Equipment

51 Test Route

Four mobile phones were evaluated during a one hour and
twenty minute vehicle test conducted in suburban Melbourne.
The vehicle followed a closed-loop route, finishing at the
original starting point. A single CORS located within the test
area was used as the reference source, with the rover-to-
reference distance not exceeding 10 km at any point along
the route. The test trajectory and the location of the CORS are
shown in Figure 1.

< Hoppers 3 Williams f
Crossing Landing | Laven/?n

~ Altona
Meadows

WRBE:CORS

¢
Wyndham S
Vale
®

Eagle §(ad|um Werribee

RAAF Museum

Figure 1. Route of the drive and location of the Werribee (WRBE)
CORS site.

Table 2. Mobile phones used in the testing.

The map shows mostly suburban area with single or double
storey houses throughout most of the route, however there
have been instances of tall multi-story buildings, trees and
railway underpasses throughout the route.

5.2  Mobile Phone Devices

Android smartphones have become increasingly capable
GNSS platforms since the introduction of raw measurement
access in Android 7. This API allows applications to access
pseudorange, carrier phase, Doppler, signal strength and
satellite metadata directly from the GNSS chipset, enabling
high-precision positioning techniques such as RTK and PPP to
be implemented either on-device or in the cloud.

However, positioning performance is highly dependent

on the specific hardware implementation. Unlike geodetic
receivers, smartphones are not designed for high precision.
The performance varies according to GNSS chipset, number
of supported frequencies, RF front-end design and antenna
quality, as well as firmware configuration and duty cycling
behaviour.

The four devices selected for this study represent a cross-
section of chipset generations and frequency capabilities,
allowing assessment of how hardware quality influences cloud-
based differential positioning performance (Table 2).

Samsung S24 Exynos 2400 L1, L5 Yes 2024
Samsung Note 10 Exynos 9825 L1, L5 Yes 2019
Google Pixel 4 Qualcomm Snapdragon 855 L1, L5 Yes 2019
Google Pixel 5a Qualcomm Snapdragon 765G L1 Yes 2021

FRONTIERSI.COM.AU 10
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5.Scenario Description and Equipment
cont.

Figure 2 shows the setup of the four phones on the top of
the car. A special bracket was fabricated that can hold up to
four phones as well as a geodetic antenna and an inertial
navigation system (INS).

Figure 2. Mobile phones set up on the top of the car for data
collection.

5.3 Ground Truth

To establish a high-accuracy reference trajectory, a geodetic-
grade GNSS and inertial navigation system (INS) were
deployed alongside the smartphone devices. The reference
system comprised:

> Honeywell N380 Inertial Navigation System
> COMNAV AT340 geodetic-grade GNSS antenna

> Post-processing using SBG Systems Qinertia software

The GNSS antenna and INS were rigidly mounted on the same
vehicle platform as the smartphones (Figure 2). Lever-arm
offsets between the antenna phase centre and each phone
were measured and applied during post-processing.

Raw GNSS and inertial data were post-processed in Qinertia
using the Werribee (WRBE) CORS as the base reference. A
tightly coupled GNSS+INS solution was generated in forward
and backward smoothing mode to minimise trajectory
uncertainty.

Mobile Phone Positioning Performance — Tupaia

The resulting reference trajectory achieved estimated the
following accuracies:

Table 3. Ground Truth Accuracy and Precision Statistics.

Easting (m) Northing (m) Height (m)
Mean 0.013 0.012 0.0M1
St Dev 0.0M 0.009 0.004

The vertical component was computed with slightly higher
precision than the horizontal components. This is likely
attributable to the vehicle motion model applied within
Qinertia, which constrains vertical dynamics during processing.

Given the short and precisely measured lever-arm offsets
between the antenna and each mobile device, the positional
uncertainty transferred to the smartphone reference points is
expected to remain within the same centimetre-level accuracy
envelope.

This ground-truth trajectory therefore provides a robust

benchmark against which all smartphone solutions were
evaluated.
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6. Route Overview

and Points of Interest

The drive test was conducted in a suburban
area in Melbourne, Australia.

For the majority of the route, signal conditions were
representative of typical suburban driving environments
with single and double story houses and mostly open sky
environments. The baseline length between the vehicle and
the WRBE CORS station remained below approximately 10
km throughout the drive, ensuring favourable differential
correction geometry.

Only three short segments or points of interest (POI) were
identified as challenging from a GNSS perspective. These
segments are analysed in detail below as POl 1, POI 2 and
POI 3 which are shown in Figure 3 below. Tupaia Sensor in the
figure designates the WRBE CORS that was used for post-
processing.

Figure 3. Map of the route with POIls marked.

6.1 POl 1-Tall Building, Traffic Stops

POl 1is located at a corner of a multi-lane intersection adjacent
to a multi-storey commercial building (Figure 4). The aerial
trajectory plot (left) shows the vehicle executing a right-hand
turn before proceeding along a corridor bordered by the
building facade. The 3D street view (right) illustrates the height
and proximity of the structure relative to the roadway.

