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ABSTRACT:

In this study, the performance of two different smart mobile devices is analysed and compared. These devices are either single-
frequency or dual-frequency GNSS carrier frequency-enabled smartphones. Both selected devices are from the same manufacturer.
They are the Pixel 3 and Pixel 4 from Google. The smartphones were positioned on six control points in an open sky environment
for which ground truth was determined with high-precision geodetic GNSS equipment serving as a reference. For the evaluation, a
Kalman filter solution is derived and applied to be able to determine position information epoch-wise. In the first step, the position
solution variations on the control points are determined and analyzed. It is seen that high variations may occur, especially in the
single-frequency Pixel 3 where high variations were shown. As expected, these deviations are significantly smaller for the dual-
frequency Pixel 4. Using the Kalman filter it is then proven that positioning of the few decimeter to meter level is achievable for
the dual frequency smartphone. Thus, it has been shown that dual-frequency smartphones have already reached a good level of
performance which opens up their use for some applications in surveying and especially in Location-based Services (LBS).

1. INTRODUCTION

The Global Navigation Satellite System (GNSS) has emerged
as one of the key tools widely used to determine positioning,
navigation and timing (PNT) services and applications. The
development of low-cost GNSS receivers has further improved
their usage in common day-to-day applications. These receiv-
ers, which are incorporated into mobile devices, serve as a po-
tential positioning tool for location-based service (LBS) ap-
plications. However, the PNT solutions derived on both the
high-end and the low-cost GNSS receivers suffer from a well-
known number of errors such as multipath, tropospheric and
ionospheric delays, orbital errors and receiver noises. Com-
paratively, errors on these low-cost GNSS receivers are higher
than on the geodetic grade devices mainly due to the utilization
of low-cost antennas, multiplicative and additive noises (Huang
et al., 2013, Paziewski et al., 2021). Further, mobile phones
equipped with low-cost GNSS receivers and antennae and hav-
ing low internal space, suffer extensively with larger Carrier-to-
noise (C/NO) in comparison to geodetic receivers.

Sri Lanka being a developing country has been supported with
technical development in geospatial sciences by a number of
development projects, one of which is LBS2ITS, a European-
Union funded project Erasmus + Capacity Building in Higher
Education (Retscher et al., 2021) focusing on development in
LBS and Intelligent Transport Systems (ITS) within the coun-
try. This work is one of the collaborative works of the pro-

ject participants, performed to study and understand the com-
parative standalone GNSS positioning accuracies of single-
frequency (SF) and dual-frequency (DF) mobile devices with
respect to geodetic grade GNSS receivers. Further, we ana-
lysed the suitability of applying Kalman filtering on the static,
standalone mobile GNSS observations for post-processing pos-
itional augmentations.

The paper is structured as follows: In section 2 the establish-
ment of the control points and the set-up during the experiments
for the GNSS performance tests with the smart mobile devices
are presented. This is followed by section 2.3 where the use of
a Kalman filter for data analysis of the smartphone observations
on the control points is introduced for epoch-wise positioning.
For this purpose, the main equations of the evaluation process
are derived. Section 3 is the main part of the paper dealing
with the analysis of the measurement campaign. Here in sec-
tion 3.1 firstly the positioning variations of the observation data
of the employed single (SF) and dual (DF) carrier frequency en-
abled smartphones in comparison to the ground truth and then
the results of the Kalman filtering in section 3.2 are discussed
in detail. For the Kalman filtering always the results before and
after applying the filter are compared. Finally, some remarks
and a summary of the main results conclude the paper.
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2. FIELD EXPERIMENTS AND METHODOLOGY
2.1 Control Point Establishment and Static Observation

The study was designed with a focus on the collection of high-
quality GNSS satellite observation data and mitigation of the
external GNSS error factors. For the data collection, a combina-
tion of geodetic GNSS receivers and mobile phones with single
and dual-frequency capabilities were employed. The Stonex
S900A is a geodetic grade GNSS receiver with the capability
of tracking multi-constellation GNSS satellites, i.e., from GPS,
GLONASS, Galileo, and BeiDou. It was used as the primary
device to provide a reference for the observation with the mo-
bile devices. Six control points were established within the
main ground of Sabaragamuwa University of Sri Lanka (SUSL)
at corners of a rectangular shape, which were designed to min-
imize external disturbances for the reception of GNSS signals.

