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Abstract: The paper presents smartphone GPS positioning

results, using phase observations on the L1 frequency. In

this research, we used one Huawei P30 Pro mobile phone,

one Samsung S22 Ultra, and one geodetic receiver (Javad

Triumph-1) acting as the reference receiver. Smartphones

were placed on an aluminum base at an equal distance of

0.34 m from this receiver. Such a close distance was used to

achieve identical observation conditions. The analysis was

carried out from static GPS positioning, using the Modified

Ambiguity Function Approach (MAFA) method. The short

baselines were used during the tests. For the first part of the

test, 5-min static sessions were performed for both smart-

phones. For post-processing kinematic (PPK), 1, 3, 5, and

10-s solutions achieved decimeter-level accuracy, while 30

and 60-s solutions provided centimeter-level accuracy for

N and E on both smartphones. The results obtained from

both smartphones are very promising. The authors proved

that theMAFAmethod can be used for precisemobile phone

positioning for short baselines.

Keywords: smartphone positioning; MAFA method; GNSS;

phase measurements

1 Introduction

The usefulness of Global positioning system (GPS) phase

measurements has been known since the beginning of satel-

lite positioning. These firstmeasurements dependedmainly

on L1 and L2 frequencies, available in every high-class GPS

receiver and broadcasted by all currently operational satel-

lites. Nowadays, the phase observations on additional L5

frequency provide more applicability. The GPS L5 signal is

one of the latest signals related to the GPS modernization
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plan. The L5 signal operates at a higher power level than

other civilian GPS signals, features a broader bandwidth,

and transmits at a lower frequency, enhancing its recep-

tion for indoor positioning applications [1]. Furthermore,

integrating multiple satellite systems, including GLONASS,

Galileo, and BeiDou, into modern smartphones has greatly

enhanced the precision and reliability of positioning

services.

Since phase observationswere applied to smartphones,

they have emerged as a valuable tool for precision posi-

tioning, transforming the capabilities of everyday mobile

devices for a wide range of applications. Traditionally, car-

rier phasemeasurements have been the domain of high-end

GNSS receivers, relied upon in fields such as surveying,

geodesy, and autonomous navigation. Today, smartphone-

based Global Satellite Navigation System (GNSS) technology

may play an influential role in these areas, as well as in

earthquake warnings and environmental monitoring [2–4].

Recent advancements in smartphone technology have

made it possible to access raw GNSSmeasurements through

the new application programming interface (API) [5]. How-

ever, the newAPI does not provide the typical GNSS observa-

tions directly (e.g., pseudorange, carrier-phase, or Doppler

observations), which have to be generated by the users

themselves to obtain a high level of accuracy under optimal

conditions. This development opens a vast array of pos-

sibilities for applications that require high-precision loca-

tion data but were previously constrained by the limita-

tions of standard GNSS position fixes on mobile devices.

High-precision positioning on smartphones, accurate to the

decimeter and even centimeter levels, has attracted consid-

erable attention [6–10]. To achieve centimeter-level posi-

tioning using smartphone GNSS data, it is crucial to assess

the quality of the raw measurements. Accurate evaluation

beginswith the proper acquisition, conversion, and process-

ing of GNSS observations. Receiver Independent Exchange

Format (RINEX) is widely used by scientists for its compat-

ibility with established GNSS processing tools. Smartphone

GNSS data logging is facilitated by specialized applications

that capture raw sensor observations. The Geo++ RINEX

Logger (https://www.geopp.de), a pioneering application,

was the first to directly convert raw GNSS observables from

the Android API into RINEX files, making them compatible

with conventional GNSS processing frameworks. This tool
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remains themost widely adopted for logging raw GNSS data

from smartphones [11]. Also, the growing support for dual-

frequency GNSS measurements in modern smartphones

represents a significant advancement. Additional frequen-

cies enhancemeasurement precision andhelpmitigatemul-

tipath distortions. Such capabilities, combined with robust

logging and processing tools, pave the way for achieving

higher levels of accuracy and reliability in smartphone

GNSS applications.

