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Abstract

In August 2023, Xiaomi unveiled the Redmi K60 Ultra, the first multi-frequency smartphone integrated with BeiDou-3
Navigation Satellite System Precise Point Positioning (PPP-B2b) services and employing PPP technology as the primary
positioning method. The positioning enhancement service is provided by the Assisted Global Navigation Satellite
System (A-GNSS) location platform developed by the China Academy of Information and Communications Technol-
ogy. The signaling interaction between the server and the users strictly adheres to the Third Generation of Mobile
Communications Technology Partnership Project Long-Term Evolution Positioning Protocol and the Open Mobile
Alliance Secure User Plane Location framework. To comprehensively evaluate the Redmi K60 Ultra’s capabilities, this
study designed six distinct experimental scenarios and conducted comprehensive research on multi-frequency

and multi-GNSS observation noise, Time to First Fix (TTFF), as well as the performance of both GNSS-based and net-
work-based positioning. Experimental results indicate that the GNSS chipset within the Redmi K60 Ultra has achieved
a leading position in the consumer market concerning supported satellite constellations, frequencies, and observa-
tion accuracy, and is comparable to some low-cost GNSS receivers. A-GNSS positioning can reduce the TTFF from 30
to under 5 s, representing an improvement of over 85% in the cold start speed compared to a standalone GNSS
mode. The positioning results show that the A-GNSS PPP-B2b service can achieve positioning performance with RMS
errors of less than 1.5 m, 2.5 m, and 4 m in open-sky, realistic, and challenging urban environments. Compared

to GNSS-based positioning, cellular network-based Observed Time Difference of Arrival (OTDOA) positioning achieves
an accuracy ranging from tens to hundreds of meters in various experimental scenarios and currently functions pri-
marily as coarse location determination. Additionally, this study explores the potential of the Three-Dimensional Map-
ping-Aided (3DMA) GNSS algorithm in detecting Non-Line-of-Sight signals and enhancing positioning performance.
The results indicate that 3DMA PPP, as compared to conventional PPP, can significantly accelerate PPP convergence
and improve positioning accuracy by over 30%. Consequently, 3D city models can be utilized as future assistance data
for the A-GNSS location platform.
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Introduction

On May 31, 2018, Xiaomi launched the world’s first dual-
frequency Global Navigation Satellite System (GNSS)
smartphone—Xiaomi Mi8, heralding the era of high-
accuracy smartphone measurement capabilities (Zan-
genehnejad & Gao, 2021). The Xiaomi Mi8 is equipped
with the Broadcom BCM4775 chipset, enabling it to
measure pseudorange, carrier phase, Doppler shift, and
carrier-to-noise ratio from five major satellite naviga-
tion systems simultaneously. Following the release of the
Xiaomi Mi8, other Android smartphones, such as the
Huawei Mate 20, Google Pixel 4, and Samsung Galaxy
S20, featuring HiSilicon Kirin, Qualcomm, and Broad-
com chips, were subsequently launched (Geng & Li,
2019; Li et al,, 2022a, 2022b, 2022c; Wang et al., 2021).
These releases have further propelled the development
of high-precision positioning technology in smartphones
and played a significant role in advancing the applica-
tion of GNSS in consumer devices (Chiang et al., 2023; Li
et al., 2022a, 2022b, 2022¢; Sun et al., 2021).

Real-Time Kinematic (RTK) and PPP represent the two
predominant techniques in high-precision GNSS posi-
tioning and have been the subject of extensive research.
RTK technology relies on high-precision reference sta-
tion data and robust communication links to facilitate
real-time GNSS correction for mobile devices. In prac-
tical applications, this positioning method is typically
offered to users as an instantaneous service through net-
work RTK (Baybura et al., 2019; Zou et al.,, 2013). Geng
et al,, (2023a, 2023b) applied a GNSS RTK strategy based
on factor graph optimization to smartphones, achieving
better positioning accuracy than using traditional filter-
ing algorithms. Furthermore, they observed that smart-
phones’ channel-dependent phase biases and anomalous
clock variations impeded ambiguity resolution (Cheng
et al, 2023; Li & Geng, 2022; Li et al., 2023a, 2023b).
These findings have propelled the advancements in the
high-precision positioning of smartphones. Unlike the
RTK method, PPP technology is not reliant on dense
reference stations and can achieve wide-area and high-
precision positioning using a single station, which can
support the positioning requirements of large-scale
smart terminals. Particularly following the completion of
BDS-3, the continuous transmission of PPP-B2b correc-
tions from three Geosynchronous Earth Orbit (GEO) sat-
ellites has significantly facilitated the extensive adoption
of high-precision positioning services across the Asia—
Pacific region (Chen et al., 2022a, 2022b; Liu et al., 2022a,
2022b; Yang et al., 2023).

Yang et al. (2022) comprehensively elucidated the
basic principles, system composition, and positioning
performance of the BDS-3 PPP-B2b service. Xu et al.
(2021) analyzed the accuracy, availability, and real-time
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performance of PPP-B2b corrections. Their studies show
that the orbit and clock accuracy of PPP-B2b corrections
are superior to broadcast ephemeris, with the root mean
square errors of radial, along-track, and cross-track com-
ponents for Medium Earth Orbit (MEO) satellites being
6.8 cm, 33.4 cm, and 36.6 cm, respectively. The satellite
availability of the PPP-B2b service in the Asia—Pacific
region exceeds 80%, and the horizontal accuracy of real-
time PPP using the B1C/B2a ionospheric-free combina-
tion can reach 11 cm after convergence. Tao et al. (2021)
conducted a comparative evaluation of the BDS-3 PPP-
B2b service with the real-time service of the French
National Centre for Space Studies. They found that the
availability of BDS-3 and Global Positioning System
(GPS) satellites broadcasted by PPP-B2b message reached
97.5% and 91.5%, respectively, with the DCB product
accuracy on B1l, BIC, and B2a being generally better
than 0.5 ns. Zhou et al. (2023) studied the impact of the
PPP-B2b service on the positioning of Multi-Frequency
(MF), Dual-Frequency (DF), and Single-Frequency (SF)
real-time PPP. The positioning accuracies of SF-PPP, DF-
PPP, and MF-PPP are better than 0.20, 0.09, 0.08 m, with
convergence times faster than 51, 10, 8 min, respectively.
These studies indicate that the BDS-3 PPP-B2b service
meets the demands of mass-market applications in terms
of product accuracy, coverage, timeliness, and autonomy.

Despite the better performance of the BDS-3 PPP-
B2b service has been proved in various scenarios, ear-
lier smartphone models typically lacked the capability to
measure B2b signals, which posed a considerable chal-
lenge to the direct application of this service in the mass
consumer market. This situation was changed on August
14, 2023, when Xiaomi Corporation officially launched
the Redmi K60 Ultra smartphone equipped with the
Mediatek Dimensity 9200+ chip. This type of smart-
phone was the first to support the A-GNSS PPP-B2b
service provided by the China Academy of Information
and Communications Technology. To thoroughly evalu-
ate the capabilities of the Redmi K60 Ultra smartphone,
this study designed six distinct experimental scenarios to
access observation noise, TTFF, positioning performance
based on GNSS, and cellular network.

The remainder of this study is organized as follows:
“3GPP LPP and OMA SUPL-based high-accuracy
A-GNSS positioning service” section describes the spe-
cific processes and principles of high-precision A-GNSS
positioning services based on 3GPP LPP and OMA
SUPL. In “Methodology” section elucidates the PPP-B2b
correction model, multi-GNSS PPP model, 3DMA GNSS
algorithm, and the network-based OTDOA positioning
algorithm. In “Experiments and analysis” section presents
the experimental setup, positioning performance, and the
results analysis for six experiments. Finally, “Conclusion
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and future work” section summarizes the study and out-
lines future work.

3GPP LPP and OMA SUPL-based high-accuracy
A-GNSS positioning service

This section comprehensively overviews the standard-
setting organizations for the A-GNSS location platform,
their current developments, and anticipated future
trends. The primary focus is on standalone GNSS posi-
tioning, the 3GPP LPP and OMA SUPL protocols, and
the intricate details of high-precision A-GNSS position-
ing service.

Standalone GNSS positioning

Initially utilized primarily in military and surveying
industries, GNSS positioning technology has gradually
expanded into civilian sectors. As industrial technology
rapidly advances, the cost of GNSS chips is decreased,
leading to a proliferation of devices such as smartphones,
wearable gadgets, and tablets equipped with GNSS posi-
tioning capabilities (Paziewski, 2020). Concurrently,
location-based services (LBS) in smartphones have
dramatically facilitated travel and work, becoming an
indispensable tool in everyday life. When initiating posi-
tioning, the standalone GNSS mode requires a complete
search of all visible satellite signals. This process involves
scanning all potential satellite frequencies and codes to
find usable signals (Wesson et al., 2018). Once the satel-
lites are tracked, the GNSS receiver must decode various
parameters from the navigation message, including sat-
ellite orbits, clock offsets, code biases, and ionospheric
data, to calculate its position.

Satellites in space routinely broadcast navigation mes-
sages. GNSS receivers typically need 18-30 s to receive a
complete broadcast ephemeris (18 s if frame synchroni-
zation commences precisely at subframe 1), and 12 min
to receive a complete almanac (spanning 24 frames).
Additional GNSS corrections must be downloaded if
precise point positioning processing is necessary. Tak-
ing the BDS-3 PPP-B2b service as an example, satellite
orbit and clock corrections are updated every 48 s and
6 s, respectively, which results in GNSS receivers con-
suming more time and power. Moreover, the validity
period of a broadcast ephemeris is significantly shorter
than that of an almanac, necessitating regular ephem-
eris injections by the ground control system. Commonly,
the broadcast ephemeris tables for GPS, BeiDou Naviga-
tion Satellite System (BDS), Quasi-Zenith Satellite Sys-
tem (QZSS), GLObal'naya Avigatsionnaya Sputnikovaya
Sistema (GLONASS), and Galileo navigation satellite
system (Galileo) are updated every 2 h, 1 h, 1 h, 30 min,
and 10 min, respectively (Chen et al., 2022a, 2022b; Duan
et al., 2023; Hauschild et al., 2022; Montenbruck et al.,
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2015). Ephemeris updates mean GNSS receivers must
regularly establish satellite connections to download
and use the latest data. Since GNSS receivers are often
loss-of-lock due to obstacles and interference in urban
environments, this situation may cause more position-
ing time of standalone GNSS (Hussain et al., 2021). For
real-time navigation tools such as smartphones, position-
ing delays ranging from tens of seconds to several min-
utes can significantly degrade service quality, rendering it
unacceptable to users.