2.2 Mobile Phone GNSS Observations

For the performance analysis of mobile devices, four smart-
phones were used namely the Google Pixel 3, Pixel 4, Poco F3,
and Xiaomi Redmi Note 8. The Pixel 4, Poco F3 and Redmi
Note 8 mobile devices had capabilities to track dual-frequency
GNSS observations (L1 and LS5 frequencies in the case of GPS),
while the Pixel 3 had capability to track single-frequency obser-
vations (L1 signal). Though the Redmi Note 8 device had the
capability to track both, the L1 and L5 signals, it could track
only the L1 frequency observations in the working scenario.
Observations on the mobile devices were performed on a spe-
cially designed set-up over each point, facing the internal GNSS
antenna towards the horizon as shown in Figure 1. Further,
in order to reduce the ionospheric impact on the observations,
the observation was performed during the nighttime, when the
ionosphere over Sri Lanka is known to be quiet. The reference
coordinates of each point were calculated through Precise Point
Positioning (PPP) processing utilizing the survey grade GNSS
observations.

Figure 1. Smartphone set-up over a control point.

2.3 Kalman Filter Derivation for Static Observations

A Kalman filter is an optimal estimator. It is recursive so that
new measurements can be processed as they arrive. The aim
of the Kalman filter process is to find the best estimate from
the noisy observation data amounts while filtering out noise. In

addition, the approach does not only clean up the measurements
but also projects them onto the state estimate. A Kalman filter
requires two models:

1. System model; and
2. Observation model.

The system model is given as:

Tn = FaTn_1+wn

W ~ N(0,Qu). M

The state vector estimated at timestamp n is denoted by x,, and
F,, denotes the transition matrix. w is the Gaussian process
noise with zero mean and variance matrix ). In this case, be-
cause GNSS receiver is static, the variance matrix is equal to
zero as there is no movement.

The measurement model is given as

zn = Hpxp + vn. ()

Vector z, denotes the measurements at epoch n. H, is the
measurement matrix at time epoch n and it is a Jacobian matrix
as it consists of the first-order partial derivatives of the non-
linear measurement model. The measurement noise is denoted
by v, and it is assumed to be Gaussian with zero mean and
variance matrix R.

Generally, the Kalman filter consists of two steps:

1. Time update (“prediction”) and
2. Measurement update (’correction’).

The first step, i.e., the time update ("prediction”), is done in the
functional model as follows:

& = Fué) . 3)

@}, denotes the state estimate from the previous epoch n — 1.
Symbol + is used to denote the result of the correction step
of the Kalman filter. 2, denotes the current, predicted, state
estimate in epoch n. Symbol — is used to denote the result of
the prediction step of the Kalman filter. Like before, F), is a
transition matrix.

The variance-covariance matrix corresponding to the propag-
ated state vector needs to be propagated as well. The following
form is applied for the stochastic model

P, = F,Pl_|F}. 4

The predicted variance-covariance matrix is denoted with P, .
The corrected variance-covariance matrix from the previous
epoch is denoted by P, . The transpose matrix is denoted by
()T. Normally, process noise would be added to the previous
noise. However, as explained before, the process noise variance
matrix @ is assumed to be zero.
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In the second step, the correction is performed based on the
measurement update. Firstly, Kalman gain is calculated as
shown in the following equation. It represents the weight given
to the current measurements in order to update the state.

Kn = P, H, (H,P, Hy + Rn)™" (5)

where K denotes the Kalman Gain matrix estimate at epoch
n. It is calculated based on the current measurement matrix
H,,, predicted variance-covariance matrix P, and measure-
ment variance matrix R

The state update shown in Equation 6 is calculated based on the
predicted state, Kalman gain, and the difference between the
measurements z, and the predicted measurements.

:i:j; = i:z + Kn(zn - Hni';,) (6)

Finally, the variance-covariance matrix can be updated as:

Pl =( - K,H,)P, (I - K,H,)" + K,R,K. (T)

These equations were processed in MATLAB. In the following
section, the major results of this method are presented.