Incorporating phase observations into GNSS position-

ing systems offers several compelling advantages, particu-

larly in achieving higher accuracy and stability compared

to traditional code-based solutions. This is especially valu-

able in challenging environments such as urban areas

or locations with significant signal obstructions, where

code-basedmethods often struggle. Phase-based positioning

leverages the precise measurement of the carrier wave’s

phase, enabling the resolution of smaller positional changes

and improved reliability. Notably, achieving centimeter-

level accuracy is no longer confined to high-end specialized

equipment. Recent advancements demonstrate the feasibil-

ity of using single-frequency carrier-phase differential GNSS

techniques with consumer-grade smartphone hardware for

static positioning scenarios [11, 12]. Thesemethods capitalize

on the raw carrier-phase data provided by modern smart-

phones, combining it with advanced processing algorithms

to deliver remarkable precision. Also, available today low-

cost positioning modules, e.g., u-blox, set the benchmark

in high precision GNSS performance. The latest develop-

ments have made high-accuracy GNSS positioning more

accessible for everyday use [8]. Research shows that single-

frequency smartphone-based techniques like RTK, and net-

work RTK (NRTK) can achieve mostly decimeter-level accu-

racy under optimal conditions [13–17]. While studies have

demonstrated the potential of smartphones to deliver accu-

rate positioning, these advancements rely on advanced algo-

rithms and satellite communication technologies. Despite

this progress, achieving consistent high-accuracy position-

ing remains dependent on favorable conditions.

Furthermore, researchers have increasingly explored

the application of precise point positioning (PPP) techniques

to smartphones, marking a transformative step in location

technology [18]. Initial efforts in applying PPP to smart-

phones focused on single-frequency PPP static experiments,

yielding decimeter-level accuracy under ideal conditions

[19]. Also, real-time solutions represent a major step for-

ward, extending PPP’s benefits to dynamic applications

where positional information is critical [20, 21]. A particu-

larly promising evolution of this technique is Precise Point

Positioning with Ambiguity Resolution (PPP-AR). Despite

many advancements, the effectiveness of PPP and PPP-AR

heavily depends on the quality of GNSS signals. Environ-

ments with significant signal obstructions, such as urban

areas with dense buildings or heavily forested regions, can

impair performance. The multipath effect, signal attenua-

tion, and loss of satellite visibility in such scenarios remain

key challenges that researchers actively address through

algorithmic improvements and sensor integration tech-

niques [22, 23]. Another technique like PPP-RTK has been

extensively studied for its ability to combine the benefits of

both real-time kinematic RTK and PPP techniques. Before

the development of PPP-RTK, traditional RTK relied on a

single base station, but it was later extended to work within

a regional network of multiple base stations, referred to

NRTK. RTK and NRTK allow for rapid ambiguity resolution

over short baselines or within a local area. In contrast, PPP

eliminates the need for a local network like NRTK, operating

with just a single receiver. However, PPP typically faces

longer convergence times for ambiguity resolution. PPP-

RTK, therefore, offers the fast ambiguity resolution capabil-

ities of RTK and NRTK while overcoming the convergence

delay associated with standalone PPP [24].

The MAFA method (Modified Ambiguity Function

Approach) presented by the authors is based on the align-

ment using the least squares method with conditional

equations in the functional model [25]. The use of condi-

tional equations allows for the elimination of phase obser-

vation ambiguity from the mathematical model underly-

ing the adjustment process while simultaneously taking

into account the integer nature of these ambiguities in the

obtained solutions. In comparison to the modern position-

ing methods, the MAFA method is unaffected by cycle slips

and discontinuity of ambiguities [26]. The MAFA method

is based on relative positioning. In the case of the MAFA

method, there is no need to remove the cycle slips, thanks

to themathematical models. While considering the classical

models of ambiguity resolutions, if the satellite observations

aremissing even for one epoch, the ambiguities will change.

Such a problem does not exist in the MAFA method, thanks

to the search procedure incorporated into this method [27].

Despite substantial progress in smartphone GNSS tech-

nology, unfortunately, several critical limitations continue

to impede its effectiveness in high-precision applications.

