Journal of Geodesy (2022) 96:63
https://doi.org/10.1007/s00190-022-01652-7

ORIGINAL ARTICLE

f')

Check for
updates

Ambiguity resolution for smartphone GNSS precise positioning: effect
factors and performance

Bofeng Li'(® - Weikai Miao' - Guang’e Chen' . Zhong Li'

Received: 28 April 2022 / Accepted: 15 August 2022 / Published online: 5 September 2022
© Springer-Verlag GmbH Germany, part of Springer Nature 2022

Abstract

With the availability of Global Navigation Satellite Systems raw measurements in smartphones, high-precision positioning
using smartphones has become possible in recent years. Integer ambiguity resolution (IAR) is critical for smartphone precise
positioning, which would be more difficult in smartphones and affected by various factors. In this paper, we will numerically
study the effect factors for integer property of phase ambiguities, data quality, IAR efficiency and positioning accuracy for
the smartphone. The results show that integer property of phase ambiguities and data quality are governed not only by the
smartphone brands and embedded antennas, but also by the mobile operating system and smartphone attitudes. In general, the
different constant offsets exist for the different frequency ambiguities, and the ambiguities are fixable once the corresponding
offsets are calibrated. With the operating system of EMUI 9.0, the ambiguities are fixable for Xiaomi Mi8 but not for Huawei
Mate20. However, with the updated operating system of EMUI 9.0.1, the ambiguities of Huawei Mate20 become fixable.
Besides the smartphone brands and embedded antennas, the smartphone attitudes significantly affect the data quality, such as
carrier-to-noise density ratio (C/NO) values, data availability and observation precisions, thus affecting the ambiguity fixing
rate and positioning accuracy. The ambiguity fixing rates differ from attitudes by 17%, and generally, the upward attitude has
the best performance. Finally, the kinematic positioning results indicate that only the meter-level accuracy is obtained with
an embedded antenna, while the centimeter to decimeter-level accuracy is achievable with the external antenna.

Keywords Dual-frequency GNSS android smartphone - Smartphone attitude - Mobile operating system - Integer ambiguity
resolution - Real-time kinematic positioning

1 Introduction

In ‘Google I/O of 2016, the Global Navigation Satel-
lite Systems (GNSSs) raw data (including pseudorange,
phase and Doppler) is released to developers from smart
devices with Android-N operating system (European GNSS
Agency 2017). The availability of raw data provides more
opportunities in the booming location-based service (LBS)
markets, allowing the users to carry out their positioning
campaigns with flexible positioning modes in terms of their
specific accuracy demands (Banville and Diggelen 2016).
For instance, one can implement the pseudorange-based sin-
gle point positioning (Shin et al. 2017; Geng et al. 2018;
Robustelli et al. 2019), phase-based real-time kinematic
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(RTK) (Realini et al. 2017; Darugna et al. 2019; Li and Geng
2019) or precise point positioning (PPP) (Gill et al. 2017,
Elmezayen and El-Rabbany, 2019; Wu et al. 2019; Aggrey
etal. 2019; Psychas et al. 2019) for the meter- to centimeter-
accuracy LBS. With the growing demands for smartphone
precise positioning, the researchers started to focus more
on phase-based precise positioning techniques (European
GNSS Agency 2019; Darugna et al., 2019; Zangenehnejad
and Gao, 2021). The correct integer ambiguity resolution
(IAR) is the key issue to achieving precise positioning with
carrier phase observations. In a short-baseline positioning
mode where the atmospheric biases are basically eliminated,
the success of IAR depends mainly on two factors. One is the
integer property of ambiguity that is a prerequisite for IAR,
while the other is the data quality that affects the ambiguity
precision (Amiri-Simkooei et al. 2016; Li 2016).

For the phase observations in smartphones, the integer
property of ambiguity has been investigated for the differ-
ent smartphone chips with embedded or external antennas.
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In the case of embedded antennas, the IAR is rather diffi-
cult or even impossible for some brands of smartphones, for
instance, Nexus9, Huawei P10 and Galaxy S5 (Pirazzi et al.
2017;Realini et al. 2017; Hakansson 2019). The reason is that
their ambiguity fractions are time-variant dramatically from
satellite to satellite. However, for Huawei Mate20X and P30
as well as Xiaomi Mi8 (Mi8), their ambiguities are of inte-
ger nature at some frequency signals, like GPS L1 frequency
(Wanninger and HeBelbarth 2020; Darugnaet al. 2020). In the
case of external antennas, the results from Geng and Li (2019)
showed that with the Android system the constant offsets
exist in the ambiguities for Nexus9 and Mi8, and thus their
ambiguities can be fixed if these offsets are pre-calibrated.
Moreover, they found that such property of constant offsets
is not available for Mate20. Note, the above analyses for the
integer property of ambiguity were mainly based on a given
mobile operating system. In fact, the power-saving modes
differ from the mobile operating systems (Linty et al. 2014;
Humphreys et al. 2016), which may affect the smartphone
chip to process the received GNSS signals. This leaves a
question that whether the mobile operating system affects
the integer property of ambiguity. In addition, with release
of new chips of Huawei Kirin980, Huawei Mate20, Mate20X
and P30 are all updated by these new chips. As a result, it is
interesting to understand the ambiguity fixation for updated
Huawei smartphones.