3GPP LPP and OMA SUPL protocols
To enhance the capabilities of GNSS positioning, Snap-
Track, later acquired by Qualcomm, introduced Assisted
Global Positioning System (A-GPS) technology by inte-
grating mobile cellular networks with satellite navigation
(del Peral-Rosado et al., 2018a, 2018b). A-GPS represents
one of the most emblematic and broadly deployed out-
comes of successfully integrating mobile communications
and satellite navigation technologies. With networking
more satellite navigation systems like GLONASS, Gali-
leo, and BDS, and the comprehensive establishment of
Fourth Generation of Mobile Communications Tech-
nology (4G) networks, A-GPS technology has gradually
expanded into A-GNSS technology. Given that GNSS
receivers exhibit varying range errors across different
types and regions, it is imperative to account for the spe-
cific conditions of each device during the positioning
process. Therefore, open, scalable, and interoperable data
representation and distribution are crucial for achiev-
ing high-precision GNSS positioning in the global mass
market ecosystem (Del Peral-Rosado et al., 2018a, 2018b;
Razavi et al.,, 2018). Incorporating GNSS assistance data
into a standardized framework is essential for maintain-
ing the coherence of the ecosystem across billions of
smart devices. 3GPP and OMA are critical organizations
in establishing relevant positioning standards.

3GPP is an international organization dedicated to
developing the standards for mobile communications,
with a primary focus on mobile communication net-
works and technologies (Damnjanovic et al., 2011). Con-
sequently, 3GPP has established a series of standards
related to mobile communication, including the Global
System for Mobile Communications (GSM) in the Sec-
ond Generation Mobile Communications Technology
(2G), Universal Mobile Telecommunications System
(UMTS) in the Third Generation Mobile Communica-
tions Technology (3G), Long-Term Evolution (LTE) in
the Fourth Generation Mobile Communications Tech-
nology (4G), and New Radio (NR) in the Fifth Generation
Mobile Communications Technology (5G). Within the
LTE standard, the 3GPP has defined the LTE Position-
ing Protocol (LPP) to facilitate high-precision location
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measurement in LTE networks (Lin et al., 2017). LPP, a
control-plane protocol, principally serves to exchange
positioning assistance data and location information
between the server and user equipment, thereby sup-
porting location services for mobile devices (Ghosh et al.,
2019). Implementing control plane positioning neces-
sitates the utilization of dedicated control channels and
consequently escalates the operational costs of mobile
networks. This is due to the requirement for software and
hardware upgrades across various network components
to facilitate the transmission and processing of these
control plane signals. Within the framework of mobile
communication networks, control-plane positioning
solutions mandate that operators install a significant
array of location measurement units throughout the net-
work infrastructure (Maaref & Kassas, 2022).

OMA is another international organization focus-
ing on standardizing mobile applications and services.
OMA’s primary objective is to foster interoperability
among mobile communication devices, applications, and
services to enhance user experience and augment the
functionality of mobile communications (Wirola et al.,
2008). OMA has defined the Secure User Plane Loca-
tion standard, an independent location service standard
not confined to any specific mobile communication tech-
nology and is integrated with different versions of 3GPP
standards (Huang et al, 2017). Figure 1 illustrates the
relationship between OMA SUPL and 3GPP positioning
protocols. Operating within the user plane, SUPL facili-
tates location-based services without impacting the con-
trol plane elements of the network, thereby ensuring the
efficiency and real-time location services of large-scale
mobile terminals. As 2G and 3G mobile communications

GSM, UMTS LTE, NR
(2G) (3G) (4G) (56)
RRLP, RRC LPP, LPPe
3GPP 3GPP
\\\\

™ OMASUPL “

(same information specified in 3GPP protocols)

User plane

Fig. 1 The relationship between the OMA SUPL and 3GPP
positioning protocols represented by a Venn diagram
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gradually phase out, it signifies the future obsolescence of
the Radio Resource Location Protocol (RRLP) and Radio
Resource Control (RRC) protocol (van Diggelen, 2020).
LPP or LPP Extensions (LPPe) for supporting the SUPL
3.0 protocol are becoming the predominant positioning
standards for the present and future (Fernandez-Prades
et al., 2011). The application of LPP in the user plane is
realized through the SUPL. LPP messages serve as the
payload of SUPL messages, acting as the actual carriers of
positioning information.

High-precision A-GNSS positioning service

A-GNSS represents the convergence of mobile commu-
nication and satellite navigation technologies, adhering
to the 3GPP LPP and the OMA SUPL protocols for the
rapid transmission of the assistance data required for
positioning. Figure 2 illustrates the overall architecture
of the high-precision A-GNSS positioning service. The
A-GNSS location platform comprises GNSS ground sta-
tions, the cloud database, and the A-GNSS server.

The GNSS ground stations continuously track satel-
lites, enabling real-time reception of navigation messages
and PPP-B2b messages. The cloud database receives
these messages via terrestrial optical networks and stores
them in standard formats, such as Radio Technical Com-
mission for Maritime Services (RTCM) and 3GPP. Upon
a positioning service request from an A-GNSS-enabled
user equipment, the A-GNSS server retrieves the corre-
sponding data from the database and rapidly broadcasts
it over the cellular network. Once the user equipment
receives the ephemeris and correction data, it can swiftly
search for satellites and acquire GNSS measurements
(including pseudorange, carrier phase, Doppler, and the
carrier-to-noise ratio (C/N,)), facilitating the location
computation. As the entire process predominantly occurs
through high-speed transmission over the cellular net-
work, the time required in A-GNSS positioning mode is
drastically reduced from tens of seconds to a few seconds,
substantially enhancing the user’s navigation experience.

In A-GNSS positioning mode, once the GNSS func-
tion is activated, the user equipment will establish a
connection with the A-GNSS server over the cellu-
lar network. During this process, the A-GNSS server
must establish secure communication with the user
equipment, specifically through Transport Layer Secu-
rity (TLS) authentication. During the TLS handshake
phase, the server presents its digital certificate to the
client, who then verifies the authenticity and validity of
the certificate (Li et al., 2020). This procedure ensures
the authentication of both parties’ identities and the
security of data transmission. The exchange of SUPL
messages, conducted over a TLS-encrypted channel,
aims to protect the privacy and integrity of positioning
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ment is situated, its positioning capabilities, and the
types of assistance data requested.

+ SUPL POS: After receiving the SUPL POS INIT
message, the A-GNSS server will issue correspond-
ing assistance data according to the request of
the user equipment, including primary assistance
data and high-precision GNSS correction data (if
requested). The LPP message is the actual payload
of the SUPL POS message and used to describe the
assistance data types defined by 3GPP.

+ SUPL END: After receiving the assistance data, the
user equipment quickly searches for visible satel-
lites and performs position calculations based on
GNSS measurements. Once the position calcula-
tion is completed, the user equipment will encap-
sulate the location information in the SUPL END
message and send it to the A-GNSS server, thereby
realizing a complete SUPL message exchange pro-
cess.

The A-GNSS service broadcasts satellite assistance data
via mobile networks, aiding user equipment in improving
capture sensitivity. User equipment can access this ser-
vice through a software upgrade alone, without any hard-
ware modifications. Consequently, A-GNSS has become
an essential feature for smart devices in the Internet of
Things era. With the deepening integration of mobile
communication and satellite navigation technologies, the
types of assistance data supported by the A-GNSS loca-
tion platform are expected to expand and grow continu-
ously. According to the latest 3GPP Release 17 technical
specification, the assistance data types supported by the
A-GNSS mode include (Ghosh et al., 2019):

+ Primary assistance data: This includes the broadcast
ephemeris, almanac, reference time, and location,
which are utilized to implement the SPP mode. These
parameters are defined in the 3GPP LPP through
fields like NavModelNAV-KeplerianSet, NAV-Clock-
Model, GNSS-ReferenceTime, GNSS-SystemTime,
GNSS-ReferenceLocation, and GNSS-Ionospheric-
Model.

+ Observation Space Representation (OSR) correction
data: This provides the Earth-centered, Earth-fixed
(ECEF) coordinates of the antenna reference point of
the base station, as well as GNSS observations from
the reference station, including pseudorange, carrier
phase, Doppler, and carrier-to-noise ratio. These are
used to perform RTK or Network-RTK positioning
modes. The relevant parameters are outlined in the
3GPP LPP through fields like GNSS-RTK-Observa-
tions, GNSS-RTK-ReferenceStationinfo, GNSS-RTK-
CommonObservationinfo, ~ GLO-RTK-BiasInforma-
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tion, GNSS-RTK-MAC-CorrectionDifferences, and
GNSS-RTK-FKP-Gradients.

« State Space Representation (SSR) correction data: It
provides satellite orbits, clock offsets, code biases,
and other corrections to compensate for the errors in
broadcast ephemerides, facilitating the implementa-
tion of PPP mode. Additionally, it offers phase biases,
ionospheric corrections, and tropospheric correc-
tions to enable PPP-RTK mode. These parameters
are conveyed in the 3GPP LPP through fields such as
GNSS-SSR-OrbitCorrections, GNSS-SSR-ClockCor-
rections, GNSS-SSR-CodeBias, GNSS-SSR-PhaseBias,
GNSS-SSR-URA-Support, GNSS-SSR-STEC-Correc-
tion, and GNSS-SSR-GriddedCorrection.