The vehicle stopped twice at traffic lights within this segment.
This has created the most challenging GNSS conditions
observed during the drive due to the combination of close
proximity of tall building resulting in multipath and stationary
vehicle dynamics.

Mobile Phone Positioning Performance — Tupaia

In this particular situation Samsung S24 (red line) has shown
the best performance very closely approximating the truth
trajectory throughout the scenario. The other three phones
have suffered some degradation in performance.

Samsung Note 10 (magenta line) has drifted slightly to the left
of the truth trajectory when the car has reached the building.
The positioning was regained after the car made the right turn.

Google Pixel 5a (blue line) made a sharp jump to the left across
three lanes, but regained the positioning after the car made
the right turn away from the building.

Google Pixel 4 (green line) interestingly stayed on the correct
truth trajectory as the car was stationary near the building,
however, after it made the right turn, the positioning drifted to
the right and stayed off track as the car kept driving off.

POI 1 represents the most severe degradation observed along
the route and serves as a useful stress-test scenario for cloud-
based differential positioning on mass-market devices.

Samsung 524

% Samsung Note 10 g
Google Pixel 5a

8 Google Pixel 4

Figure 4. POI 1location. Map with mobile phone trajectories
(top) and 3D street view (bottom).
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6.Route Overview and
Points of Interest cont.

6.2 POl 2 - Wide Railway Bridge

POI 2 corresponds to the vehicle passing beneath a wide
railway overpass (Figure 5). The aerial view (top) shows the
vehicle trajectory crossing directly under the bridge structure,
while the street-level image (bottom) illustrates the span and
height of the overpass relative to the roadway.

TS
Samsung S24
S Samsung Note 10 &
Google Pixel 5a
Google Pixel 4
§ Ground Truth

-

Figure 5. POI 2 location. Map with mobile phone trajectories
(top) and 3D street view (bottom).

This segment introduces temporary satellite signal blockage
due to the overhead bridge. Unlike POI 1, the vehicle remained
in motion during this segment, limiting the impact of stationary
multipath effects. Interestingly, all four phones have largely
regained tracking, but the high-grade INS unit exhibited a jump
straight after coming out from under the bridge, but almost
immediately snapping back to the correct position. In contrast,
smartphone solutions processed via the Tupaia cloud engine
remained comparatively stable throughout the crossing.

Mobile Phone Positioning Performance — Tupaia

6.3 POI 3 - Narrow Bridge

POI 3 corresponds to a narrower bridge crossing where the
vehicle passes beneath a more confined overhead structure
(Figure 6). Compared to POI 2, the bridge span is shorter,
and lateral sky visibility is partially constrained by adjacent
embankments and roadside structures.

The passage introduces a short-duration reduction in satellite
visibility and carrier-phase stability. In this scenario, Samsung
Note 10 produced a noticeable horizontal shift in its positioning
solution as the car went under the bridge, while the other 3
phones remained largely unaffected. The phone regained its
positioning almost immediately after the car emerged from the
bridge on the other side.

Samsung 524
Samsung Note 10
WY Google Pixel 5a
Google Pixel 4
Ground Truth

Figure 6. POI 3 location. Map with mobile phone trajectories
(top) and 3D street view (bottom).
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1. Positioning Results

Figures 7 and 8 show the horizontal (2D)
and vertical error time series throughout the
full drive for each device, computed relative
to the ground-truth trajectory.

The vertical lines in each plot designate the POlIs discussed in
previous section.

The horizontal error plot shows that:
> The Samsung S24 and Google Pixel 4 maintain sub-metre

accuracy for the majority of the drive.

> The Samsung Note 10 exhibits moderate degradation, with
occasional excursions beyond 1-2 m.

> The Pixel 5a demonstrates sustained elevated error,
particularly during challenging segments, with several
excursions beyond 3-4 m.

The largest spikes correspond to the previously identified POls,

particularly POI 1 (tall building and traffic stops) for Samsung
Note10 and POI 3 (narrow bridge) for Pixel 5a. Outside these
areas, the dual-frequency devices show stable behaviour with
limited drift.
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Figure 7. Horizontal (2D) time series results for all phones.

=

The vertical error plot shows greater variability across devices.
While vertical accuracy remains sub-metre for the Pixel 4 and
Note 10 for much of the drive, the S24 exhibits slightly higher
vertical RMS despite strong horizontal stability. The Pixel 5a
shows the largest vertical excursions.
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Figure 8. Vertical time series results for all phones.

To better understand the distribution of positioning errors

over the full drive, cumulative distribution functions (CDFs)
were computed for both horizontal and vertical error. A CDF
represents the proportion of samples whose error is less than
or equal to a given value. In other words, for any error threshold
on the x-axis, the CDF indicates the percentage of epochs for
which the positioning error remained below that threshold. The
CDF plots (Figure 9) present the distribution of absolute errors
over the entire drive.