Regarding GNSS data quality, the previous studies indi-
cated that the embedded antenna of smartphones is the key
factor. The linearly polarized antennas and low-cost GNSS
chipsets are generally used in smartphones (Zhang et al.
2013), which together derive the GNSS signals featured by
the lower and highly variated carrier-to-noise density ratio
(C/NO) (Siddakatte et al. 2017; Humphreys et al. 2016), the
non-uniform signal strengths and low C/NO at high eleva-
tions (Geng et al. 2018; Zhang et al. 2018a; Pesyna Jr et al.
2014), the high noise in the order of tens of meters and
frequent outliers for pseudoranges (Kirkko-Jaakkola et al.
2015), as well as the Duty-cycle (Laurichesse et al. 2017,
Gogoi et al. 2019; Banville and Diggelen 2016). However,
the existing studies mainly concentrated on the data quality
and its impacts on AR at a given attitude. In fact, the smart-
phone attitude would frequently change in real applications.
Since the smartphone antennas are generally omnidirectional
rather than hemispherical, it is insufficient to understand the
data quality of smartphones only at a given attitude. Instead,
one needs to accurately understand the data quality at dif-
ferent attitudes so as to improve the IAR for smartphone
positioning.

Different from the existing studies where only the smart-
phone brands are analyzed for IAR, this paper will address
three factors hindering the smartphone IAR and thus the
precise positioning, including the mobile operating systems
and smartphone attitudes besides the smartphone brands. We
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comprehensively analyze their effects on the integer nature
of ambiguities and data quality. The observations from the
smartphones of Mate2(0) and Mi8 with embedded and external
antennas and the geodetic receivers with external antennas
are comparably analyzed.

The rest of the paper is organized as follows. The for-
mulae of estimating smartphone observation precisions are
formulated in Sect. 2. The experiment setup and datasets used
in the paper are explained in Sect. 3. How the ambiguity
integer property (specified by the stability of ambiguity frac-
tions) and data quality (specified by the data availability and
data gap rate, C/NO values, and observation precisions) are
affected by the smartphone brands, operating systems and
attitudes are carefully addressed in Sects. 4 and 5, respec-
tively. Two kinematic experiments are carried out in Sect. 6
to numerically demonstrate the performance of IAR and
positioning for different smartphone brands with embed-
ded and external antennas, respectively. Finally, the research
findings and some concluding remarks are summarized in
Sect. 7.

2 Formulae of precision estimation

To study the integer property and noise characteristics of
the observations from a smartphone, we will form the
short baseline between a geodetic-grade receiver and a
smartphone. For the between-receiver short baseline single-
differenced (SD) observations, the systematic errors, e.g.,
satellite orbit and clock errors, satellite hardware delays and
atmospheric effects, can be basically eliminated. Then, the
single-epoch, SD observation equations on frequency j read
(Li 2016)

d; = Bb+e58tj +kjaj+kjesg0j+8¢j
Pj=Bb+esdl‘j+8pj (1)

where @ ; is the SD observation vector of s satellites for
phase on frequency j, and P; for code has the same structure
as @ ;. B is the design matrix to the baseline vector b. a; is
the SD ambiguity vector with wavelength A;. ¢; is the SD
initial phase bias of receiver. §t; and dt; are the SD receiver
clock errors for phase and code. £o; and EP; contain the
measurement noise and multipath for the SD phase and code,
respectively. The symbol e; is the s-column vector with all
elements of ones.

Obviously, the parameters 6¢; and ¢; are fully depen-
dent, and they are further dependent on parameter a; with
rank-deficiency of 1. In terms of Li (2016), the full-rank
single-epoch SD observation equations of phase and code
on frequency j read
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;| BXijAe; O a; 25
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where A = [0¢—1)x1, Is_l]T. Importantly, §¢; is the nom-
inated phase receiver clock error redefined as §t; = dt; +
Aj@j+A; ajl., which includes the receiver initial phase biases
and the pivot ambiguity.

aj = [—ew1Is_1]a; is the vector of double-
differenced (DD) ambiguities, which must be integers for
the geodetic-grade receivers. However, it is not the case for
phase observations of some smartphones. In such a case, the
DD ambiguity can be deemed as a lumped variable of an inte-
ger and a real-valued between-satellite DD phase bias. As a
result, the DD phase bias in a; is responsible for smartphone
IAR.

To analyze the stochastic characteristics of smartphone
observations, we must first recover their noises. To be
specific, once the DD ambiguities are correctly fixed by cal-
ibrating their phase biases (elaborated in Sect. 4), and the
baseline is precisely known externally, Eq. (2) is written as:

®; 7 [es 075t =y
BNt AR

where ® j and P ;j indicate the phase and code observa-
tions corrected with baseline and integer ambiguities. After
single-epoch least-squares adjustment, the SD phase and
code residuals are mainly affected by random noises and mul-
tipath. For smartphones with external antennas, the standard
deviation (STD) of code and phase observations at frequency
Jj can be estimated by

T
vo,v0,
70 =V - 1) @)

where v; is the residual vector at frequency j. O stands for the
code or phase observations. Note that (4) has a prerequisite
that the baseline is precisely known. However, for smart-
phones with embedded antennas, the antenna phase center
cannot be precisely measured and its variation is unclear.
Therefore, a triple-difference in time-domain is applied to
calculate the precisions of phase and code observations. The
SD phase or code observations on frequency j at adjacent
epochs k, k + 1,k + 2 and k + 3 are denoted as 5j,k, 6]-,;{“,
5j,k+2 and 6j,k+3, respectively. First, the between-epoch
single-difference equations for SD observations read

0j1=0ji1—0ji

Ej,z = Ej,k+2 =0 ©)
0;3=0;i3—0ji2

Then, the between-epoch double-difference equations for
SD observations read

{E,/,n =0ji2—20 11 +§j,k ©)

0;23=0;143—20; 142+ 0 111

Finally, the between-epoch triple-difference equation for
SD observations is formulated as (Li et al. 2010)

6j,k =0,1+3—30;4:2+30 401 — O 1 @)

where (") denotes the between-epoch triple-difference oper-
ator. In case of a short time duration (e.g., several minutes)
where the satellite elevations are hardly changed, it is ade-
quate to assume that the observation STDs are constant for
each satellite. Let the STD of un-difference code or phase
observation as og;, it follows by using error propagation
law in case of ignoring the time-correlations as
2 _ 2 2 2 2 _ 2

Uéj,k = 2‘70,- +9 x 2‘701 +9 x 2‘701 +200j = 4000]_ (8)
By using the observations of total K triple-difference

epochs, the STD of un-difference code or phase observation
is estimated as

_ Z/f:l O;kONj,k 9
O‘oj = 40—K ( )

For more details, one can also refer to Leick et al. (2015).