A key challenge is the presence of noisy or inconsistent

measurements, which significantly impact the reliability

and accuracy of GNSS data. These issues largely stem from

the limitations of smartphone hardware, particularly the

use of compact, low-quality GNSS antennas. Unlike the

high-gain, circularly polarized antennas used in profes-

sional equipment, smartphone antennas are constrained by
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design priorities such as size, cost, and integration with

other components. As a result, they are more susceptible

to interference, multipath effects, and weak signal recep-

tion [28]. The compact form factor of smartphones fur-

ther exacerbates these issues, as the antenna’s proximity to

other internal components, such as metal casings and elec-

tronic circuits, introduces additional noise and signal dis-

tortion. To address these challenges, researchers are explor-

ing several avenues. One approach involves the develop-

ment of advanced signal processing algorithms to mitigate

noise and improvemeasurement quality. For example, tech-

niques such as multipath filtering, machine learning-based

error correction, and real-time signal enhancement have

shown promise in improving GNSS accuracy [22]. Another

area of focus is the design of improved smartphone anten-

nas, includingmulti-band andmulti-polarization configura-

tions, to enhance signal reception and reduce susceptibility

to noise.

Additionally, the integration of GNSS data with infor-

mation from other sensors (accelerometers, gyroscopes, or

barometers) can provide complementary positioning data,

improving overall accuracy and reliability [29, 30]. Col-

laborative techniques like assisted GNSS (A-GNSS), which

leverages network-based corrections, also help mitigate

the shortcomings of smartphone hardware in challeng-

ing environments [31]. While these advancements repre-

sent significant progress, achieving consistent centimeter-

level accuracy across diverse environments remains a

formidable challenge. Continued innovation in hardware

design, algorithm development, and hybrid positioning

solutions will be essential to unlock the full potential of

smartphone GNSS for precise applications.

2 MAFA method

The MAFA method is based on relative positioning. We

can present the double-differenced phase observations

equation in a simplified form. For our considerations, we

will ignore the influence of the troposphere and ionosphere

(however, they can be modeled and included in the model)

[32]:

Φ = 1

𝜆
𝜌
(
xc

)
+ N + e (1)

where: Φ – double-differenced phase observations;

𝜆 – wave length; 𝜌 – double-differenced geometric dis-

tances;N – double-differenced ambiguities; e – observation

errors (measurement noise); xc – coordinates vector of the

receiver. The nominal accuracy of phase observation mea-

surements is typically determined at approximately 0.01

cycles. This means the corrections should be considerably

less than 0.5 cycles of the measured phase [33]. Considering

the integer nature of the parameter N and assuming that

errors are less than half a cycle we can present equation (1)

in the following form [34]:

e =
(
Φ− 1

𝜆
𝜌
(
xc

))
− int

(
Φ− 1

𝜆
𝜌
(
xc

))
(2)

where “int” denotes rounding to the nearest integer. The

term int
(
Φ− 1

𝜆
𝜌
(
xc

))
in equation (2) has been introduced

in place of the elementN.This canbemade only if two condi-

tions are fulfilled. The first one has been already introduced

that the corrections should be considerably less than half of

the cycle. The second condition pertains to the approximate

value of xc. The approximate value of the position must lie

within the appropriate region called the Voronoi cell [35] or

pull-in region [36]. The fulfilment of the second condition is

ensured through a search procedure described in the later

part of this paper. The linearized form of equation (2) can be

presented as follows [34]:

e = 𝛅− 1

𝜆
Adx

c
(3)

where dx
c
– is a parameter vector, A – is the design matrix,

e – is the error vector and 𝛅 – is the misclosures vector,

which is formed in the presented form:

𝛅 =
(
𝚽− 1

𝜆
𝛒
(
x
0
c

))
− int

(
𝚽− 1

𝜆
𝛒
(
x
0
c

))
(4)

where 𝛒
(
x
0
c

)
is a vector of double-differenced geometric

distances calculated using approximate coordinates, there

are no ambiguities in the presented model (3). However, its

integer nature is preserved through the appropriate for-

mula for creating the misclosures vector (4). By adopting

this approach, the least-squares adjustment problem with

integer constraints transforms into the unconstrained form

represented by the model in equation (3) and the corre-

sponding objective function:

Ψ = e
T
Pe (5)

where P in this equation is a weight matrix. Utilizing the

least-squares method allows us to determine dx
c
and e:

d

⌣
x c = 𝜆

(
A
T
PA

)−1
A
T
P𝜹 (6)

⌣
e = 𝛅− 1

𝜆
Ad

⌣
x
c

(7)