+ Integrity assistance data: This includes the error
boundaries and alarms for satellite orbits, clock off-
sets, code biases, phase biases, ionospheric and
tropospheric corrections, along with the target maxi-
mum and minimum integrity risk. These parameters
are communicated in the 3GPP LPP through vari-
ous fields such as GNSS-Integrity-ServiceParameters,
GNSS-Integrity-ServiceAlert, ORBIT-IntegrityParam-
eters, SSR-IntegrityOrbitBounds, ~CLOCK-Integri-
tyParameters, SSR-IntegrityClockBounds, SSR-Integ-
rityCodeBiasBounds, SSR-IntegrityPhaseBiasBounds,
STEC-IntegrityParameters, STEC-IntegrityError-
Bounds, SSR-GriddedCorrectionlntegrityParameters,
and TropoDelayIntegrityErrorBounds.

Open, scalable, and interoperable data representation
and distribution are crucial for achieving high-precision
GNSS positioning in the global mass-market ecosystem.
The A-GNSS location platform established by the China
Academy of Information and Communications Technol-
ogy covers basic SPP and high-precision A-GNSS PPP
services for the four major satellite navigation systems. In
addition to the BDS-3 PPP-B2b public service, the Galileo
and QZSS navigation systems have also started broadcast-
ing SSR corrections in recent years, essential for imple-
menting PPP or PPP-RTK positioning. Table 1 summarizes
the list of publicly available satellite-based high-precision
GNSS correction services. QZSS MADOCA (Kawate
et al., 2023) and CLAS (Hirokawa et al., 2019), based on
Geosynchronous Earth Orbit (GEO) and Inclined Geo-
synchronous Orbit (IGSO) satellites, broadcast SSR cor-
rections for implementing PPP and PPP-RTK services.
The Compact SSR used in the QZSS CLAS service is an
efficient and RTCM-compatible public format, which has
been included in the supported formats of the 3GPP LPP
(Hirokawa et al, 2023). Galileo High Accuracy Service
(HAS) also adopts a structural design similar to Compact
SSR, broadcasting GNSS corrections on the MEO satel-
lites” E6b signal to achieve global PPP service (Naciri et al.,
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Table 1 Publicly available list of satellite-based high-accuracy GNSS correction services for PPP or PPP-RTK

Name Service Satellite System Signal Status Format

QZSS MADOCA Regional PPP (Japan) GEO/IGSO GECRJ 6D (1278.75 MHz) Experimental (2017-) Compact SSR

QZSS CLAS Regional PPP-RTK (Japan) GEOQ/IGSO  GEJ L6E (1278.75 MHz) Operational (2018-) Compact SSR

BDS-3 PPP-B2b  Regional PPP (Asia—pacific GEO GCER B2b (1207.14 MHz) Operational (2020-) SSR (PPP-B2b ICD)
region)

Galileo HAS Global PPP (Area restriction) MEO GE E6b (1278.75 MHz) Operational (2023-) Similar to Compact SSR

SouthPAN PVS  Regional PPP (Australia) GEO GE 510 LX (1207.14 MHz) Development (2022-2028) To be determined

The abbreviations “G,"“E,"“C,""R," and “J" represent GPS, Galileo, BDS, GLONASS, and QZSS, respectively

2023). Precise Point Positioning via SouthPAN (PVS) open
service will initially broadcast data on the L5 frequency
(1176.45 MHz) and then transition to the new navigation
signal at 1207.14 MHz (tentatively called LX) (Hirokawa
et al., 2021). These public services are expected to extend
the assistance data for the A-GNSS location platform, sig-
nificantly enhancing the positioning performance of user
equipment, especially in urban areas.

Methodology

This section primarily discusses the specific algorithms
employed in this study, encompassing GNSS-based and
network-based positioning algorithms. Sequentially, we
detail the PPP-B2b correction model, the multi-GNSS PPP
model, the 3D-mapping-aided GNSS algorithm, and the
network-based OTDOA algorithm.

PPP-B2b corrections

The BDS-3 system comprises 30 satellites including GEO,
IGSO, and MEO. As depicted in Fig. 2, three GEO satel-
lites (C59, C60, and C61) utilize the PPP-B2b signal as a
data channel for broadcasting orbit, clock, and code bias
corrections for BDS and other satellite navigation systems.
Upon receiving the broadcast ephemeris and PPP-B2b cor-
rections, the GNSS receiver can perform PPP processing to
achieve high-precision positioning.

The positioning algorithm based on BDS-3 PPP-B2b
mainly corrects satellite orbit, clock offset, and code bias.
For the orbit correction of PPP-B2b, the user first uses
the broadcast ephemeris to calculate the satellite position
vector X, and then converts the orbit correction into the
ECEF frame (Tang et al., 2022; Zhang et al., 2022a, 2022b).
The specific correction algorithm is as follows:

X3 =X, — (ereqec) - AO (1)

where AO = (AO; AQ, AOC)T represents the compo-
nents of the orbital correction vector in the radial, along,
and cross directions; X% denotes the satellite position
after correction for orbital errors; X7j, is the satellite posi-
tion calculated using the broadcast ephemeris, and e, e,
and e, signify the unit vectors in the radial, along, and

cross directions, respectively. The methods for calculat-
ing these vectors are as follows:

_ 5t
e =
r
€r = 5] (2)

where r* = X} and ¥ = X; represent the satellite posi-
tion and velocity vectors calculated with broadcast
ephemeris, respectively.

The clock correction parameters are the estimates
relative to the clock errors provided in the broadcast
ephemeris. Once the orbit has been successfully aligned
with the broadcast ephemeris, users must match I0D
Corr from the clock correction message with IOD Corr
from the orbital correction message (Xu et al.,, 2021).
The method for clock correction is as follows:

=t~ 3)
where ¢ denotes the corrected satellite clock offset; t;
represents the satellite clock offset calculated with the
broadcast ephemeris; C* refers to the satellite clock error
correction parameters provided in the PPP-B2b message,
and c is the speed of light.

When processing satellite observation data, users
usually must deal with signals of multiple frequen-
cies. It is essential to eliminate their biases to process
these various frequencies and types of signals synchro-
nously. Users can perform real-time corrections of the
satellite’s code biases by utilizing the differential code
bias (DCB) correction provided in the PPP-B2b mes-
sage, enabling synchronous processing of various signal
types (Liu et al., 2022a, 2022b). The DCB corrections
can be expressed as:

P =P —Dj (4)

where P; denotes the raw code observation for the sig-
nal /, and Pj represents the corrected code observation;
Dj stands for the differential code bias correction for
the corresponding signal as provided in the PPP-B2b
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message. Users can achieve real-time PPP processing
across multiple systems and frequencies by implementing
the corrections for satellite orbits, clock offsets, and code
biases.

Multi-GNSS PPP model

PPP is a high-precision positioning technology exten-
sively utilized in information systems, land surveying, and
traffic management. By correcting for the influences such
as satellite orbits, clock offsets, ionospheric delay, and dif-
ferential code biases, PPP technology can achieve a wide-
area and high-accuracy positioning (Lou et al., 2016).
The undifferenced and uncombined PPP model can fully
exploit all available raw observation data of multi-fre-
quency and multi-GNSS raw observations, offering higher
accuracy and reliability. The fundamental observation
model for undifferenced and uncombined multi-GNSS
PPP is as follows (Gu et al., 2021; Shi et al., 2023):

Pif = pf + c(tf — 5 b~ bff’s> + als Tk

K.siK, K
+yrf IV g + 8P

¢fjs = P 4 ¢(¢K = £K9) 1 Ko TS — rl;,s K
K K,s K K,s K
+74 (Nr/ + B, — B! ) + ek
(5)

where the subscripts K, s, f and r denote the satellite sys-
tem, space vehicle number, signal frequency, and receiver,
respectively; ¢ represents the speed of light in vacuum;
Pfj}s and (;Sfjés represent code pseudorange and carrier
phase observation measured by a GNSS receiver in
meters, respectively; pX** indicates the Euclidean distance
between the receiver and the satellite in meters; £X and
tX5 are the clock offset of the receiver and the satellite in
seconds, respectively; 75X and X represent zenith trop-
ospheric delay and its projection function, respectively;
155 and yrl;’s represent the zenith ionospheric delay and
its projection function, respectively; er}’s and )lef are the
integer ambiguity in cycles and wavelength of the carrier
phase in meters, respectively; bf * and bff represent the
code hardware delay associated with satellite and receiver
in meters, respectively; B;(’S and Bff denote the phase
hardware delay associated with satellite and receiver in
cycles, respectively, and ¢5 and 8([; indicate the observa-
tion noise of code pseudorange and carrier phase in
meters, respectively.

The tropospheric delay and ionospheric delay can be
corrected with a priori error models, while the residual
components are estimated as unknown parameters (Gu
et al., 2022a, 2022b; Zheng et al., 2018). Satellite orbit
offset, clock offset, and code biases can be corrected
using PPP-B2b corrections or International GNSS Ser-
vice (IGS) products (Geng et al., 2023a, 2023b; Gu et al,,
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2022a, 2022b; Song et al., 2023). The reference datum for
GPS clock offsets originates from the ionospheric-free
(IF) combination of P1/P2 codes, thereby incorporating
the signal delay biases of the IF combination. For smart-
phones utilizing GPS L1 and L5 signals, it is necessary
to consider the unification of references across different
frequencies when adopting an undifferenced and uncom-
bined model. The precise satellite clock offsets T can
be expressed as (Shi et al., 2021):

TO =t + by} + P03 (6)

where £%% is the real GPS satellite clock offset; bgis and
bgés are the hardware delays for the P1 and P2 codes,
respectively; O‘le and ﬂle denote the combination coeffi-
cients, with their specific forms being:

o O e )
D N O
where flG and fZG are the frequencies of the P1 and P2

codes, respectively. Based on Eq. (6), we can further
obtain:

(7)

G, G,
9 4 bpy =T + ﬂleDpls,Pz (8)

where Dgfpz = bgis - bg; represents the DCB correc-
tions between the P1 code and the P2 code. Furthermore,
considering that smartphones track civilian signals on
the L1 frequency, Eq. (8) should be further converted
from the P1 code to the C1 code:

G, Gs _ 7G, G 1Gs G,s
t75 +bey = T7° + ByDpipy — Dpica )

where Dgfa = bS? — bSF represents the DCB correc-
tion between the P1 code and the C1 code. Similarly, the
hardware delay correction for smartphones on the L5 fre-
quency can be expressed as follows:

G, G, G,

t9% +bcs = T — BDpipy + Dpics (10)
where DngS = b5F — bS; indicates the DCB correc-
tion between the P1 code and the C5 code. The PPP-
B2b product takes the B3I signal as the reference for the
BDS-3 satellite clock offset. Therefore, when performing
smartphone positioning with the signals other than B3I,
the unification can be directly accomplished through the
following formula:

18 + b =ty + Dy (11)
where Bx represents satellite signals broadcasted on
the BDS-3 system, such as B1I, BI1C, B2a, or B2b. After
the DCB corrections with Egs. (9) to (11), the reference
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unification for different frequencies of the GPS and BDS
systems on smartphones can be achieved.