3 Data description

The static datasets were collected on the rooftop of a build-
ing at Tongji campus, and were employed to elucidate the
impacts of smartphone brands, operating systems and atti-
tudes on IAR. As shown in Fig. 1, two smartphones, Mate20
and Mi8, were placed next to each other in upward, horizon-
tal and downward attitudes, respectively. Away from them
by approximately 1 m, another Mate20 was located with an
external SinoGNSS AT340 geodetic antenna powered by the
Mate20 smartphone via a splitter. Through two outlets of
the splitter, the L1 and L5 signals are transmitted to each of
their own feeding points in the embedded antenna. In addi-
tion, two types of GNSS receivers, Trimble Alloy and u-blox
ZED-FO9T, are used, of which the u-blox ZED-FIT is a rep-
resentative of the low-cost receivers. The u-blox ZED-F9T
receiver tracks the L1 and L2 signals of GPS and the B11 and
B2I signals of BeiDou Navigation Satellite Systems (BDS),
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Fig. 1 Layout of three smartphones and two receivers (top) and real
observation environment (bottom) for collecting static datasets

while the smartphones track L1 and L5 signals of GPS and
B1I signals of BDS. Thus in analysis of data quality, only
GPS L1 signals and BDS B1I signals of u-blox are used for
comparison; But in analysis of IAR, the dual-frequency GPS
and BDS signals of u-blox are used. The detailed informa-
tion of smartphones and receivers is presented in Table 1.
The observation duration of static datasets for each attitude
is in Table 2.

In the following, we define a combination set (denoted by
U-T) that includes L1, B1I and E1 observations of u-blox,
and L5 and E5a observations of Trimble, to comprehensively
compare with dual-frequency smartphone signals. Figure 2
shows the total number of tracked satellites, and the corre-
sponding geometric dilutions of precision, i.e., PDOP, for all
devices.

The data quality of Mi8 observations is analyzed for com-
parison with Mate20. The GNSS chip of Huawei Kirin980
is embedded in Mate20 while the Broadcom BCM47755 in
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Table 1 The information of data collecting devices

Device Antenna Systems and frequencies

Huawei Mate20 embedded G:L1/L5; E:E1/E5a; C:B1I;
J:L1/LS

Huawei Mate20 AT340 G:L1/L5; E:E1/E5a; C:B11I;
J:L1/LS

Mi8 embedded G:L1/L5; E:E1/E5a; C:B1I;
J:L1/LS

u-blox ZED-F9T  AT340 G:L1/L2; E:E1; C:B11/B2I,
J:L1

Trimble Alloy TRM59800.00 G:L1/L5; E:E1/E5a; C:B11I;
J:L1/LS

Table 2 Details of static datasets where the Trimble Alloy is used as a
reference for all devices

Device Baseline length  Attitude Duration (UTC

(m) time) (min)

Huawei Mate20  27.2 23 min
(7:07-7:30,
May 27,

2019)

21 min
(7:39-8:00,
May 27,
2019)

39 min
(8:40-9:19,
May 27,
2019)

23 min
(3:40-4:03,
Oct. 3, 2020)

21 min
(4:09-4:30,
Oct. 3, 2020)

20 min
(4:45-5:05,
Oct. 3, 2020)

48 min
(0:16-1:04,
Sept. 26,
2020)

50 min
(0:00-0:50,
July 6, 2020)

Upward

Horizontal

Downward

Mi8 26.4

Upward

Horizontal

Downward

Huawei Mate20  24.1 External

u-blox 24.1
ZED-F9T

External

Mi8. The smartphones are updated with the Android P operat-
ing system to provide observations and navigation messages
of GPS, Galileo, QZSS and BDS. We developed an Android
app Tongji GNSS RINEX Logger (TJGRL) to extract the
observations with a sampling interval of 1 s through an appli-
cation programming interface (API) provided by Android
developers. It has been extensively tested by cooperating with
Huawei Company and is freely available to the third parties
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Fig.2 Total number of tracked satellites (top) and their associated
PDOP values (bottom) for static data with a cutoff elevation of 15° by
using Mate20, Mi8, u-blox ZED-FI9T and Trimble Alloy, respectively

upon required for academic usage at this stage. TJGRL can
store the data in both RINEX 3.04 format (IGS/RTCM 2018)
and raw log format (European GNSS Agency 2017). The
indicator of cycle slip pertained to the phase observation is
set to 1 when the duty cycle occurs.

4 Integer properties of phase ambiguities

In this section, we investigate the effects of smartphone
brands and operating systems on ambiguity fixation. To sup-
press the multipath effects, the embedded antenna is replaced
by an external geodetic-grade antenna. The ambiguity prop-
erty of Mate20 is analyzed, and for Mi8 one can refer to Geng
and Li (2019). Note that the operating system of Mate20 used
in this study is EMUI 9.0.1. For the ultra-short baselines, the
baseline-corrected DD phase observations can fully reflect
the receiver-inherent phase offsets and variations besides the
multipath and random noises. To be specific, the DD ambi-
guities are estimated epoch by epoch for the smartphone
observations with an external antenna, and the fractional parts
of those DD ambiguities are separated through a rounding
operation. Since the reference station is a geodetic receiver
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without any phase offsets, the offsets of DD ambiguities are
attributed to the smartphone observations.