3. RESULTS AND ANALYSIS

The different capabilities of the devices used in the study impact
the accuracy of the collected data, i.e., frequency and models of
the mobile devices. The study accounted for these differences
by calibrating the devices and applying appropriate processing
techniques during data collection and analysis. Additionally,
statistical methods to account for differences in the devices’
capabilities were applied in the evaluation to estimate the un-
certainty in the data collected. A Kalman filter as given in sec-
tion 2.3 was used to estimate the positioning solutions for every
epoch over the duration of the measurements. Confidence in-
tervals for the measurements were then calculated to be able to
analyse the achievable performance and positioning accuracies.

The use of multiple devices with different frequency capabil-
ities allows for investigating the impact of the number of fre-
quencies on GNSS positioning accuracy, particularly on mo-
bile devices. By comparing the results obtained from the dif-
ferent devices, it is possible to evaluate the performance of
consumer-grade GNSS receivers and assess the potential of us-
ing smartphones for GNSS data collection. Overall, it is im-
portant for studies like this to carefully consider the limitations
of the equipment being used and to take appropriate steps to
account for these limitations in data processing and analysis.

3.1 Positional variation of SF and DF mobile devices —
Study over Point 9002 and 9003

The positional variation on North (N) and East (E) of a single-
frequency (SF) (Pixel 3) and dual-frequency (DF) (Pixel 4) mo-
bile devices are presented in Figure 2. This shows a better per-
formance of the Pixel 4 mobile, which was further demonstrated
through the calculations of Standard Deviation (STD) and Root

Mean Square (RMS) values. The SD of the Pixel 4 mobile over
Point 9002 was 4.46 m and 5.99 m in the N and E directions,
respectively. For the Pixel 3, it was 14.79 m and 10.58 m in N
and E directions, respectively. Further, the RMS error was com-
paratively high for the Pixel 3, which was 14.89 m and 10.72 m
in N and E directions, respectively, and was around 5.14 m and
6.10 m for the Pixel 4 in N and E directions, respectively. A
similar kind of performance of the Pixel 4 mobile could be no-
ticed over all considered six reference points, with very minor
deviations, which would be further discussed with satellite geo-
metry and the surrounding environment in the extended study.
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Figure 2. Positioning variation in N and E directions of the Pixel
3 (SF) and Pixel 4 (DF) over the Point 9002.

Due to the limited room in this paper, here just the results of a
second point are presented here in Figure 3. The results on this
point 9003 prove that the Pixel 4 performs better. The STD of
the Pixel 4 mobile over point 9003 was 3.42 m and 4.76 m in
the N and E directions, respectively, which was lower with the
Pixel 3 of 7.21 m and 7.98 m in N and E directions, respect-
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ively. Further, the RMS error was comparatively high using the
Pixel 3, which was 7.28 m and 8.33 m in N and E directions,
respectively, and around 3.42 m and 4.81 m with the Pixel 4 in
N and E directions, respectively.
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Figure 3. Positioning variation in N and E directions of the Pixel
3 (SF) and Pixel 4 (DF) over Point 9003.

3.2 Application of the Kalman filter on SF and DF mobile
devices — Study over Point 9005

A Kalman filter for epoch-wise position estimation was applied
on the SF and DF mobile GNSS observations, which produced
an improvement in positional accuracies on both devices. As
shown in Figure 4, the position deviations from the ground truth
of the SF mobile (Pixel 3) were highly varying between + 10 m
in N and E directions with significant fluctuations and sudden
outliers of more than + 20 m, which have been made smoother
with only minor variations with the application of the Kalman
filter. The Kalman filter improved the RMS to 3.14 m and 3.59
m, from 9.00 m and 10.37 m in N and E directions, respectively.

Further, a significant improvement could be seen for the devi-
ations on the DF mobile device as well as it could be seen in
Figure 5. The RMS of 3.55 m and 3.90 m in N and E directions
was reduced to 1.23 m and 0.66 m after applying the Kalman
filter on the GNSS raw measurements.
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Figure 4. N and E deviations before and after applying a Kalman
filter on the SF mobile (Pixel 3) over Point 9005.