The presented solution (6) obtained from the model (3)

is correct when the a priori position lies within the appro-

priate Voronoi cell [35]. However, only in some cases, this

will work. Hence, introducing a search procedure becomes

necessary in the MAFA method. In the MAFA method, the
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search procedure is conducted in the 3-dimensional domain

of x, y, z coordinates. The search region is created as an

ellipse of errors of approximate position. A grid of optimally

distributed points called candidates is created within it. The

orientation of a grid aligns with the orientation of the axes

of the error ellipse. The density of the candidate grid must

be dense enough not to miss the correct Voronoi cell, but at

the same time, it cannot be too dense. The large number of

candidates to test can make the computation process inef-

fective [37]. The confidence level determines the size of the

error ellipsoid. The parameters describing the error ellip-

soid are the centre, the lengths of the main axes, and their

orientation [27]. Those parameters are determined based on

the vector of the approximate position and the covariance

matrix Q
x
of this position. To determine the length of the

axis of the error ellipsoid, we must use the relationship

between the critical value 𝜒 2
c
of the 𝜒 2 distribution with

3 degrees of freedom and the assumed confidence level p0
[31]:

p0 = P
(
𝜒 2 < 𝜒 2

c

)
(8)

where:

𝜒 2 =
(
xc − x

0
c

)T
Q
−1
x

(
xc − x

0
c

)
(9)

In this paper the confidence level p0 was set as 0.6.With

equation (9) we can write 𝜒 2 < 𝜒 2
c
from (8) as:

(
xc − x

0
c

)T
Q
−1
x

(
xc − x

0
c

)
< 𝜒 2

c
(10)

This inequality defines a confidence region adopted as

the search region. The centre of the error ellipse is set at the

a priori point, and the length of the main axis of the error

ellipse is determined in the following way:

rx =
√

𝜒 2
c

𝜇x
, ry =

√
𝜒 2
c

𝜇y

, rz =
√

𝜒 2
c

𝜇z
(11)

where 𝜒 2
c
a critical value of 𝜒 2 distribution with 3 degrees

of freedom. 𝜇x, 𝜇y, 𝜇z are eigenvalues of the matrix Q
−1
x
.

When the grid of candidates is prepared, each of them is

tested. Each is set as an approximate position, and the crite-

ria (5) is tested. The candidate that minimizes the criteria is

accepted as the solution. The estimationusing this candidate

is performed, and the results are taken as a final result for

the MAFA method.

In the MAFA method for smartphone positioning, cycle

slips do not need to be removed, thanks to themathematical

model. This simplifies the data preparation. In contrast, tra-

ditional ambiguity resolution models are affected by miss-

ing satellite observations – just one lost epoch can alter the

ambiguities. This issue is avoided in the MAFA method due

to the search procedure built into it. This method allows us

to obtain a position from one epoch solution, which is very

desirable in mobile device positioning.

3 Field experiment and

configuration

Experiments were conducted in the open-sky area. The

tests were done for a chosen period of 60 min (recording

interval – 1s) in static mode. Raw GNSS observation data

was collected using Geo++ Rinex Logger Android appli-

cation ver. 2.1.8 by Huawei P30 Pro and Samsung S22

Ultra smartphones. These mobile phones collect data from

GPS, GLONASS, BEIDOU, and GALILEO positioning systems.

Huawei P30 Pro uses Kirin 980 chipset, and the Samsung

S22 Ultra uses Qualcomm SM8450 Snapdragon 8 Gen 1

chipset.

Additionally, in this research, we used a geodetic

receiver (Javad Triumph-1) acting as the reference receiver.

Smartphones were placed at an equal distance of 0.34 m

from this receiver (Figure 1). The authors specially planned

such a close distance to achieve identical observation con-

ditions. Thus, it was possible to compare the accuracy of

MAFA/GPS positioning using phase observations on the L1

frequency.