4.1 Temporal properties of ambiguity fractions

Figure 3 presents the time-series and histograms for the frac-
tions of baseline-corrected DD phase observations between
Alloy receiver and Mate20 with operating system EMUI
9.0.1. Obviously, the fractions have constant offsets for all
satellite systems, and the offsets differ from satellite systems
and frequency bands. For example, the offset is about 0.5
cycles for L1/L5 signals of GPS and QZSS, while —0.5 cycles
for B1/E1 signals of BDS and Galileo. With stable ambigu-
ity offsets of Mate20, the IAR is expected if these offsets are
corrected. Considering the result from Geng and Li (2019)
that the ambiguity fractions of Mate20 with EMUI 9.0 vary
dramatically over time such that the ambiguities cannot be
fixed, we conclude that the operating system is responsible
for the time stability of ambiguity fractions. From this point
of view, we can say that Huawei has solved the variations of
ambiguity fractions for their smartphone GNSS chipsets in
the operating system EMUI 9.0.1. In addition, Geng and Li
(2019) showed that ambiguity fixation is expected for Mi8,
which further confirms that the integer nature of ambigu-
ity depends highly on the operating systems and smartphone
brands.

To show the efficiency of offset corrections, we first cor-
rect the DD observations with their corresponding offsets.
We calculated the mean offsets for each frequency of each
system over the entire observation period using the single-
epoch offset estimates. The estimated mean offsets are as
follows: 0.5 cycles for GPS L1/L5 and QZSS L1, —0.5
cycles for BDS B1 and Galileo El1, 0.7 cycles for QZSS
L5, and —0.4 cycles, for Galileo E5a, respectively. By using
these offsets, we correct the ambiguity fractions in Fig. 3,
the updated histogram is shown in Fig. 4. Clear, the offset-
corrected fractions are of zero-mean with magnitudes of
4 0.3 cycles for all frequencies. For the Mate20 observations
with an embedded antenna, we also apply their ambiguities
by using the estimated offsets, the histogram of corrected
fractions is shown in Fig. 4 as well. The results indicate that
the ambiguity fractions with embedded antenna are of zero-
mean for all frequencies but their magnitudes are larger than
those with the external antenna.

4.2 Offset-calibrated IAR

After pre-calibrating the DD phase observations of Mate20
by using the mean offsets, in this section we investigate
the IAR performance of different smartphone brands with
embedded antennas. To make a comparison, the IAR perfor-
mance of the smartphone with an external antenna and the
survey-grade receiver are examined. Since the phase center
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Fig. 4 Fraction histograms of baseline-corrected DD observations cor-
rected with offsets for Mate20 with embedded (rows 1-4) or external
(rows 5-8) antenna
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of an embedded antenna cannot be precisely measured, we
use the antenna reference point (ARP) as a truth benchmark
to gauge their relative positions.

Multi-frequency multi-system  real-time kinematic
(MRTK) software developed by the GNSS group in Tongji
University is used for IAR, which is able to process the
data of each GNSS system or their combinations with the
sequential least squares and extended Kalman filter (EKF)
algorithms. In this study, we employ the EKF algorithm,
where an elevation-dependent weighting function is applied
(Li et al. 2017). The float ambiguities are continuously
estimated and they are tried to be fixed at each epoch by
using the Partial ambiguity resolution (PAR) strategy (Nardo
et al. 2016) where the ambiguities with tracking duration of
shorter than 30 epochs are excluded for fixing. Furthermore,
an ambiguity-fixed epoch is obtained only when at least
three ambiguities are successfully fixed (Teunissen 1995)
and the ratio is larger than the threshold of 3.0 (Euler and
Schaffrin 1990). Once the ambiguity-fixed epoch is reached,
the time-to-first-fix (TTFF) is obtained. The fixing rate is
defined as the proportion of the number of ambiguity-fixed
epochs relative to the number of total epochs.

Figure 5 and Table 3 show the ambiguity fixing rate and
positioning results of static datasets for Mate20 and Mi8 with
embedded antennas, where RMS stands for the root mean
square accuracy. Besides the positioning errors, the cumula-
tive distribution function (CDF) of 3D positioning errors is
illustrated as well. To compare, the results of u-blox ZED-
FIOT and Mate20 with external antenna are shown in Fig. 6
and Table 4. The ambiguity fixing rate of Mate20 with embed-
ded antenna is 98.6%, which is higher than that of Mi8 by
9.2%. While if the external antenna is applied, the fixing rate
can be further improved to 99.7% and the TTFF is shortened
from 40 to 35 epochs. Regarding positioning results, the 3D
positioning errors in the confidence of 95% are 3 cm and 5 cm
for Mate20 and Mi8 with an embedded antenna, respectively.
The results of u-blox are better. Its fixing rate reaches 100%
with the TTFF of 30 epochs and the 3D errors of 2 cm in the
confidence of 95%. From these results, the external antenna
is an important factor to improve the IAR of smartphone.

The average number of satellites presented in Tables 3 and
4 indicates that the smartphone with an external antenna can
track more satellites, which gives a quick understanding why
the external antennas can obtain better results than embed-
ded antennas, respectively. In fact, the high quality of phase
observations with external antenna is even more important
for better IAR and positioning. The ambiguity-fixed phase
residuals of Mi8 and u-blox are given in Fig. 7. By compar-
ing with Fig. 4, the phase residuals of Mate2( are smaller
than those of Mi8, thus the ambiguity fixing rate is higher
for Mate20. However, the phase residuals of Mate20 with
external antenna are larger than those of u-blox, the ambigu-
ity fixing rate is lower for Mate20. Therefore, we concluded

o
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Fig.5 Positioning errors and their 3D CDFs for Mate20 (left) and Mi8
(right) with embedded antennas

Table 3 Positioning and IAR statistics of Mate20 and Mi8 with embed-
ded antennas in upward attitude