For visualization of the position variations, scatter plots of the
GNSS observations of the SF and DF mobile devices over Point
9005 were produced and are shown in Figure 6. The SF mo-
bile (Pixel 3) observation shows a larger scattering of the raw
GNSS measurements with no clear pattern. The position uncer-
tainty is described by the size and orientation of the error ellipse
(Jassim, 2019) with a length of the semi-major and -minor axes
of around 30.87 m and 12.34 m, respectively. By using the Kal-
man filter it was reduced to 9.76 m and 0.68 m. Noticeable is
the elongated shape of the error ellipses. The DF mobile (Pixel
4) observations show significantly lower scattering where the
semi-major and -minor axes are comparatively smaller, around
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Figure 5. N and E deviations before and after applying a Kalman
filter on the DF mobile (Pixel 4) over Point 9005.

10.34 m and 7.62 m, respectively. These values were further re-
duced to around 2.28 m and 1.19 m when applying the Kalman
filter. These results indicate that the use of a Kalman filter is
practicable for epoch-wise positioning.

Figure 7 shows the predicted output position before and after
applying the Kalman filter for Pixel 3 on the top and Pixel 4 on
the bottom. The blue line represents the raw measurements be-
fore applying the Kalman filter calculated from the mean value
for all six points, the red line represents the result after applying
the filter and the green line represents the reference coordin-
ates. The coordinates obtained before and after applying the
Kalman filter indicate clearly the smaller differences from the
reference coordinates for the Pixel 4. The Pixel 3, on the other
hand, shows significant differences. This proves the previously
presented results for all points in the rectangular shape selected.

Numerical values of the RMS are presented in Table 1 for three
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Figure 6. Scatter plots and error ellipses of the GNSS
observations of the SF mobile (Pixel 3) on the top and the DF
mobile (Pixel 4) on the bottom over Point 9005.

different control points. As can be seen, the application of the
Kalman filter is able to significantly reduce the position devi-
ations, especially in cases where the deviations are quite large.
The worst performance of both the mobiles Pixel 3 and Pixel 4
is seen over Pt 9000 and Pt 9004, which is very well depicted
alos in Figure 7. Pixel 3 has a very large RMS of deviation from
the ground truth of 20.49 m. This can be reduced to 13.59 m
when the Kalman filter is applied. Pixel 4 with an RMS of 7.61
m achieved 2.43 m when applying the filter.

4. CONCLUSIONS

The paper analyses the performance of the use of smart mobile
devices in surveying. Tests are conducted in an open sky set-
ting with single (SF) and dual (DF) carrier frequency-supported
smartphones. For the study in this paper the results of the two
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Figure 7. Positions of the points according to the average
coordinates of Pixel 3 on the top and Pixel 4 on the bottom.

Mobile device Pt 9000 | Pt 9004 | Pt 9003
Pixel 3 20.49 20.19 11.07
Pixel 3 KF applied 13.59 9.75 1.31
Pixel 4 7.61 6.83 5.90
Pixel 4 KF applied 243 2.02 3.17

Table 1. RMS values in [m] on three observation points before
and after the application of Kalman Filter (KF).

smartphones Pixel 3 (SF) and Pixel 4 (DF) of the manufacturer
Google are analyzed. In the first step, the positioning variations
on six control points are analyzed. For these points, the ground
truth was determined with a static survey using the geodetic
GNSS equipment from the manufacturer Stonex, i.e. the Stonex
S900 GNSS receiver. It is seen that the variations are quite high
from the ground truth. As expected the DF smartphone, i.e.,
the Pixel 4, performs better. So it can be concluded from this
first analysis that DF mobile devices perform well during static
GNSS positioning. The performance of the SF mobile device
was significantly lower.

In the next step the observation data is processed with a Kalman
filter and compared to the results without applying filtering. A
significant improvement while applying a Kalman filter in pos-
ition estimation could be seen through this study. As expected,
the application of the Kalman filter is more effective on the DF

mobile device (Pixel 4) observations compared to that of the SF
mobile device (Pixel 3). Scatter plots and resulting confidence
ellipses were analyzed in detail for the observation on the con-
trol points where it was seen that the Kalman filter is capable
to reduce the position deviations and noise significantly. Thus,
it can be concluded that the obtained results indicate that the
use of a Kalman filter is practicable for epoch-wise positioning.
Then it is possible to achieve results on the few decimeter to
meter level for the deviations from the ground truth.

In the extended future work we are studying the impact of the
surrounding environment on the positioning accuracy of these
two mobile devices. Furthermore, the performance of other dif-
ferent mobile devices will also be analyzed.
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