To achieve the highest level of accuracy in position-

ing, precise knowledge of the average phase center posi-

tion of the smartphone’s internal antenna – as well as any

potential variations in that phase center – is essential [7,

8]. Before initiating the main positioning accuracy exper-

iment, we conducted two preliminary sessions, each last-

ing 2 h, to determine the phase center. In these following

Figure 1: Field experiment and equipment configuration.
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sessions, smartphones were mounted separately on a spe-

cially constructed aluminumbase, designedwith a centrally

positioned mandrel that allowed for secure placement on a

leveling head. This setup ensured precise alignment over a

designated reference point. To explore the impact of orien-

tation on the phase center, the smartphones were fixed in

three distinct positions on the aluminum base: (1) vertically

upright, (2) lying parallel to the length of the beam, and (3)

positioned perpendicular to the beam. Simultaneously, two

high-precision GNSS Javad Alpha receivers were mounted

at the North and South ends of the aluminum base. The

setup included a professional-grade compass, which facili-

tated the exact alignment of the base along the North-South

axis. Carrier phase measurements from each setup were

recorded and subsequently processed using Topcon Tools,

a commercial post-processing software. For accurate differ-

ential positioning, data from the nearest ASG-EUPOS (Pol-

ish GNSS augmentation system) base station, located 4 km

away, served as the reference in the post-processing step

for antenna phase center determination. This setup allowed

for a comprehensive assessment of potential phase center

shifts in various smartphone orientations, providing essen-

tial calibration data to enhance the reliability of subsequent

positioning accuracy experiments. Knowing the placement

of phase centers of both smartphones, we could measure

the exact distances to the Javad receiver for comparison

purposes. More detailed information about the calibration

of Huawei’s smartphone antenna’s phase center with its

precise localization can be found in [9]. The similar results

were obtained byWanninger andHeßelbarth in [8]. Accord-

ing to Samsung’s phase center calibration process and final

parameters can be found in [38].

All the computationswere performed using a self-made

by authors software inMatLab. The software uses theMAFA

method for positioning using code and phase observations.

The software can perform computations in two modes:

static sessions and post-processed kinematics (PPK). These

two modes were used in the presented tests. In both cases,

the reference station is required to perform the computa-

tions. The confidence level was set as 0.6. Many tests were

performed to determine the best value for confidence level.

Javad receiver was used as a reference station. The eleva-

tion mask for the calculation was 15◦ for both modes. The

authors decided to use a short baseline since the MAFA

method was never tested with low-quality observations. It

was unclear if the method would be able to estimate the

position with such data.

In the static mode, the results were obtained by ini-

tially determining the position for the first epoch, then

subsequently incorporating observations from the next

epoch, re-estimating, and repeating this process until the

final epoch. As each subsequent epoch occurred, a more

extensive set of observations was utilized for estimation. A

similar approach was adopted for the PPK mode. However,

in this case, the position was estimated using a previously

assumed number of epochs. In the presented tests, the 1,

3, 5, 10, 30, and 60 s long PPK sessions were used. In the

1-s approach, data from a single epoch is used to estimate

the position, while in the 60-s approach, data from 60 con-

secutive epochs is used. The main difference lies in the

number of epochs and the data used for the estimation. For

comparison purposes, the accurate position of the reference

Javad Triumph-1 receiver was determined using the closest

ASG-EUPOS permanent reference station (OPNT). To present

the obtained results, the coordinate differences between

reference coordinates and obtained results were calculated

and transformed into a topocentric coordinate system. Both

smartphone positions were determined using relative posi-

tioning in reference to the Javad receiver.

4 Positioning results and discussion

In this section, results from long static sessions and PPK are

presented. For the first part of the test, 5-min static sessions

were performed for both mobile phones. Initially, we used

a one-hour static session. However, we decided to show

only a 5-min static session because, after a few minutes, the

position got stable. The authors decided not to show the

rest of the positioning results since it does not present any

significant changes. Figure 2 presents the results for Huawei

and Samsung static sessions. The first plot of Figure 2 shows

the results for Huawei. For Huawei, the position gets stable

after around 25 s. After about 2 min, the position gets stable

with very high accuracy.

Second plot of Figure 2 presents the results for Sam-

sung. In this case, about 25 s were needed to obtain a stable

and precise position. But as we can observe, Samsung’s

accuracy is lower than Huawei’s. Also, after the conver-

gence, Samsung’s position became unstable. The position

errors for XYZ in the last epoch for Huawei are, respec-

tively, 0.003 m, 0.002 m, and 0.004 m. In the case of Samsung,

we got 0.003 m, 0.002 m and 0.004 m. So, we can observe

that position errors in both cases are similar. However, we

can observe higher variability in Samsung’s case than in

Huawei’s.