Mate20 Mi

E N 8] E N U

RMS (cm) 2.3 26 36 32 34 48
Fix rate (%) 98.6 89.4
TTFF (s) 40 56
Average number of satellites  18.7 14.3
[G:6.7; C:7.8; [G:5.6; C:4.6;
E:2.4;J:1.8] E:2.3;J:1.8]
0.05
— E - N U
£ 3
ré:; ®iawy ‘{"(\f"\") ;'.;f"",t Lt ‘-4‘;1
@
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1
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0
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Fig. 6 Positioning errors and their CDFs for Mate20 (left) and u-blox
ZED-FIT (right) with external antennas

that the external antenna affects the data quality and then the
IAR.
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Table 4 Positioning and IAR
statistics of Mate20 and u-blox Mate20 u-blox
ZED-FIT with external E N U E N U
antennas
RMS (cm) 0.6 0.6 0.7 0.3 0.3 0.5
Fix rate (%) 99.7 100
TTFF (s) 35 30
Average number of satellites 24.5 26.2

[G:8.3; C:10.9; E:3.3; J:2.0] [G:9.9; C:6.5; E:6.8; J:3.0]
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Fig.7 DD phase residuals of the ambiguity-fixed solutions for Mi8
(rows 1-4) and u-blox ZED-FI9T (rows 5-7)
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5 Data quality and its effects under different
attitudes

In this section, we examine the effects of the smartphone
attitude on the observation noises and then on the IAR. Three
indicators are defined to reflect the data quality at the different
attitudes: (1) the data availability and data gap rate; (2) the
relationship between C/NQ values and the satellite elevations;
(3) the code and phase precisions with embedded and external
antennas.

5.1 Data availability and data gap rate

The Data Availability Rate (DAR) is defined as the propor-
tion of number of real tracking satellites (NRTS), n,, to the
number of theoretical tracking satellites, n;, at a given epoch,
i.e., DAR =n,/n;, where the theoretical tracking satellites are
defined as the satellites with elevations calculated by broad-
cast ephemeris higher than 0°. DAR can overall reflect the
signal acquisition ability of smartphone chips.

The DAR results of Mate20 and Mi8 are shown in Table 5.
In general, with an embedded antenna, the DAR of Mate20
is larger than Mi8, but both smaller than using an external
antenna. The DAR of U-T is larger than Mate20 with an
embedded antenna, but they are comparable if the external
antenna is applied. Regarding Mate20 with an embedded
antenna, when the antenna faces upwards or downwards,
the DAR of L1/El is 92.5% on average, larger than that
of L5/E5a, while when the antenna is horizontal, the DAR
of L1/E1 is 87.3% on average. For Mi8 with an embedded
antenna, the DAR of L1/E1 is 81.8% on average, larger than
that of L5/E5a at different attitudes. It can be seen that the
DAR gets minimal when the embedded antenna of Mi8 is
placed downward and when the embedded antenna of Mate20
is horizontal. In addition, with an embedded antenna, the
difference of DAR between different attitudes is smaller for
Mate20 than for Mi8. An explanation for this phenomenon
can be found in some studies (Yong et al. 2021). Netthonglang
et al. (2019) and Darugna et al. (2019) demonstrated the
discrepancy between the antenna phase centers of Mi8 and
Mate20. The antenna phase center of Mate20 is closer to the
geometric center than Mi8, thus the data quality of Mate20
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Table 5 The data availability of

Mate20, Mi8 and U-T Antenna Device Attitude Type G:L1 G:L5 C:Bl1 E:El E:E5a JI:L1 J:L5
Embedded Mate20 Upward Ny 10.8 4.2 54 4.6 4.0 2.8 2.0
antenna DAR (%) 934 834 99.6 928 96.7 974 879
Horizontal  n, 9.1 3.3 3.8 4.1 54 2.9 2.7

DAR (%) 769 775 864 899 958 95.8 84.7

Downward  n, 7.4 2.9 6.9 5.1 5.8 2.3 2.8

DAR (%) 789 782 900 906 994 97.1 869

Mi8 Upward g 8.5 3.8 6.2 3.8 3.8 2.7 2.8

DAR (%) 89.3 769 668 839 769 99.8 957

Horizontal Ng 8.5 2.2 49 3.7 2.6 2.9 2.3

DAR (%) 82.1 729 636 808 685 98.1 88.1

Downward  n, 7.4 1.5 5.1 1.9 1.5 29 1.3

DAR (%) 78.1 672 596 793 669 99.9 838

External U-T Upward g 10.9 42 133 6.3 6.3 3.0 3.0
antenna DAR (%) 940 834 744 853 854 100.0 100.0
Mate20 Upward g 9.8 39 189 8.5 8.9 29 29

DAR (%) 97.8 77.1 883 815 85.0 999 99.8

seems less attitude dependent. This is in agreement with
our results. In summary, although the embedded antenna is
omnidirectional, the number of tracking satellites varies dra-
matically with the antenna attitudes. The upward attitude is
generally conducive to the observation reception.

For precise positioning, the continuous phase observations
are rather important. Once a new ambiguity is introduced, it
often needs a certain period of continuous phase observations
to make its float solution converge. If the frequent interrup-
tions occur, they will badly hamper or even be useless to
the success of IAR (Li et al. 2017; Li 2018). Therefore, to
address the quality of phase data related to this issue, we
define another indicator of Data Gap Rate (DGR). As shown
in Fig. 8, given a threshold e (i.e., minimum continuous
tracking epochs), for instance, e; = 30 s, if the number of
continuous epochs, ey, for a satellite that is smaller than this
threshold, the phase observations of these e; epochs are con-
sidered useless for ambiguity resolution and they are taken
as an interruption. Then, the DGR is defined as the ratio
of the number of interrupted epochs e; to the total num-
ber of epochs ¢;, i.e., DGR = eg4/e;. Figure 9 shows the
DGR results of Mate20, Mi8 and U-T for different thresh-
olds e;. The DGR gets larger for larger e;. With e; = 30 s,
the DGRs of dual-frequency observations are 19.1,23.7, and
35.7% on average for Mate20 with an embedded antenna in
upward, horizontal, and downward directions, while they are
34.1, 46.1 and 35.9% for Mi8 with an embedded antenna.
The DGR is maximum when the embedded antenna of Mi8
is placed downward and when the embedded antenna of
Mate20 is horizontal. This implies that the tracking ability of
phase observations varies between smartphones with differ-
ent attitudes. However, with an external antenna, the DGRs of