Therefore, the linearized error equation can be
expressed as:

AP = uls A, + ctf + al S AT, + v, ALK
+cbk Y ek
Aprs = ulS A, + ot +al S AT, — v, P ALK
}JIfN [}’s + ‘9¢>
(12)
where APKfS and A¢ ® represent Observed-Minus-Com-

puted (OMC) of code pseudorange and carrier phase in
meters, respectively; uX* is the partial derivative of the
geometric distance pK’s with respect to the receiver posi-
tion; Ax, is the three-dimensional vector of the receiver
coordinates; AT, and AIX* indicate the residual tropo-
spheric delay and 10nospher1c dela}l in meters, respec-
tively, and er;s = NrKfS +BX ¥ % stands for float
ambiguity in cycles. The observatlon model in matrix
form corresponding to (12) can be expressed as:

L=BX+V,Q (13)

where V, X, B, L and Q represent the residual matrix, the
parameter matrix to be estimated, the design matrix, the
observation matrix, and the variance—covariance matrix,
respectively. If the receiver can track n frequencies and m
satellites in a given epoch, the specific form is as follows:

T
V= (VAPf VA¢K)
T
B = (er Btf B« BNK B, x BATW)

P " (14)
X = (Ax, K BE N AIK ATW)
T
L= (APX AgY)
T
where APK = (AP, APN",. AP, ..., APKM)
and A¢K = (Aqbfil,...,A¢f{”,...,A¢,n A¢K’”>

represent OMC of code pseudorange and carrier phase,
. . . T

A LTSI v S 0

is the float ambiguities. Since the code hardware delays

bK on different channels of the receiver are linearly
bK

respectively;

dependent we set b,’; = 0 to obtain a unique solution bK
(Lou et al., 2016). Each component in the matrix B and V
corresponds to the coefficient vector and residual vector
of each parameter to be estimated.

The matrix Q typically encompasses the variance—
covariance information related to GNSS observations,
which describes the uncertainty associated with various
unknown parameters (Zhang et al., 2022a, 2022b). The
form of the variance—covariance matrix is as follows:
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=diag( 0%, 0k Oy O
Q g Pfil ’ ) P}{’(l,m ) ’ Pfy’,l ) 1) Pf’,‘m )

2
UKI .0 Kk,
nn T "

where diag(-) represents the diagonal matrix; o rep-
resents the noise variance of the code pseudorange
or carrier phase, which is used to quantify the error or
uncertainty of the corresponding parameter. The GNSS
observations are typically weighted according to the vari-
ance of the observation noise In GNSS processing. The
weight matrix can generally be constructed by inverting
the variance—covariance matrix. The elements within the
weight matrix represent the weights of each observation,
determined based on the information from the variance—
covariance matrix. Observations with higher reliability
are assigned heavier weights, while those deemed less
reliable are allocated lighter weights.

The elevation-dependent weighting model is com-
monly adopted for survey-grade receivers equipped
with circularly polarized antennas because the obser-
vation noise decreases with increasing elevation (Gong
et al., 2022). However, the measurement errors are pre-
dominantly related to C/N,, for smartphones equipped
with built-in linearly polarized patch antennas. Con-
sequently, in this paper, we employ a C/N,-dependent
stochastic model to weigh the multi-frequency and
multi-GNSS observations collected by smartphones
(Wang et al., 2023):

2 2
O Ki1re+ 20 Kmre--
¢r,1 ¢r,1

(C/NO)K’S
2 73, rf
Tps =Ty | viy 1ty 107
) ) (C/No)rf (16)
o = Too Upg il 1070

where (C /NO)K ** represents the observed carrier-to-noise
ratio at a spec1ﬁc frequency for each satellite; vff and nff
are the coefficients of the stochastic model. We recom-
mend employing an inter-station single-difference model
or the code-minus-carrier model to determine these
coeflicients for each constellation and frequency (Liu
et al,, 2019a, 2019b; Wang et al., 2022). 5 p, and & 4, repre-
sent the mean of the code pseudorange and carrier phase
observation error, respectively. In this study, these values
are set at a ratio of op, : 54, = 2 : 0.01. GNSS observa-
tion accuracy on L5/E5a/B2a frequencies is generally bet-
ter than L1/E1/B1 frequencies for smartphones.
Therefore, this weighting scheme that differentiates
between frequencies and constellations can more accu-
rately depict the GNSS error characteristics of specific
smartphones. This enhances the accuracy of positioning
solutions and ensures that less reliable observations do



Wang et al. Satellite Navigation (2024) 5:25

not disproportionately affect the outcomes (Wang et al.,
2024).

3D-mapping-aided GNSS algorithm

Smartphones are equipped with small linearly polarized
microstrip antennas, which makes them more sensitive
to multipath signals (Zhang et al., 2019; Groves & Adjrad,
2019). Multipath errors may introduce discrepancies
among GNSS measurements, potentially leading to an
inaccurate covariance matrix in the filter estimator (Hsu,
2017; Li et al., 2022a, 2022b, 2022c). Figure 4 presents a
schematic illustration of NLOS satellites formed resulting
from building occlusion. NLOS signals typically arrive
at the user equipment via diffraction or reflection paths,
potentially leading to more significant ranging errors
compared to those caused by LOS multipath effects.
Therefore, accurate detection and exclusion of NLOS
signals are crucial for smartphone high-precision GNSS
positioning (Li et al., 2023a, 2023b; Zheng et al., 2024).

In recent years, accurate 3D building models have
provided a solid foundation for detecting NLOS sig-
nals. Firstly, a sky mask centered on the user equip-
ment is created through the mapping match between
the 3D building models and satellite rays, delineating
the areas obscured and unobscured by buildings (Wen
et al.,, 2020). The elevation and azimuth of the satellites
are then projected onto this sky mask, effectively distin-
guishing between LOS and LOS signals. To facilitate the
map matching and standardization process, all building
coordinates are uniformly converted to a local coordinate
frame with the initial position as the origin. Assuming
the edge coordinates of a 3D building in the ECEF frame-
work are denoted as (Xj,Y;, Z;), the local coordinates
after rotation and translation are (e;, n;, u;) (Cao et al.,

=
{- [

Fig. 4 Schematic representation of NLOS reception due to building
occlusion
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2022). Therefore, elevation at the edges of each building
can be calculated:

E; = arctan Ui
\Jed4n?

where arctan(-) represents the arctangent function and E;
denotes the elevation of each building edge. Figure 5 pro-
vides an illustrative diagram of a sky mask generated with
the user equipment as the observation center. Within this
diagram, the satellites in the grey-shaded area are NLOS
satellites (indicated by red dots), while those in the white
unobstructed area are LOS satellites (indicated by green
dots). By scanning the projection relationship between
the all satellites received by the user equipment and the
sky mask, NLOS signals can be detected and eliminated.
The initial position of the user equipment is typi-
cally obtained using single point positioning. However,
this position may deviate from the ground truth, as we
do not have helpful information to exclude NLOS sig-
nals before obtaining an accurate location. The satellites
near the edges of buildings are likely to reach the user
equipment via diffraction paths, which can easily result
in ambiguous detection outcomes. Therefore, to reduce
the impact of initial position errors, we have established
a secondary screening process for the satellites at the
edges of buildings. First, we set £0.qqe near the edge of
the building as the fuzzy search interval, and assume
that the satellite elevation calculated by ephemeris is
E°. If E° > E; + Oedge, we classify it as LOS satellite; If

(17)

® LOS e NLOS Building blockage

0(N)
330 PP
30°
300° 45° 60°
60°
P
270°(W) 90°(E)
240° ° 120°
210" 150°
180°(S)

Fig. 5 The sky mask generated with the user equipment
as the observation center, where red dots represent NLOS satellites,
and green dots indicate LOS satellites
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E* < E; — Ocqge, we assume it is more likely to be NLOS
satellite and exclude this signal in the following filtering
processing. NLOS reception generally occurs in scenes
with low signal strength and large residuals. Therefore,
for the satellites located near the edge of the building
Ef e [Ei — Bedge, Ei +9edge}, we further adjust the var-
iation-covariance matrix in (16) with the C/N; and the
pseudorange residual:

P10k (C/No)T < Q
rf
52, = 4 B2 sr (C/NOYF 2 D) A (Vs = Ber)
f ry ry
B3 020 (C/NoYS = Q) A (Vps < 3ep)

rf
(18)
where € {P, ¢} represents the symbol of the pseudor-

ange or carrier phase; 61? s represents the adjusted vari-
rof
ance of the observation; 644 is the given edge threshold,

which is 5 degrees in this study. 2 indicates the decision
threshold of the C/N,, which is 30 dB Hz in this study. ep
represents the median error of the code pseudorange
observation, and the median error of three times is taken
as the judgment threshold of the code pseudorange resid-
ual fof,S. B1, B2 and B3 represent weighting factors, which

10
are assigned values of 2
8 ((C/No)ff ’

((c/N@ff) . (‘@ff)
Q 3ey

Once the 3GPP Release 18 or subsequent standards
define the format for 3D maps or building models, it
will become feasible to broadcast such assistance data
through the A-GNSS server, as illustrated in Fig. 2. The
primary advantage of using the A-GNSS service is that
users need only acquire the 3D building models of their
immediate surroundings for each navigation session,
rather than pre-loading extensive city models. This meth-
odology promises a considerable reduction in the storage
requirements for 3D data and meets the real-time posi-
tioning demands of smartphones.

and 1.0 in this study, respectively.