Figures 3 and 4 present the results for PPK for Huawei.

We can observe very low precision for the obtained posi-

tions for the one, three, and five-epoch solutions and even

for ten-second solutions. In these four types of solutions,

we can observe differences between the reference and
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Figure 2: dN, dE and dU for Huawei and Samsung GPS-only static sessions.

Figure 3: One, three and five epoch dN, dE and dU post-processing GPS-only PPK results for Huawei.

obtained positions that can be significantly larger than

0.2 m. Those differences are smaller than 0.2 m for 30 and

60-epoch solutions for dN and dE. In the case of dU, as

expected the precision is even lower, and in all six cases.

For one, three, and five-second solutions, the differences

between reference position and obtained positions can

reach even 0.5 m. For ten, thirty and sixty-epochs solutions,

differences reach up to 0.3 m.

A similar situation can be observed in Figures 5 and 6,

where PPK results are presented from Samsung. Also, in this
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Figure 4: Ten, thirty, and sixty epoch dN, dE, and dU post-processing GPS-only PPK results for Huawei.

Figure 5: One, three and ten epoch dN, dE and dU post-processing GPS-only PPK results for Samsung.

case, we can observe a low accuracy for one, three, five, and

ten-second solutions for dNanddE. The differences between

the reference position and obtained positions can exceed

0.3 m. The results for dU are also similar. The results for the

first four variants can exceed 0.3 m. For thirty and sixty-

second solutions, the results are primarily below 0.3 m.
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Figure 6: Ten, thirty and sixty epoch dN, dE and dU post-processing GPS-only PPK results for Samsung.

However, in the case of Samsung, we can observe that the

more significant number of obtained solutions are charac-

terized by high precision in cases of ten, thirty and sixty-

second solutions.

Table 1 presents the post-processing results for Huawei

and Samsung. The mean of the differences between refer-

ence and obtained positions and the standard deviations

(std) for those differences are shown. We can observe that

the obtained means are close to a few millimetres for all

solutions for both Samsung and Huawei. The situation dif-

fers when it comes to the standard deviation. In the case of

both Samsung and Huawei, the standard deviation for one

and three-epoch solutions is over 0.1 m for dN and dU. For

five and ten-second solutions, std for dN is still bigger than

0.1 m. However, for dE, it drops below 0.1 m for Samsung.

For 30-s solutions for Huawei, std is just above 0.05 m, and

for Samsung, it is slightly below 0.05. For 60-s solutions, the

standard deviations are below 0.03 m for both Huawei and

Samsung. For dU, the standard deviation for both mobile

phones is over 0.2 m in a one-epoch solution. For Huawei,

the value for the remaining solutions is always greater than

0.1 m. In the case of Samsung, only for a 60-s solution, std is

below 0.1 m.

Based on experimental results presented by the

researchers in previous scientific papers, we can observe

that authors obtained a similar level of accuracy using the

Table 1:Mean and standard deviation for dN, dE, and dU for Huawei and Samsung.

Huawei

1 epoch 3 epochs 5 epochs 10 epochs 30 epochs 60 epochs

Mean Std Mean Std Mean Std Mean Std Mean Std Mean Std

dN −0.003 0.142 0.000 0.129 −0.002 0.126 −0.006 0.118 0.000 0.056 0.004 0.027

dE −0.001 0.118 −0.001 0.105 0.001 0.103 0.002 0.096 0.009 0.051 0.006 0.026

dU −0.001 0.217 0.001 0.190 0.001 0.188 −0.007 0.182 0.026 0.140 0.033 0.138

Samsung

dN 0.002 0.132 −0.002 0.122 0.000 0.114 −0.003 0.101 0.005 0.047 0.000 0.025

dE 0.012 0.108 0.010 0.101 0.007 0.095 0.004 0.081 0.000 0.040 −0.003 0.021

dU −0.020 0.020 −0.023 0.185 −0.006 0.172 −0.001 0.147 0.013 0.112 −0.005 0.078
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MAFA method in a much shorter time (after 25 s) using

GPS L1. After Wanniger and Heßelbarth, the fixed solution

achieved accuracies from 3.5 cm in 5 min to 1.6 cm in

60 min using WaSoft software [8]. Uradziński and Bakuła

obtained similar accuracies (1–2 cm) after 20 min using

Topcon Tools software [9]. The same positioning results

were obtained after 30 min using RTKLib software [39].