)
Q
2
o es <30 eg <30 e, <30
% \—\k/_)_\ﬁy, \ - 4 g\l - ;
5 | es>30 e, <30 e>30 e, >30
§ €q €q
= e
GPST [s]

Fig.8 Graphical illustration of DGR definition with BI1 phase obser-
vations of CO1 satellite as an example. The green line denotes the
availability of phase observations

Mate20 dual-frequency observations are reduced to 7.4, 7.4,
7.6 and 7.6% for e; = 30, 60, 300 and 600 s, while they are
nearly zero for U-T. From the above results we can conclude
that, in addition to the effect of the smartphone antenna, the
attitude of the smartphone does affect the continuity of the
phase observations.

5.2 Elevation-dependent C/NO values

The C/NO is defined as the ratio of the signal power to the
noise power in 1-Hz bandwidth (Bilich and Larson 2007),
which reflects the quality of received signals from the energy
aspect. In this section, we calculate the mean C/NO values
in an interval of 5° for each frequency observation with dif-
ferent attitudes. Figure 10 shows these mean C/NO results
with respect to satellite elevations for Mate20, Mi8 and U-T,
respectively. The positive elevation-dependence is apparent
for U-T receivers. For smartphones with either embedded or
external antenna, the dependence is not clear and some fluc-
tuations exist. Moreover, the C/NO values of Mate20 with
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Fig. 9 DGR results for different frequency phase observations of Mate20, Mi8 and U-T with different attitudes and different thresholds of e;, where
the embedded antenna is used for Mi8 and external antennas are used for receivers, while both embedded and external antennas are used for Mate20

an external antenna are about 7 dB larger than those with an
embedded antenna, and close to the U-T values. The reason
is that the linearly polarized GNSS antennas employed in
smartphones cannot compensate for the 3 dB signal power
loss caused by polarization mismatch (Zhang et al. 2013). In
addition, we found that for the Mate20 and Mi8 with embed-
ded antennas, the effects of attitude variations on C/NO are
upto4 dB and 11 dB, respectively, in all GNSS systems. The
observations with lower C/NO may be outliers, which affects
the IAR and positioning (Zhang et al. 2018c). Therefore, the
effect of smartphone attitude on C/NO values and thereby on
the ambiguity resolution must be carefully considered in the
actual data processing.

5.3 Observation precisions

For test devices with external antennas, such as u-blox,
Trimble Alloy and Mate20, the precisions of GNSS observa-
tions were evaluated based on the ultra-short baselines with
precisely known baseline coordinates (Amiri-Simkooei and
Tiberius 2007; Li 2016; Zhang et al. 2018b), as shown in (4).
Moreover, we quantified the precisions of smartphone obser-
vations with embedded antennas using a triple-difference
method in the time-domain, as shown in (9). Note that
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the time-independent assumption is applied in (9). This is
because this correlation can only cause a limited impact on
the observation precision (1-2 mm) for all conditions in our
experiments. Such small difference can hardly affect the cm-
level positioning accuracy, and therefore the assumption of
time-independent observations employed in (9) is acceptable.

The code and phase STDs of Mate20 and Mi8 are pre-
sented in Table 6. The STDs of embedded antennas are
generally similar for the different attitudes. When the exter-
nal antenna is used, due to its high gain and low noise, the
code STDs become smaller. For the B1/E1 signals of two
smartphones, the code and phase STDs of BDS and Galileo
satellites are smaller than those of GPS and QZSS satel-
lites. However, the code and phase STDs of all frequencies
in smartphones are larger than those of U-T. For the L5/E5a
signals of two smartphones, the code STDs of all systems
are significantly smaller than those of the L1/E1 signals. This
shows that the L5/E5a signals have advantages in signal mod-
ulation and better anti-multipath ability in different scenes.
To verify this point, the probabilities of the code outliers as a
function of C/NQ values are calculated for the different smart-
phone attitudes, as shown in Fig. 11. Here the code outlier
is defined for the observation with its residual being three
times larger than its STD. It is well known that the larger
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Fig. 10 The C/NO values as a function of satellite elevations for U-T and Mate20 with external antennas (rows 1-2), Mate20 (rows 3-5) and Mi8
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Table 6 The STDs of code and
phase observations for Mate20

and Mi8. The unit is the meter
for code and cycle for phase,

respectively

N
© O
o O

probability [%]

N
o

(@ o]

probability [%]
B (@] (o] o
o o o

N
o

So

probability [%] _,

o

Systems  Type Embedded antenna External antenna
Upward Horizontal Downward Upward
Mate20  Mi8 Mate20  Mi8 Mate20  MiS8 Mate20  U-T
G: L1 Code (m) 1.574 2.009 1.849 2322 1452 2499  0.488 0.477
phase (cycle)  0.012 0.035 0.048 0.032  0.022 0.064  0.007 0.008
G: LS5 Code (m) 0.348 1.584  0.929 1.876  0.836 2356 0.126 0.116
phase (cycle)  0.012 0.024  0.044 0.025 0.013 0.057  0.007 0.006
C: Bl Code (m) 1.615 1.824  1.559 1.838  1.507 1.943  0.384 0.272
phase (cycle)  0.021 0.037  0.049 0.034  0.020 0.041  0.006 0.007
E:El Code (m) 1.139 1.978 1.420 1.675 1.336 2213 0.263 0.242
phase (cycle)  0.016 0.024  0.052 0.032  0.027 0.055  0.006 0.008
E: E5a Code (m) 0.357 1.571  1.067 1.840 0.671 1.986 0.132 0.117
phase (cycle)  0.022 0.022  0.051 0.029  0.024 0.044  0.004 0.005
J: L1 Code (m) 1.574 1.667 1.516 2.055 2.110 2359  0.496 0.468
phase (cycle)  0.018 0.027  0.036 0.023  0.032 0.090  0.005 0.008
J: L5 Code (m) 0.382 1.533 0.774 1.272  1.149 1.564  0.147 0.110
Phase (cycle) 0.016 0.018  0.035 0.014  0.028 0.068  0.005 0.006
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Fig. 11 Probability of the code outliers as a function of C/NO values for Mi8 and Mate20