Network-based OTDOA positioning algorithm

In the preceding three sections, we focused on the
GNSS-based positioning model, the most adopted
Radio Access Technology (RAT)-independent position-
ing technique. Nevertheless, 3GPP stipulates that User
Equipment (UE) must support RAT-dependent and
RAT-independent positioning modes (Destino et al.,
2019). This requirement aims to provide a broader
array of positioning options, ensuring that UE can
acquire location information under various network
and environmental conditions. RAT-dependent posi-
tioning technologies generally offer faster localization,
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providing a coarse location for A-GNSS positioning
mode to enhance satellite signal acquisition. The most
prevalent RAT-dependent positioning techniques in
smartphones are Enhanced Cell Identity (E-CID) and
OTDOA. OTDOA triangulates the position by measur-
ing the timing of positioning signals from three or more
cellular base stations, typically achieving superior posi-
tioning accuracy compared to E-CID (Lin et al., 2017;
Xu et al,, 2016).

One of the primary challenges encountered by
OTDOA is the necessity for precise measurement of
the signals from neighboring cells for effective position-
ing. To address this challenge, a specialized position-
ing subframe, termed the Positioning Reference Signal
(PRS), was introduced in 3GPP Release 9 and has been
utilized since then (del Peral-Rosado et al., 2012). Fig-
ure 6 illustrates network-based OTDOA positioning in
a multi-cell scenario. OTDOA relies on measuring the
time differences of the PRS transmitted from multiple
cells to compute the location. The fundamental prin-
ciple of OTDOA involves the terminal measuring the
time differences of the downlink signals from multiple
base stations. The time difference in the arrival of PRS
measured from the reference cell and neighbor cells
is referred to as the Reference Signal Time Difference
(RSTD). The position of the UE can be calculated by
utilizing the RSTD measurements, the known locations
of the BS transmitting antennas, and the transmission
times for each cell.

UE requires the measurement of the Time of Arrival
(TOA) for the signals transmitted by at least three base
stations with good geometric distribution to calculate
their plane coordinates. Assuming that the downlink
PRS from the i - th base station is transmitted at time
t;, and the TOA of this PRS is T;, the following equation
can be derived:

((s)) Neighbor
W ,'QA ») cell 1
Neighbor £, /\%
ooz (). P Bagy
PRy )
~ N e Hyperbola from
A
Xy
Hyperbola from 2ANY
Rao '\ Reference
(‘E{E ) el
r
Bso)

Fig. 6 Network-based OTDOA Positioning in the multi-cell scene
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Ti—ti=%+s (19)
where (x;, y;) is the plane coordinates of Base Station (BS)
Bs@y,i = (0,1,...,n); cis the speed of light in a vacuum;
&; indicates measureme noise and
interference; and d; = \/ (x; — x)* + (y,' - y)2 represents
the Euclidean distance between UE and BS. In practical
applications, the UE and the BS clocks are not perfectly
synchronized, which invariably introduces an error in the
TOA measurements. To mitigate this error, the discrep-
ancy due to clock asynchrony between the UE and BS can
be rectified by considering the difference in arrival times
between signals from two separate BS units. The RSTD
measurement R; o formed between neighbor Bg(;) and ref-
erence Bg(g) can be expressed as:

Rip=T; — To (20)

By combining (19) and (20), the following hyperbolic
observation equation can be obtained:

Rip = =) 4 (4; — t5) + (61 — €0) (21)

where R;( is calculated by two separate UE measure-
ments; Both the transmit time offset t; — ¢ and the Bs(;
coordinates (xi, yi) can be obtained from the location
server, so the equation consists of only two unknown
parameters (x,y). Determining the plane coordinates of
UE requires at least two equations, which entails using at
least one reference BS and two neighbor BS. In a typical
scenario where the UE can obtain measurements from
more than two neighboring cells (assume there are 7 such
cells), the observation equations can be expressed as:

Ry = M + (1 — to) + (61 — €0)
Roo = M + (82 — to) + (&2 — €0)
. (22)

Ruo = @B 4 (1, — t5) + (64 — £0)

When # > 3, the equation above becomes an overde-
termined equation. The least squares approach is the
most commonly applied solution method in such cases.
However, due to the significant variation in signal quality
across different cells, we recommend using the weighted
least squares method to achieve a more stable solution
(Fischer, 2014). For Orthogonal Frequency Division Mul-
tiplexing (OFDM) signals, the variance can be derived
from the symbol duration 75, the set of subcarriers N,
utilized by the signal, and the relative power weight p2, of
the m—th subcarrier (Liu et al., 2019a, 2019b):

2= &
! 81%Si 3y P

(23)
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where o7 represents the variance of the i - th observation;
Si denotes the Signal to Interference plus Noise Ratio
(SINR) of the i - th PRS received by the UE. SINR can
characterize the signal quality of each PRS, thus obtain-
ing the weight P; = 0;2 of each RSTD measurement.
When employing weighted least squares in the position-
solution, observations with good signal quality are given
heavier weights.

Positioning systems based on TDOA are susceptible
to timing synchronization errors between cellular base
stations (del Peral-Rosado et al., 2018a, 2018b). In the
absence of NLOS signals, the measurement accuracy of
TDOA primarily hinges on the time synchronization pre-
cision between base stations. A rough estimate indicates
that a time synchronization error of 1 ns at the cellular
base stations can lead to a ranging error of approximately
0.3 m. Even though 5G communication networks offer
higher timing synchronization accuracy than 4G net-
works, achieving 1 ns synchronization is still far from
attainable at the current stage (Chaloupka, 2017). Fur-
thermore, the accuracy of RSTD estimates is affected
by TOA measurement errors, multipath errors, and the
geometric distribution of base stations. Consequently,
location determination based on commercial 4G/5G base
stations using E-CID or OTDOA typically achieves only
tens to hundreds of meters in positioning accuracy (Del
Peral-Rosado et al., 2022). Although cellular network
positioning cannot yet deliver high-precision location
services, it provides a valuable contribution by supply-
ing a coarse location and time reference for A-GNSS
positioning, significantly enhancing satellite signal
acquisition.

Experiments and analysis

In this section, we designed a series of experimental
scenarios to assess the Redmi K60 Ultra smartphone’s
capabilities. The detailed description includes the experi-
mental setup, an analysis of observation noise, a compar-
ative study of Time to First Fix, positioning performance
in various conditions, an exploratory evaluation of the
3D-mapping-aided GNSS algorithm in challenging urban
areas, and a subsequent discussion and analysis of the
positioning outcomes.

Experimental setup

To assess the positioning performance of the Redmi K60
Ultra smartphone, six distinct experimental scenarios
were designed. Figure 7 illustrates these scenarios in vari-
ous testing environments. Experiment 1 was conducted
in a laboratory environment, where smartphones were
integrated with a survey-grade receiver to form a zero
baseline, thereby evaluating the observation noise for
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Fig. 7 Experimental scenarios under different test conditions. a Experiment 1—observation noise analysis under zero baseline condition b
Experiment 2—TTFF comparison in areas with good cellular signal quality ¢ Experiment 3—static positioning test under open sky d Experiment
4—kinematic positioning test under open sky e Experiment 5—kinematic positioning test in realistic environment f Experiment 6—3DMA GNSS

positioning exploration in challenging urban area

multi-constellation and multi-frequency GNSS. Experi-
ment 2 was conducted outdoors with good cellular sig-
nal quality. The primary objective of this experiment was
to compare the TTFF between standalone GNSS and
A-GNSS positioning, emphasizing the notable advantage
of A-GNSS in speeding cold start speed. Experiments 3
and 4, which were static and kinematic tests conducted
in an open-sky environment, aimed to evaluate the per-
formance of cellular network-based and GNSS-based
positioning under ideal observation conditions Experi-
ment 5 assessed the kinematic positioning performance
of network-based and GNSS-based positioning in a real-
istic environment. Experiment 6 was conducted in a chal-
lenging urban area, primarily to explore the positioning

potential of the 3DMA GNSS algorithm and its feasibil-
ity for its integration with the A-GNSS location platform.
Table 2 summarizes the scenario descriptions and objec-
tives for these six experiments.

Figure 8 shows the GNSS constellations and frequen-
cies receivable by the Redmi K60 Ultra smartphone,
encompassing GNSS signal types that other smartphones
can receive. Compared to previous single-frequency and
dual-frequency smartphones, the Redmi K60 Ultra can
receive BDS B1C/B2a/B2b, Galileo E5b, and NavIC L5
signals. The direct benefit of receiving a broader range
of satellite frequencies and systems is enhancing satellite
geometric distribution and observational redundancy. It
should be noted that, given the current capability of the

Table 2 The experimental scenarios and objectives for the six different experiments

Item Experimental scenario

Experimental objective

Experiment 1 Laboratory, zero baseline

GNSS
Experiment 2
Experiment 3 Open-sky environment, static
Experiment4  Open-sky environment, kinematic
Experiment 5  Realistic environment, kinematic

Experiment 6 Challenging urban areas, static

Observation noise analysis of code pseudorange and carrier phase for multi-frequency and multi-

Outdoor, good cellular signal quality  TTFF comparison of standalone GNSS and A-GNSS positioning modes

Evaluation of static positioning performance under an ideal observation condition
Evaluation of kinematic positioning performance under an ideal observation condition
Evaluation of kinematic positioning performance under a general observation condition
Feasibility exploration of the 3DMA GNSS algorithm and its integration with A-GNSS service
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Fig. 8 GNSS constellations and frequencies supported by the Redmi
K60 Ultra smartphone

Redmi K60 Ultra’s built-in A-GNSS service to acquire
PPP-B2b corrections from the A-GNSS server directly,
there is no longer a need to track and decode B2b signals
when network connectivity is available.

Moreover, this study employed other dual-frequency
smartphones and a low-cost GNSS receiver as controls
in Experiment 1 alongside the Redmi K60 Ultra. These
devices included the Xiaomi Mi8, Google Pixel6, Hua-
wei P40, and Septentrio Mosaic-X5. The specific param-
eters of each experimental device are listed in Table 3.
The multi-frequency and multi-GNSS observations
were collected using the BUAA RINEX Logger software,
which directly generated observation files in the RINEX
format. This software is available at https://github.com/
Jia-le-wang/BUA A-RINEX-Logger, facilitating interested
researchers to access GNSS observations from Android
smartphones.