However, it is important to note, that the cited authors used

longer baselines.

5 Summary and conclusions

The paper presents the GPS positioning results obtained

from smartphones, using phase observations on the L1 fre-

quency. In this research, we used one Huawei P30 Pro

mobile phone, one Samsung S22 Ultra, and one geodetic

receiver (Javad Triumph-1) acting as the reference receiver.

The analysis was carried out from static GPS positioning,

using the MAFA method.

In the first part of the test, 5-min static sessions were

conducted for both mobile phones. For the Huawei smart-

phone, the position stabilized after approximately 25 s and

achieved very high accuracy after around 2 min. For the

Samsung smartphone, it also took about 25 s to obtain a

stable and precise position. The position errors for XYZ

in the final epoch for the Huawei device were 0.003 m,

0.002 m, and 0.004 m, respectively. For the Samsung device,

the errors were 0.003 m, 0.002 m, and 0.004 m as well. Thus,

the position errors in both cases are similar. However, there

is greater variability in the results of Samsung compared to

Huawei.

For PPK, the 1, 3, 5, and 10-s solutions show decimeter-

level accuracy, while the 30 and 60-s solutions provide

centimeter-level accuracy for N and E coordinates for both

smartphones. For the Up component, results were below

0.3 m. For Huawei, the STD for 1-epoch solutions was 0.12 m

for dN and dE, and 0.22 m for dU. For 60-epoch solutions,

the STD was 0.03 m for dN and dE, and 0.14 m for dU.

Samsung’s 1-epoch results were similar to Huawei’s, but for

the 60-epoch solution, Samsung’s dN and dE were compara-

ble to Huawei’s, while dU was nearly double, at 0.07 m. In

comparison to other research papers, we can observe that

authors obtained a similar level of accuracy using theMAFA

method in a much shorter time (after 25 s) using GPS L1

frequency.

The results obtained from both smartphones are very

promising. The authors proved that the MAFA method can

be used for precise mobile phone positioning for short

baselines. In the near future, authors are planning to extend

the MAFA method to process multi-GNSS data.
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712 — D. Kwaśniak and M. Uradziński: The usefulness of the MAFA method for smartphone positioning

13. Sun W, Li Y, Duan S. Xiaomi Mi 8 smartphone GNSS data quality

analysis and single-frequency RTK positioning performance

evaluation. IET Radar, Sonar Navig 2020;14:1410−16..
14. Dabove P, Di Pietra V. Single-baseline RTK positioning using

dual-frequency GNSS receivers inside smartphones. Sensors

2019;19:4302..

15. Jiang Y, Gao Y, Ding W, Liu F, Gao Y. An improved ambiguity

resolution algorithm for smartphone RTK positioning. Sensors

2023;23:5292..

16. Odolinski R, Teunissen PJ. An assessment of smartphone and

low-cost multi-GNSS single-frequency RTK positioning for low,

medium and high ionospheric disturbance periods. J Geodesy

2019;93:701−22..
17. Li Y, Mi J, Xu Y, Li B, Jiang D, Liu W. A robust adaptive filtering

algorithm for GNSS single-frequency RTK of smartphone. Remote

Sens 2022;14:6388..

18. Shinghal G, Bisnath S. Conditioning and PPP processing of

smartphone GNSS measurements in realistic environments. Satell

Navig 2021;2:10..

19. Aggrey J, Bisnath S, Naciri N, Shinghal G, Yang S. Multi-GNSS

precise point positioning with next-generation smartphone

measurements. J Spat Sci 2020;65:79−98..
20. Li Z, Wang L, Wang N, Li R, Liu A. Real-time GNSS precise point

positioning with smartphones for vehicle navigation. Satell Navig

2022;3:19..

21. Wang L, Li Z, Wang N, Wang Z. Real-time GNSS precise point

positioning for low-cost smart devices. GPS Solut 2021;

25:69..

22. Hu J, Li P, Bisnath S. Towards GNSS ambiguity resolution for

smartphones in realistic environments: characterization of

smartphone ambiguities with RTK, PPP, and PPP-RTK. In:

Proceedings of the 36th international technical meeting of the

satellite division of the institute of navigation (ION GNSS+ 2023).