C/NOQ value has generally a smaller noise influence (Zhang
et al. 2018c). From Fig. 11, we can see that the probability
of code outliers decreases with the increase in C/NQ values.
When the C/NO value is larger than 30 dB Hz, the probabil-

ity of L1/E1 code outliers seems slightly higher than that of
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L5/E5a signals. It means that L5/E5a signals have the better
anti-multipath capability in a smartphone. The code outliers
occur more frequently when the observations have C/NO val-
ues smaller than 30 dB Hz for two smartphones, which gives
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experience in real data processing for setting the minimum
C/NQ threshold in the actual data processing.

5.4 I1AR under different attitudes

The previous results show that the data quality differs from
the smartphone attitudes, in this section, we will further study
the effects of attitudes on the IAR. In terms of the afore-
analysis, the code observations with C/N0-values lower than
30 dB Hz would be outliers with high probability. Thus the
observations only with C/N0 values larger than 30 dB Hz are
used. In addition, considering the effect of DGR on ambiguity
fixation, the ambiguities with a tracking time shorter than 30
epochs will not be fixed in the data processing. Finally, the

offsets obtained in Sect. 4 will be used for ambiguity fraction
calibration for Mate20.

Figure 12 and Table 7 show the positioning results of
statistic datasets for Mate20 and Mi8 in three antenna atti-
tudes (i.e., upward, horizontal and downward). In general,
the positioning performance of Mate20 is overall better than
Mi8. The 3D errors of Mate20 are all smaller than 10 cm by
95% for three antenna attitudes, and even smaller than 5 cm
for upward and downward attitudes. For Mi8, the 3D errors
are in centimeters only for upward attitude, and reach 0.2 m
and 0.4 m for downward and horizontal attitudes, respec-
tively. The ambiguity fixing rates of Mate20 are larger than
those of Mi8 with much shorter TTFF for all antenna atti-
tudes. Moreover, the results of upward attitude are best with
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Table 7 Positioning statistics of - -
Mate20 and Mi8 with different Device Type Upward Horizontal Downward
antenna attitudes E N U E N U E N U
Mate20 RMS (cm) 23 2.6 3.6 53 5.6 6.1 4.3 4.6 5.5
Fix rate (%) 98.6 80.2 81.1
TTFEF (s) 40 57 160
Mi8 RMS (cm) 32 34 4.8 53 8.1 11.5 6.2 7.4 9.3
Fix rate (%) 89.4 759 78.4
TTFF (s) 56 102 213
Table 8 The error characteristics - — - -
and corresponding processing Device  C/NO DGR Amb}gulty Attitude  Operating system
strategies for smartphones fractions
Mate20  Larger than Longer than 30 Pre-calibrating Upward EMUI9.0.1
30 dB-Hz are epochs are used
used
Mi8 / Upward EMUI 9.0

the highest accuracies, largest fix-rates and shortest TTFF
for both Mate20 and Mi8. Then, the results of downward
attitude are better than those of horizontal attitude. There-
fore, the antenna attitude is indeed an important factor for
smartphone positioning with an embedded antenna.

6 Kinematic positioning

The IAR and positioning have been investigated for smart-
phones with embedded antennas under different attitudes by
using static data. However, most real smartphone positioning
applications are in kinematic situations. In this section, we
analyze the IAR and positioning of smartphones at upward
attitude in two real kinematic experiments, aiming to pro-
vide the reference of quantitative accuracy for mass-market
users. Table 8 summarizes the error characteristics and cor-
responding processing strategies for smartphones in real data
processing.

Two kinematic datasets were collected on the playground
of Tongji campus (denoted by Kin#1) and on the highway of
Shanghai city (denoted by Kin#2), as shown in Fig. 13. Note
that for two kinematic experiments, the embedded antennas
of the Mate20 and Mi8 face upwards. In Kin#1 dataset, all
smartphones with embedded antennas were equipped on a
kart and a Trimble receiver is used for comparison purposes.
In Kin#2, two Mate20 smartphones were placed inside the
windshield. A splitter was applied to separate the radio fre-
quency signals from an external SinoGNSS AT340 antenna
into a SinoGNSST30 receiver and one of two smartphones.
In other words, one smartphone used an external geodetic
antenna sharing with a geodetic receiver, while the other used
its own embedded antenna. Table 9 presents the experiment
details. Kin#1 suffers from the semi-shielding surroundings
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" [SinoGNSS
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Fig. 13 Setup of two kinematic experiments. Kin#1 (top) collects data
on the playground of Tongji campus with an equipped kart, while Kin#2
(bottom) on the highway of Shanghai city with a car. The green dots in
the trajectory indicate the ambiguity-fixed solutions provided by Trim-
ble in Kin#1 and SinoGNSST30 in Kin#2, while the yellow dots in the
trajectory indicate the ambiguity-floated solutions
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Table 9 Observation