The reference trajectory was provided by Vision-RTK
equipment, manufactured by Swiss advanced technology
company Fixposition, and was compensated for lever-
arm errors. Vision-RTK device integrates dual-antenna
GNSS, computer vision, and inertial sensors to ensure
the real-time output of highly reliable centimeter-level
positions in various environments (Dong et al., 2022).

Experiment 1: observation noise analysis

Multi-GNSS compatibility and interoperability enhance
the service capabilities of various satellite navigation sys-
tems. However, consumer-grade smartphones exhibit

Table 3 The specific parameters for each experimental device
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different error characteristics across various systems
and frequencies compared to survey-grade receivers.
Investigating these differences is vital to gain an in-depth
understanding of the measurement quality of GNSS
chipsets, thereby facilitating the optimization of func-
tional or stochastic models (Zhang et al., 2020). To objec-
tively represent the noise level in multi-constellation
and multi-frequency GNSS observations, we conducted
a zero-baseline experiment in laboratory conditions, as
illustrated in Fig. 7a. The experimental design principle
is shown in Fig. 9. To provide readers with a clear under-
standing of the GNSS observation quality of the Redmi
K60 Ultra, we also selected three other smartphones—
Xiaomi Mi8, Google Pixel 6, and Huawei P40—along
with the low-cost Septentrio Mosaic-X5 receiver for

GPS GLONASS QZss
- of
- o P g
BDS Galileo
/Q/ ,'4%;
< 2 e
— b

i

2\

- - il
i
Bl _GNSS repeater |

8
Redmi Xiaomi{ Google Huawei
K60! Vi Pixel 6 P40

& -

Radio-frequency shielding box | Septentrio Mosaic-X5 Geodetic-grade receiver

Fig. 9 Schematic diagram of zero baseline experiment

Experimental Device ~ GNSS chipset Antenna

Constellation and frequency

Redmi K60 Ultra Mediatek Dimensity 9200 + LP

GPS/QZSS (L1+L5), Galileo (E1+E5a+ES5b), BDS (B11+B1C+B2a+B2b), GLO-

NASS (G1), NavIC (L5)

Xiaomi Mi 8 Broadcom BCM4775 LP
Google Pixel 6 Broadcom BCM4776 LP
Huawei P40 HiSilicon Kirin 9000 LP

Septentrio Mosaic-X5 Mosaic-X5 GNSS module RHCP

GPS/QZSS (L1+L5), Galileo (E1+E5a), BDS (B11), GLONASS (G1)

GPS/QZSS (L1+L5), Galileo (E1+E5a), BDS (B11+B2a), GLONASS (G1), NavIC (L5)
GPS/QZSS (L1+L5), Galileo (ET+E5a), BDS (B11), GLONASS (G1)
Full-constellation and full-frequency

The abbreviation “LP” stands for “Linearly Polarized,” while “RHCP” denotes “Right-Hand Circularly Polarized.”
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comparison. High-quality and strong GNSS signals were
delivered to the smartphones using choke loop antennas,
signal repeaters, and radio-frequency shielding boxes.
Due to the effective suppression of multipath signals by
the choke ring antenna and radio-frequency shielding
box, the GNSS observations of the smartphones in this
experiment can be considered free of multipath effects.
Therefore, the zero-baseline double-difference residuals
are predominantly composed of noise, thus effectively
evaluating the observation quality of smartphone GNSS
chipsets (Li & Geng, 2019; Miao et al., 2023).

Figure 10 displays the time series of double-difference
residuals for code pseudorange and carrier phase. The
left side of each graph represents the noise of different
signals at the first frequency, while the right side illus-
trates the noise at the second frequency. The time series
indicates that the observation noise of code pseudorange
for all GNSS constellations at the second frequency is less
than that at the first frequency. Notably, the code obser-
vation noise at the L5/B2a/E5a frequency aligns closely
with the Septentrio Mosaic-X5, underscoring the benefits
of multi-frequency chipsets in consumer-grade smart-
phones. Regarding the observation noise of the carrier
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phase, the Redmi K60 Ultra smartphone exhibits consist-
ent levels across various constellations and frequencies.
We used Standard Deviation (STD) to measure the dou-
ble-difference residual of zero-baseline code pseudorange
and carrier phase.

Figure 11 summarizes the STD of double-difference
residuals for code pseudorange and carrier phase across
all constellations and frequencies. Table 4 provides spe-
cific values of STD statistics for code pseudorange and
carrier phase noise for different experimental equip-
ment. The code pseudorange and carrier phase are meas-
ured in meters and cycles. Code pseudorange and carrier
phases not supported by the experimental devices are
represented by short horizontal lines. Statistical analy-
sis clearly shows that the GLONASS system shows the
highest observation noise among all satellite constella-
tions, possibly due to specific problems in processing
Frequency Division Multiple Access (FDMA) modulated
signals. Conversely, the observation noise on Code Divi-
sion Multiple Access (CDMA) modulated signals falls
within the expected range. The code noise STD of the
Redmi K60 Ultra for each constellation and frequency is
relatively uniform. The carrier phase noise of the Redmi
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Fig. 10 Observation noise sequence of code pseudorange and carrier phase extracted from zero-baseline double-difference residuals. a Code

noise sequence b Carrier phase noise sequence
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Fig. 11 STD statistics of code pseudorange and carrier phase noise. a Code noise STD b Carrier phase noise STD

Table 4 Specific values of STD statistics for code pseudorange and carrier phase noise on different experimental devices

Experimental device Observation GPS GLO BDS Galileo QZSs
L1 L5 G1 B1l B1C B2a E1 E5a L1 L5

Google Pixel6 Code (m) 1.67 0.45 3.80 1.24 - 037 045 0.38 1.26 0.28
Xiaomi Mi8 1.21 048 339 0.53 - - 0.65 040 1.09 042
Redmi K60 Ultra 0.94 040 2.68 0.78 0.69 0.27 0.67 0.35 118 0.15
Huawei P40 0.90 0.29 2.79 053 - - 0.74 0.30 118 0.29
Septentrio Mosaic-X5 0.15 0.17 0.23 0.15 0.06 0.15 0.07 0.14 0.18 0.13
Google Pixel6 Phase in cycles 0.014 0.015 0.029 0.011 - 0.014 0.008 0.015 0.011 0.012
Xiaomi Mi8 0.029 0.021 0.031 0.020 - - 0.020 0.021 0.029 0.021
Redmi K60 Ultra 0.014 0.015 0.012 0.013 0.02 0.017 0.008 0.015 0.014 0.018
Huawei P40 0.007 0.011 - 0.006 - - 0.006 0.013 0.014 0.015
Septentrio Mosaic-X5 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.003 0.002

The symbol “~"indicates that the current observation is not available

K60 Ultra on each frequency is controlled within 0.02
cycles. Unlike code pseudorange, the carrier phase obser-
vation accuracy of the GLONASS system is on par with
other GNSS constellations. Compared to the Xiaomi
Mi 8, equipped with the previous generation Broadcom
BCM4775 chip, the Google Pixel 6 with the newer Broad-
com BCM4776 chip exhibits lower observation noise of
code pseudorange and carrier phase across different fre-
quencies and constellations. The Septentrio Mosaic-X5
receiver demonstrates the best consistency and observa-
tion accuracy on all frequencies. Additionally, although
the Huawei P40’s specifications indicate its support for
BDS B1C/B2a and GLONASS G1 signals, actual tests
revealed that the observed values for these frequencies
were null.

Experiment 2: comparison of time to first fix

In “3GPP LPP and OMA SUPL-based high-accuracy
A-GNSS positioning service” section, we present a
comprehensive introduction to standalone GNSS and

A-GNSS positioning. In the Standalone GNSS position-
ing mode, the receiver must autonomously acquire the
necessary ephemeris data by capturing and tracking
satellite signals without external assistance to perform
accurate positioning. This mode is susceptible to various
factors, including receiver performance, antenna qual-
ity, satellite visibility, and the surrounding environment.
Consequently, the TTFF can take tens of seconds or even
minutes. TTFF refers to the duration from the startup of
a GNSS receiver to the successful computation of the first
valid position after capturing satellite signals. TTFF is a
crucial performance metric describing a receiver’s time
transitioning from a cold start state to successful posi-
tioning (Blay et al,, 2021). It holds particular significance
for the applications requiring swift access to positioning
information, such as vehicle navigation systems, pedes-
trian navigation, or emergency rescue.

Unlike standalone GNSS, A-GNSS represents the
integration of mobile communication and satellite
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Table 5 Specific settings for standalone GNSS and A-GNSS
positioning modes

Items Standalone GNSS A-GNSS
Cellular network No Yes
TTFF statistics Yes Yes
Start mode Cold start Cold start
Number of tests 100 100
Positioning interval 155 155
Positioning timeout 1205 30s
80 T
[ IMinimum
I Average
60 [ IMaximum 58.22
z
E 40 32.60
E )
20+ 18.55
3.65 728
o 2.18 -
A-GNSS Standalone GNSS

Fig. 12 TTFF comparison between Standalone GNSS and A-GNSS
positioning modes

navigation technologies, leveraging 3GPP LPP and
OMA SUPL protocols to transmit the necessary assis-
tance data for positioning. To highlight the significant
advantage of the A-GNSS positioning mode in reduc-
ing TTFF, we conducted comparative experiments out-
doors with good cellular signal quality, as depicted in
Fig. 7b. To ensure the statistical integrity of TTFF, it

Table 6 Specific description of different positioning methods
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was essential to maintain a cold start for each position-
ing process, necessitating the clearance of broadcast
ephemeris, almanac, historical location and frequency
logs after each positioning. In subsequent positioning
attempts, the standalone GNSS mode must recapture
and track satellite signals to download new ephemeris
for positioning. In contrast, the A-GNSS mode acquires
assistance data directly from the China Academy of
Information and Communications.

Technology’s A-GNSS server for positioning. Table 5
presents the specific settings for standalone GNSS and
A-GNSS positioning modes.