Denver, Colorado; 2023:2698−711 pp.
23. Wen Q, Geng J, Li G, Guo J. Precise point positioning with

ambiguity resolution using an external survey-grade antenna

enhanced dual-frequency android GNSS data. Measurement

2020;157:107634..

24. Gao Y, Zhang Y, Lyu Z. A PPP-RTK approach to mass-market

applications. Int Arch Photogramm Remote Sens Spat Inf Sci

2023;XLVIII-1/W1-2023:151−3..
25. Cellmer S, Wielgosz P, Rzepecka Z. Modified ambiguity function

approach for GPS carrier phase positioning. J Geodesy

2010;84:267−75..
26. Kwaśniak D, Cellmer S, Nowel K. Schreiber’s differencing scheme

applied to carrier phase observations in the MAFA method.

In: 2016 baltic geodetic congress (BGC geomatics). Gdansk,

Poland; 2016:197−204 pp.
27. Cellmer S, Nowel K, Kwaśniak D. Optimization of a grid of

candidates in the search procedure of the MAFA method. In:

Environmental engineering. proceedings of the international

conference on environmental engineering. ICEE; 2017, vol 10:1−7
pp.

28. Gao M, Liu G, Wang S, Xiao G, Zhao W, Lv D. Research on tightly

coupled multi-antenna GNSS/MEMS single-frequency

single-epoch attitude determination in urban environment.

Remote Sens 2021;13:2710..

29. Zhu H, Xia L, Li Q, Xia J, Cai Y. IMU-aided precise point positioning

performance assessment with smartphones in GNSS-degraded

urban environments. Remote Sens 2022;14:4469..

30. Yi D, Naciri N, Bisnath S. Precise positioning utilizing smartphone

GNSS/IMU integration with the combination of galileo high

accuracy service (HAS) corrections and broadcast ephemerides.

GPS Solut 2024;28:140..

31. Wang J, Shi C, Zheng F, Yang C, Liu X, Liu S, et al. Multi-frequency

smartphone positioning performance evaluation: insights into

A-GNSS PPP-B2b services and beyond. Satell Navig 2024;5:25..

32. Teunissen P, Kleusberg A. GPS for geodesy. Berlin, Heidelberg,

New York: Springer-Verlag; 1998.

33. Kwaśniak D, Cellmer S, Nowel K. Precise positioning in Europe

using the galileo and GPS combination. In: Proceedings of the

international conference on environmental engineering. ICEE.

Vilnius: Vilnius Gediminas Technical University Press; 2017, vol 10.

34. Cellmer S, Nowel K, Kwaśniak D. The new search method in precise

GNSS positioning. IEEE Trans Aero Electron Syst 2018;54:404−15..
35. Xu P. Voronoi cells, probabilistic bounds, and hypothesis testing in

mixed integer linear models. IEEE Trans Inf Theor

2006;52:3122−38..
36. Teunissen P, De Jonge P, Tiberius C. The LAMBDA method for fast

GPS surveying. In: International symposium “gps technology

applications”. Bucharest, Romania; 1995.

37. Cellmer S, Nowel K, Fischer A. A search step optimization in an

ambiguity function-based GNSS precise positioning. Surv Rev

2021;54:1−8..
38. Kim B, Kim J, Kee C, Yu S, Kim J. Analysis of RTK positioning accuracy

using antenna calibrated commercial Samsung smartphone.

In: Proceedings of the 2023 international technical meeting of the

institute of navigation. Long Beach, California; 2023:611−23 pp.
39. Uradziński M, Bakuła M. Achieving centimeters-level GPS

positioning accuracy using a smartphone for mapping

applications. Int Arch Photogram Remote Sens Spat Inf Sci

2023;48:525−9..


	1 Introduction
	2 MAFA method
	3 Field experiment and configuration
	4 Positioning results and discussion
	5 Summary and conclusions


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Euroscale Coated v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 35
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1000
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.10000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /DEU <>
    /ENU ()
    /ENN ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName (ISO Coated v2 \(ECI\))
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName <FEFF005B0048006F006800650020004100750066006C00F600730075006E0067005D>
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 8.503940
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.276 841.890]
>> setpagedevice