information of two kinematic Base receiver  Rover device Antenna Baseline length Du.ration (UTC time)
tests (min)
Kin#1 Trimble Mate20 Embedded 0.3-0.4 km 28 min (13:57-14:25,
Oct. 9, 2020)
Mi8 Embedded
Trimble SinoGNSS AT340
Kin#2 NovAtel Mate20 Embedded 0.1-5.3 km 38 min (8:00-8:38,
Sept. 12, 2019)
Mate20 SinoGNSS AT340
SinoGNSST30  SinoGNSS AT340
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& 2:5 10 = { S :
Z25 -10 g ' ' ‘
)
-5 -20 E - N u
5 20 -0.2
0 500 1000 1500 O 500 1000 1500
% 20 10 epoch [s] epoch [s]
w_ - w 0.8
25 10 8 0,052 M~0.09 m 0.07 W~0.09 m
5 -20 006
1 5 004
0.5 2.5 ©0.2 3D
o ) . \ 0 95%
£ 0 e O 0 0.05 0.1 0.15 0.2 0.250 0.05 0.1 0.15 0.2 0.25
205 -2.5 errors [m] errors [m]
-1 -5
Sl 0,0, A0 A0 095 O A0 90 a0 0 Fig. 15 Positioning errors and their CDFs of 2D and 3D errors for
NP ARORNOI N B NI RY ®% @ BT (B Mate20 (left) and Mi8 (right) in Kin#1

epoch [s] epoch [s]

Fig. 14 The velocity information of Kin#1 (left) and Kin#2 (right)

by trees and buildings, while Kin#2 includes the open sky
and semi-shielding surroundings. To identify the motion
complexity, the varying velocities are included with the max-
imum speed of 7 km/h and 85 km/h for two experiments,
respectively, as shown in Fig. 14. In the following analysis,
the epochs with ambiguity-fixed solutions from Trimble in
Kin#1 and SinoGNSST30 receivers in Kin#2 are used as the
true values to evaluate the solutions of smartphones.

For Kin#1, the ambiguity fixing rate and positioning statis-
tics of Mate20 and Mi8 are shown in Fig. 15 and Table 10,
respectively. The RMS accuracies of Mate20 and Mi8 are
all smaller than 5 cm in three directions, and their ambi-
guity fixing rates of them are all above 90%. It means
that with Mate20 and Mi8 smartphones the centimeter-level
location-based services are achievable in such an environ-
ment. The TTFF of Mate20 is more than 2 times shorter
than Mi8. The CDF results of positioning errors indicate
smaller errors for Mate20 compared to Mi8. In conclusion,
centimeter-accuracy positioning can be achieved in a semi-

Table 10 Positioning statistics for Mate20 and Mi8 both with embedded
antennas in Kin#l

Mate20 Mi8

E N U E N U
RMS (cm) 2.5 2.6 4.4 3.1 35 4.7
Fix rate (%) 98.3 90.6
TTFF (s) 33 102

shaded environment using a smartphone with an embedded
antenna placed upwards.

For Kin#2, the positioning errors and statistics of Mate20
with embedded or external antennas are shown in Fig. 16 and
Table 11, respectively. Compared to Kin#1, the C/NO values
with embedded antenna are 7.2 dB Hz lower for L1/B1/E1
signals and 2.3 dB Hz lower for L5/ES5a signals in Kin#2 due
to the effect of the car front windshield. When the external
antenna is used, the C/NO-values are significantly improved.
In such a high-dynamic and obstruction environment, the
ambiguity fixing rates are reduced by 62.1% for embedded
antenna and still by 22.6% even for external antenna. In gen-
eral, only the meter-level accuracy can be obtained in such
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Fig. 16 Positioning errors and their CDFs for Mate20 with embedded
(left) or external (right) antenna in Kin#2

Table 11 Positioning statistics of Mate20 with embedded and external
antennas in Kin#2

Embedded antenna External antenna

E N 8] E N U
RMS (m) 0.36 0.79 0.99 0.03 0.07 0.09
Fix rate (%) 36.2 75.7
TTFF (s) 111 30

a complicated city environment with an embedded antenna.
The horizontal 2D errors are about 1.3 m and 3D errors 2.4 m
in a percentage of 95%. However, once the external antenna
is used, the accuracies of each coordinate component are
improved to as high as centimeters, and the 3D and horizon-
tal errors are about 20 cm and 10 cm by 95%, respectively.
Such accurate positioning is very promising, allowing the
variety of high-precision location-based services in the city
environment, for instance, the vehicular-lane accurate posi-
tioning for intelligent transportation.

7 Concluding remarks

This contribution investigated three factors hindering smart-
phone IAR, including the smartphone brands, operating
systems and smartphone attitudes. The success of IAR and
positioning capability were assessed by using static and kine-
matic datasets. During the whole analysis, the geodetic-grade
antenna was used to evaluate the impacts brought by the
smartphone antennas. The research findings are summarized
as follows.

1. The embedded antenna of smartphone is an important
factor affecting the data quality. The data gap rates of
Mate20 are larger than 20% and can be reduced to about

@ Springer

7% once the external antenna is applied. The C/NO values
are about 35 dB Hz and smaller by 7 dB Hz than the
external antenna.

2. The antenna attitude also affects the data quality and
ambiguity fixing rate. The upward attitude for both
Mate20 and Mi8 achieves the best data quality with the
smallest data gaps and largest data availability and then
the highest ambiguity fixing rate.

3. The integer properties of phase ambiguities are related
not only to smartphone brands but also to mobile
operating systems. The phase ambiguities of Mate20
under Android 9.0.1 can be successfully fixed once
the frequency-related constant offsets are properly cal-
ibrated. The fixing rate exceeds 90% in static scenarios
and is higher than that of Mi8.

4. For a static dataset with an open-sky environment, the
centimeter-accurate positioning solutions are achievable
with 3D positioning errors smaller than 10 cm by 95%;
while for city-environment with complicated obstruc-
tions, only the meter-level accuracy is obtained, which
however can be significantly improved to centimeter
to decimeter-level with positioning errors are smaller
than 0.22 m by 95% if an external antenna is employed
instead of embedded antenna. Such results are promis-
ing to satisfy a lot of location-based services, such as the
vehicular-lane accurate positioning for intelligent trans-
portation.
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