For both standalone GNSS and A-GNSS position-
ing modes, we conducted a series of 100 consecutive
tests. The positioning timeout was set at 120 s for stan-
dalone GNSS and 30 s for A-GNSS, with a uniform 15-s
interval between each test pair. The bar chart shown in
Fig. 12 compares the TTFF statistical values for stan-
dalone GNSS and A-GNSS positioning. For Standalone
GNSS, the minimum, average, and maximum TTFF
were recorded as 18.55 s, 32.60 s, and 58.22 s, respec-
tively. In contrast, with the A-GNSS positioning mode,
the minimum, average, and maximum TTFF values
were significantly reduced to 2.18 s, 3.65 s, and 7.26 s,
respectively. These values correspond to the reductions
in positioning time of 88.25%, 88.80%, and 87.53% com-
pared to standalone GNSS. The results indicate that
A-GNSS services markedly decrease TTFF, reducing
power consumption during the smartphone position-
ing process and improving the promptness of location-
based services.

Experiments 3 to 5: positioning results in different
experimental scenarios

To comprehensively evaluate the positioning perfor-
mance of the Redmi K60 Ultra smartphone, we assessed

Positioning method Specific description

Positioning solution that utilizes RAT-dependent cellular networks. This method typically offers a rapid approximate location,

Cellular-network-assisted real-time precise point positioning solution. User equipment swiftly acquires ephemeris and PPP-

B2b corrections to correct satellite orbits, clock offsets, and code biases by requesting assistance data from the A-GNSS server

The post-processed standard point positioning solution, which solely relies on code pseudorange measurements, employs final
The post-processed precise point positioning solution, which relies on code pseudorange and carrier phase measurements,

The positioning solution involves executing off-line SPP after detecting and excluding NLOS signals through 3D mapping. This

OTDOA

with positioning accuracies ranging from tens to hundreds of meters
A-GNSS PPP

through cellular networks
Off-line SPP

IGS precise satellite orbits, clock offsets, code biases, and ionospheric products to calculate the various errors
Off-line PPP

employs final IGS precise satellite orbits, clock offsets, code biases, and ionospheric products to calculate the errors
3DMA SPP

method necessitates the availability of precise 3D building models for the area surrounding the user equipment
3DMA PPP

The positioning solution involves executing off-line PPP after detecting and excluding NLOS signals through 3D mapping. This

method necessitates the availability of precise 3D building models for the area surrounding the user equipment




Wang et al. Satellite Navigation (2024) 5:25

its capabilities using various methods, including
OTDOA, A-GNSS PPP, Off line SPP, Off-line PPP, SDMA
SPP, and 3DMA PPP. Table 6 provides a detailed explana-
tion of these positioning methods. OTDOA is a cellular
network-based positioning method that provides coarse
location information (ranging from tens to hundreds
of meters). The OTDOA positioning solution updates
its location at intervals of several minutes to ensure
low power consumption of user equipment throughout
usage. A-GNSS PPD, the latest real-time high-precision
positioning technology adopted by the Redmi K60 Ultra
smartphone, achieves on-line PPP positioning in the
chipset by obtaining broadcast ephemerides and PPP-
B2b corrections through the A-GNSS server shown in
Fig. 2. Similarly, with power consumption in mind for
real-time applications, the A-GNSS PPP positioning
adjusts according to the actual motion state of the user. If
a pedestrian or vehicle is detected as stationary, A-GNSS
PPP will cease computation after converging to a cer-
tain threshold to avoid unrestricted power consumption.
This periodic location updating strategy aids in balancing
positioning accuracy and battery life while maintaining
system availability.

Off-line SPP and PPP represent the post-processed
positioning methods, calculated using high-precision
GNSS data processing software—FUSING (Gu et al,
2018). All GNSS positioning results in this study were
obtained using GPS and BDS constellations, specifically
GPS L1/L5 and BDS B11/B1C/B2a frequencies, to ensure
consistency in the comparative analysis. In off-line posi-
tioning approaches, we correct errors using final IGS
products such as precise orbits, clock offsets, code biases,
and ionospheric data. Off-line SPP/PPP positioning solu-
tions serve as control experiments for real-time A-GNSS
PPP, thus allowing for position updates every second
without considering power consumption constraints.
The 3DMA SPP/PPP positioning methods are developed
to explore the positioning potential of smartphones in
challenging urban areas. The 3DMA SPP/PPP algorithms
only add the detection and exclusion of NLOS signals
on top of the off-line SPP/PPP algorithms, with all other
parameters remaining consistent.

Figure 13 provides a series of 2D positioning error
sequences and satellite overhead views from Experi-
ments 3-5 under different test environments. Initially,
in the open-sky environment of Experiment 3, we con-
ducted nearly an hour of static testing. The OTDOA and
A-GNSS PPP algorithms were executed online during the
experiment, delivering real-time positioning outcomes.
Conversely, off-line SPP and off-line PPP collected raw
observation data to be analyzed during post-processing.
The horizontal positioning error sequence of Experiment
3, as shown in Fig. 13a, reveals that the network-based
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OTDOA algorithm exhibits the most inferior position-
ing accuracy, with errors ranging from 20 to 150 m. The
inability of OTDOA to achieve meter-level precision is
primarily due to the limited time synchronization accu-
racy of the prevailing 4G/5G mobile communication net-
works. By contrast, GNSS-based positioning algorithms
can achieve meter-level or even sub-meter-level accu-
racy. The A-GNSS PPP and Offline PPP algorithms dem-
onstrate superior positioning performance with an RMS
error below 1.5 m, outperforming the SPP algorithm that
is commonly integrated into smartphones. The satel-
lite overhead view, shown in Fig. 13b, intuitively displays
the benefits of incorporating PPP algorithms on smart-
phones. The green track and the blue track align closely
with the reference position. Furthermore, as previously
described for each algorithm, OTDOA and A-GNSS PPP
need to consider power consumption in real-time appli-
cations. Therefore, they update the position according to
the actual motion state of the user equipment. This peri-
odic update strategy helps balance positioning accuracy
and battery life while maintaining system availability.

In the positioning results of Experiment 4, as shown in
Fig. 13c, d, A-GNSS PPP also demonstrate superior per-
formance in kinematic positioning in open-sky environ-
ments. The RMS statistics of the 2D positioning error for
A-GNSS PPP are less than 1.5 m, showing comparable
accuracy to the post-processed results of off-line PPP.
The satellite overhead view indicates that the A-GNSS
PPP positioning trajectory almost coincides with the
reference trajectory of the vehicle running on the play-
ground track. Furthermore, we conducted kinematic
experiments in a realistic environment to reflect the posi-
tioning performance of the Redmi K60 Ultra in general
urban areas. The positioning error sequence of Experi-
ment 5, shown in Fig. 13e, reveals that the positioning
accuracy of A-GNSS PPP in realistic environments can
reach approximately 2.5 m. In contrast, the traditional
off-line SPP method has an RMS error of about 4 m, with
the maximum error exceeding 8 m, significantly degrad-
ing the user experience.

Experiment 6: exploring the potential of 3DMA GNSS
positioning in the challenging urban area

Modern urban architecture is predominantly constructed
from reinforced concrete and sheathed in expansive glass
facades. These building clusters block the line of sight to
the sky, drastically reducing the number of visible satel-
lites and causing severe NLOS multipath. Without proper
treatment of NLOS signals in GNSS processing, the sub-
stantial ranging errors they introduce can significantly
affect positioning accuracy. To investigate the potential
for using 3D building models to enhance GNSS position-
ing performance, we experimented in the challenging
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Fig. 13 Positioning results of the Redmi K60 Ultra smartphone under different environments. a Static positioning errors in the open-sky
environment of Experiment 3 b Satellite overhead view of Experiment 3 ¢ Kinematic positioning errors in the open-sky environment of Experiment
4 d Satellite overhead view of Experiment 4 e Kinematic positioning errors in the realistic environment of Experiment 5 f Satellite overhead view

of Experiment 5
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urban area depicted in Fig. 7f. The test location is sur-
rounded by numerous tall buildings with glass facades,
which can severely obstruct the GNSS signals received
by smartphones. Accurate 3D models of these buildings
have been determined and generated into an offline data-
base using a high-precision handheld scanner.

Figure 14 presents the sky mask generated for an obser-
vation epoch centered on the user equipment. Red dots
in the sky mask indicate NLOS satellites, green dots
indicate LOS satellites and gray areas indicate building
blocks. It is evident from the sky mask that dense urban
structures severely block satellite signals, particularly
within an almost 90-degree elevation range to the south.
Despite the Redmi K60 Ultra smartphone’s capability to
track multi-constellation and multi-frequency, its built-
in linearly polarized microstrip antenna is sensitive to
signals from all directions. Consequently, as shown in
the figure, the Redmi K60 Ultra tracks 21 LOS signals
while receiving 22 NLOS signals. NLOS reception poses
a significant challenge for GNSS data processing, as con-
ventional outlier detection methods cannot completely
mitigate all multipath effects.

Furthermore, we analyzed the C/N, of the LOS and
NLOS signals detected in Fig. 14 and produced a histo-
gram of C/N, as shown in Fig. 15. The C/N, is a direct
variable used to measure signal strength, with higher
values typically indicating better signal quality. Overall,
the signal strength of LOS signals is consistently higher
than that of NLOS signals. However, this is not absolute,
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Fig. 14 A sky mask generated at a specific observation epoch
centered at the user equipment, where red dots represent NLOS
signals, green dots represent LOS signals, and the grey shaded areas
indicate building blockage
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Fig. 15 C/N, comparison of LOS and NLOS signals at a specific
observation epoch

as there is no significant boundary between the signal
strengths of NLOS and LOS satellites. The signal strength
of some NLOS satellites even exceeds that of most LOS
satellites, such as G12, R01, C28, and J02. This indicates
that setting empirical cut-off C/N,, or elevation can-
not effectively distinguish between NLOS and LOS sig-
nals. To illustrate this point more clearly, we provide the
normalized probability distribution of LOS and NLOS
signals in the entire test period, as shown in Fig. 16.
It is evident that there is a substantial overlap in signal
strength between LOS and NLOS signals, meaning that
we cannot find a perfect demarcation to differentiate
them.