Figure 9. Horizontal (2D) CDF (left), and vertical CDF (right).

The horizontal CDF shows a clear separation between dual-
frequency and single-frequency devices. The Samsung S24
and Pixel 4 reach 95% of horizontal errors below approximately
1m. The Samsung Note 10 reaches 95% closer to 2 m. The Pixel
5a reaches the 90% and 95% error thresholds at substantially
larger values, indicating that significant positioning errors occur
more frequently throughout the drive.

Vertical CDF curves show greater spread across all devices.
Dual-frequency devices cluster tightly below 2 m for the majority
of epochs, while the Pixel 5a exhibits a substantially wider
distribution. CDF analysis is particularly important because it
characterises reliability, not just average performance.

FRONTIERSI.COM.AU 14



1. Positioning Results
cont.

Finally, the positioning accuracy of the phones during the
drive is summarised in Table 4 using several statistical metrics
described below:

> Root Mean Square Error (RMS) represents the quadratic
mean of the error and reflects average positioning
performance over time.

> Circular Error Probable 99% (CEP99) represents the radius
within which 99% of horizontal position errors fall.

> Vertical 99th Percentile Error (PE99) represents the 99th
percentile of absolute vertical error.

Table 4. Accuracy Statistics for all phones during the drive.

Samsung Samsung Google Google
S24 Note 10 Pixel 4 Pixel 5a
Horizontal 0.493 0.953 0.586 1.996
RMS (m)
Vertical 0.989 0.700 0.592 2.485
RMS (m)
Horizontal 1134 2.840 1.583 4.747
CEP99 (m)
Vertical 2.294 1.971 1.955 5.835
PE99 (m)

Mobile Phone Positioning Performance — Tupaia

RMS values highlight a clear separation between dual-
frequency and single-frequency hardware. The Samsung

S24 (0.493 m) and Google Pixel 4 (0.586 m) both maintain
consistent sub-metre horizontal performance across the full
drive. The Samsung Note 10 shows moderate degradation,
with horizontal RMS approaching 1 metre (0.953 m), indicating
greater sensitivity to challenging segments.

In contrast, the Pixel 5a exhibits substantially higher horizontal
RMS (1.996 m), reflecting both elevated baseline error and more
frequent large deviations. The difference is quite substantial,

as the single-frequency device performs at roughly double

to triple the RMS error of the best-performing dual-frequency
units.

Vertical RMS follows a similar pattern, although inter-device
ranking differs slightly. The Pixel 4 records the lowest vertical
RMS (0.592 m), followed by the Note 10 (0.700 m). The S24
shows slightly higher vertical variability (0.989 m) despite
strong horizontal stability. The Pixel 5a again demonstrates
significantly degraded performance (2.485 m), with vertical
error exceeding 2 metres on average.

The percentile-based metrics reinforce the trends observed

in the RMS analysis. Both the horizontal CEP99 and vertical
PE99 values show clear separation between dual-frequency
and single-frequency devices, with the Samsung S24 and Pixel
4 maintaining tighter error bounds and the Pixel 5a exhibiting
substantially larger high-percentile deviations. Together,
these metrics indicate that differences between devices are
systematic rather than isolated to a small number of extreme
events.

These results indicate that while cloud-based differential
processing enables sub-metre horizontal performance on
modern dual-frequency smartphones, hardware capability
remains the dominant factor governing overall error magnitude
and stability.
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8. Conclusion

This study evaluated the performance of a
cloud-based RTK positioning service applied
to mass-market Android smartphones under
realistic suburban driving conditions.

By combining raw GNSS measurements from the handset
with reference station data processed in the cloud, the
Tupaia service demonstrated consistent sub-metre horizontal
positioning performance on modern dual-frequency devices
over a mixed-environment route.

The results show a clear and systematic separation between
dual-frequency and single-frequency hardware. The Samsung
S24 and Google Pixel 4 maintained horizontal RMS errors
below 0.6 m and 99% horizontal errors within approximately
1-1.6 m, indicating stable and reliable performance throughout
the drive. The Samsung Note 10, while dual-frequency,
exhibited moderate degradation consistent with an older
chipset generation. In contrast, the single-frequency Pixel 5a
displayed substantially higher RMS and high-percentile errors,
confirming that hardware capability remains the dominant
limiting factor even when advanced cloud-based processing
is applied.

Mobile Phone Positioning Performance — Tupaia

Challenging segments such as urban multipath and overhead
structures introduced temporary degradation across devices;
however, the cloud-based differential engine enabled rapid
recovery and maintained solution continuity in most cases.
Overall, the findings demonstrate that cloud-delivered RTK
processing can materially enhance smartphone positioning
performance. These results provide a repeatable benchmark
for assessing high-accuracy positioning services on mass-
market devices and form a basis for future comparative
evaluations within the PNT Labs test framework.
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