From the above analysis, we can intuitively appreci-
ate the benefits of the 3D building models in suppress-
ing NLOS multipath effects. By matching the 3D building
model with satellite rays, we can easily detect and exclude
these NLOS satellites. Figure 17 shows the positioning
results of the Redmi K60 Ultra smartphone using dif-
ferent positioning methods in the challenging urban
area. The positioning results realistically demonstrate
the substantial advantage of the 3DMA GNSS algorithm
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Fig.16 Normalized probability distribution of signal strengths
for NLOS and LOS signals over the entire observation period
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Fig. 17 Positioning results of different methods under a challenging
urban area in Experiment 6. a 2D positioning error sequence b
Satellite overhead view of positioning results

in improving the positioning accuracy in the GNSS-
challenging environment. Positioning methods such
as A-GNSS PPP, Off-line SPP, and Off-line PPP have an
initial positioning error of over 20 m without the assis-
tance of 3D building models. Although the traditional
PPP algorithm can improve accuracy with the increase of
epochs in ambiguity resolution, the time required to con-
verge to an accuracy of about 3 m exceeds 2 min. Long
waiting times and significant deviations from the ground
truth can deteriorate the user’s navigation experience.

In comparison, the 3DMA SPP and 3DMA PPP algo-
rithms have significantly improved positioning perfor-
mance in challenging urban areas. The positioning error
sequence reveals that the 3DMA algorithm achieves an
initial accuracy of about 5 m, further refined to approxi-
mately 2.5 m as the PPP converges. This improvement
is also visually evident from the satellite overhead view,
where the 3DMA PPP algorithm’s results are closest to
the reference. This insight paves the way for integrating
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A-GNSS service with 3DMA GNSS algorithms. Once the
3GPP establishes standardized formats for 3D building
models, the A-GNSS server can store extensive 3D city
models in the database. In addition to transmitting sat-
ellite ephemeris, almanac, and OSR/SSR corrections, the
provision of 3D building models around the user equip-
ment can further enhance GNSS positioning perfor-
mance in harsh urban areas.

Analysis and discussion of experimental results

To provide a more intuitive and straightforward rep-
resentation of the distribution of positioning results,
we utilized box plots to summarize the outcomes from
Experiments 3 to 6. One advantage of box plots is their
ability to reflect the characteristics of the original data
distribution and facilitate an intuitive comparison of
multiple datasets. Moreover, box plots are relatively
robust statistical charts, insensitive to outliers, which
aids in a more accurate understanding of the overall error
distribution. Figure 18a provides the box plots of the
2D positioning errors obtained using various position-
ing methods from Experiments 3 to 6. Figure 18b delin-
eates the five key features of the box plot, including the
upper whisker, upper quartile, median, lower quartile,
and lower whisker. Data that lie beyond the upper/lower
whiskers are typically considered outliers. However,
within the context of this study, all positioning results
are genuine and valid, necessitating the inclusion of these
outliers in the statistical analysis of positioning errors.
Table 7 summarizes the positioning errors using different
methods from Experiments 3 to 6. We primarily employ
three metrics to evaluate the performance of the different
methods: the root mean square (RMS), median (Med),
and maximum (Max).

The box plots reveal that the experimental environ-
ment significantly impacts the positioning performance
of the Redmi K60 Ultra smartphone. In the open-sky
conditions of Experiments 3 and 4, all positioning meth-
ods demonstrated commendable performance. Notably,
the A-GNSS PPP method achieved RMS errors less than
1.5 m in both static and kinematic tests, representing an
improvement of 33.99% and 43.77% over the oft-line SPP
method. This highlights the substantial potential of the
PPP-B2b correction service in enhancing the real-time
positioning performance of smartphones. The position-
ing results in the realistic environment of Experiment 5
indicated that both the A-GNSS PPP and off-line PPP
algorithms can achieve an RMS error of less than 2.5 m.

A realistic environment inevitably causes more signal
interference compared to open sky cases, therefore all
positioning algorithms have increased statistical indi-
cators. In the challenging urban area of Experiment 6,
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Fig. 18 2D positioning errors derived from various positioning methods in Experiments 3 to 6. a Box plot representations of the 2D positioning

errors b Key features of the box plot

Table 7 Positioning error statistics of various positioning methods in Experiments 3 to 6

Method Result of experiment 3 (m) Result of experiment 4 (m) Result of experiment 5 (m) Result of experiment 6 (m)
RMS Med Max RMS Med Max RMS Med Max RMS Med Max
OTDOA 38.69 22.26 122.64 55.68 3933 123.51 77.36 62.03 165.27 4761 4338 91.01
A-GNSS PPP 1.34 1.28 4.01 149 1.56 2.51 247 1.74 7.06 3.70 3.02 28.03
Off-line SPP 2.03 1.83 4.89 2.65 2.29 4.66 3.06 2.27 797 10.20 7.75 35.62
Off-line PPP 0.73 036 3.79 1.16 0.87 272 2.26 1.78 6.46 3.51 3.02 25.64
3DMA SPP - - - - - - - - - 6.83 5.82 15.78
3DMA PPP - - - - - - - - - 240 2.28 599

where GNSS observation quality deteriorated sharply, we
explored the positioning potential of the 3DMA GNSS
algorithm. It is apparent from the box plots that all meth-
ods experienced more significant positioning errors and
a higher number of outliers. The maximum position-
ing errors for the A-GNSS PPP, Off-line SPP, and Off-
line PPP methods reach 28.03 m, 35.62 m, and 25.64 m,
respectively, with RMS errors of 3.70 m, 10.20 m, and
3.51 m. After the detection and exclusion of NLOS sat-
ellites using the 3D building models, the RMS errors for
the 3DMA SPP and 3DMA PPP methods are reduced
by 33.04% and 31.43%, respectively, with the maximum
errors reduced by 55.70% and 76.64%. By employing
precise 3D models for mapping match, the substantial
range errors introduced by NLOS reception were effec-
tively excluded from the positioning process, significantly
mitigating the risk of positioning deterioration in GNSS-
challenging environments.

The network-based OTDOA positioning algorithm’s
accuracy is significantly lower than the GNSS-based posi-
tioning method. In the open-sky environment of Experi-
ment 3, the highest accuracy for OTDOA is around 20 m,

with the maximum positioning error reaching 122.64 m.
In the kinematic tests of Experiments 4 and 5, the posi-
tioning error of OTDOA is further increased, with RMS
errors of 55.68 m and 77.36 m, median errors of 39.33 m
and 62.03 m, and maximum errors of 123.51 m and
165.27 m, respectively. In the challenging urban area
of Experiment 6, the OTDOA positioning results are
more concentrated, with RMS, median, and maximum
errors of 47.61 m, 43.38 m, and 91.01 m, respectively. As
explained in the “Methodology” section, a synchroniza-
tion precision of 1 ns for base stations is fundamental
to ensuring that network-based OTDOA positioning
can achieve meter-level accuracy. Since the OTDOA
algorithm is susceptible to the timing synchronization
accuracy between cellular base stations, the positioning
results from Experiments 3 to 6 also indirectly reflect the
necessity of improving the timing synchronization accu-
racy of communication networks.
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Conclusion and future work

As the world’s first smartphone to utilize the PPP-B2b
service as an alternative to the conventional SPP func-
tionality, the Redmi K60 Ultra is equipped with Mediatek
Dimensity 9200+ chipset that supports multi-frequency
measurements. The PPP-B2b service, offered through
the A-GNSS location platform developed by the China
Academy of Information and Communications Technol-
ogy, fully complies with the 3GPP-LPP and OMA-SUPL
framework. This study meticulously designed six differ-
ent experimental scenarios to investigate the capabilities
of the Redmi K60 Ultra, including analyses of multi-
frequency and multi-GNSS observation noise, compari-
sons of Time to First Fix, and evaluations of GNSS-based
and network-based positioning performance in various
environments.

The analysis of zero-baseline double-difference residu-
als reveals that the Redmi K60 Ultra enhances the obser-
vation accuracy for the BDS, GPS, Galileo, and QZSS
systems, except for the GLONASS system. The carrier
phase observation noise demonstrates commendable
consistency across all constellations and frequencies,
with standard deviation below 0.02 cycles. In contrast,
the observation noise on the second frequency (L5/E5a/
B2a) is about one-third that on the first frequency (L1/
E1/B11/B1C). This suggests that the observation accu-
racy on the second frequency approaches that of low-cost
GNSS receivers. Analysis of 100 consecutive cold starts
indicates that the Redmi K60 Ultra achieves an average
TTFF of 3.65 s in A-GNSS positioning mode. In con-
trast, the standalone GNSS positioning mode necessi-
tates approximately 32 s to attain successful positioning.
Integrating A-GNSS service into the Redmi K60 Ultra
enhances the cold start speed by over 85%, significantly
diminishing power consumption during smartphone
navigation.

Empirical evaluations in various experimental scenar-
ios show that real-time A-GNSS PPP can achieve RMS
positioning errors of less than 1.5 m in open-sky condi-
tions and less than 2.5 m in realistic environments. The
positioning performance of A-GNSS PPP is far superior
to the conventional SPP mode, close to post-processed
PPP’s precision. Nonetheless, constrained by the time
synchronization accuracy of mobile base stations, cel-
lular network-based OTDOA positioning error ranges
from 10 to 160 m, which currently can only serve as a
rough location estimate. Finally, we explore the position-
ing performance of 3D-mapping-assisted GNSS in chal-
lenging urban areas and its potential integration with
A-GNSS service. The results demonstrate that the SDMA
PPP algorithm significantly enhances both the initiali-
zation speed and the positioning accuracy compared to
traditional PPP. The maximum error is reduced from 25
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to 6 m, and the positioning accuracy is improved by over
30%, achieving 2.4 m.

The release of the Redmi K60 Ultra marks a significant
milestone, signaling a potential shift in the mass market
towards adopting high-precision PPP technology over
conventional SPP technology. The A-GNSS location
platform, developed by the China Academy of Informa-
tion and Communications Technology, currently sup-
ports basic SPP and high-precision PPP services. Future
enhancements to this platform are planned to refine rel-
evant standards and expand multi-source assistance data,
including 3D city models, regional atmospheric correc-
tions, integrity information, and Low Earth Orbit (LEO)
navigation augmentation to cover seamless positioning
services.
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