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Abstract 

Global Navigation Satellite System (GNSS) positioning with smartphones has increased attention 

due to its accessibility and potential for high-precision applications. In this study, the accuracy of 

the multi-constellation multi-frequency Xiaomi 11T module for static applications is investigated. 

Two-hour static GPS and Galileo measurements are acquired using Xiaomi 11T centered on a 

reference point at the Arab Academy for Science, Technology, and Maritime Transport in Aswan, 

Egypt, over a period of three separate days; subsequently, the measurements are processed using 

the Ionosphere Free-Precise Point Positioning (IF-PPP) processing model. Three processing 

scenarios are applied including GPS-only, Galileo-only, and combined GPS/Galileo. To account for 

satellite and clock errors, the final Center for Orbit Determination in Europe (CODE) products are 

utilized. The results indicate that decimeter- and submeter-level accuracies can be fulfilled in 

horizontal and vertical directions, respectively; additionally, the combined constellation positioning 

accuracy are superior to those obtained from single constellation solutions, which is about 50-

centimeter and 80-centimeter position accuracies in horizontal and vertical directions, respectively. 

Moreover, it is found that GPS-only solution is slightly better than Galileo-only solution, while 

Galileo-only solutions demonstrate slightly better performance in the vertical directions. 
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1. Introduction 

   Recently, low-cost Precise Point Positioning (PPP) technique has seen significant advancements 

because its advantage in achieving centimeter-level positioning accuracy using single GNSS receiver 

[1]. However, PPP technique is limited by slow convergence, which results from a number of factors 

such as ambiguity resolution, noisy measurements, and slow changes in satellite geometry [2]. 

Precise clocks and satellite orbits are both necessary to attain high PPP positioning accuracy. For 

this purpose, the International Global Navigation Satellite System (GNSS) Service (IGS) offers those 

products in various forms namely real-time, ultra-rapid, rapid, and final [3], which are publicly 

available from various analysis centers, for example, the Center for Orbit Determination in Europe 

(CODE). Eliminating ionospheric effects is the major challenge for PPP processing model particularly 

for low-cost GNSS devices because ionosphere is a dispersive medium, meaning that the value of 

the delay is frequency-dependent [4]; therefore, the Ionospheric-Free (IF) combination of dual-

frequency GNSS data, including carrier-phase and pseudo-range measurements, can effectively 

mitigate 99% of its effect which known as the 1st order ionospheric effects [5], [6].  
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   Currently, smart devices (i.e., smartphones, smartwatches, tablets, etc.) are the dominant 

GNSS devices as it provides users not only with positioning capabilities but also with 

telecommunications, entertainment, and various other functionalities. Prior to 2016, GNSS raw data 

was not accessible through smartphone GNSS chipsets; as a result, enhancing positioning accuracy 

was not feasible without the use of external hardware or software [7]. With the accessibility of 

multi-frequency, multi-constellation GNSS smartphone, it becomes possible to improve smartphone 

GNSS positioning accuracy using a variety of positioning techniques and algorithms [8], [9]. The 

Xiaomi module, Mi8, achieved centimeter- and meter- level accuracies in static and kinematic PPP 

modes [10], also it achieved 6.13 m, 4.10 m and 2.23 m accuracies in leaf-on season, leaf-of season 

and open area, respectively using forest trajectory [11]. In addition, [12] achieved centimeter-level 

position accuracies in static mode using Google Pixel 5 model using PPP approach. Although 

smartphones are considered similar to geodetic receivers in tracking multiple GNSS constellations, 

their carrier-to-noise ratios (C/N0) are generally lower, leading to issues such as data loss or missing 

data [13]. 

   In our paper, we investigate the performance of Xiaomi 11T smartphone for GNSS positioning 

using IF-PPP approach in static mode. Xiaomi 11T has been released since 2021 as a new dual 

frequency multi constellation module [14]. The following section introduces the traditional IF-PPP 

mathematical model, and Section 3 introduces the GNSS data processing including data acquiring, 

data quality and data processing parameters; additionally, Section 4 presents the processing outputs 

along with their analysis. Finally, the conclusion is provided in Section 5. 

 

2. Ionosphere-Free PPP mathematical model 

The GPS/Galileo observation equations are given below [15]: 

𝑃𝑖
𝐽 = 𝜌𝐽 + 𝑐𝑑𝑡𝑟

𝐽 − 𝑐𝑑𝑡𝑠𝐽 + 𝑇𝐽 + 𝐼𝑖
𝐽 + 𝑏𝑃𝑖

𝑟 𝐽
− 𝑏𝑃𝑖

𝑠 𝐽
+ 𝜀𝑝𝑖

𝐽  (1) 

𝛷𝑖
𝐽
= 𝜌𝐽 + 𝑐𝑑𝑡𝑟

𝐽
− 𝑐𝑑𝑡𝑠𝐽

+ 𝑇𝐽 − 𝐼𝑖
𝐽
+ 𝑏𝛷𝑖

𝑟 𝐽
− 𝑏𝛷𝑖

𝑠 𝐽
+ 𝜆𝑖𝑁𝑖

𝐽
𝜀𝛷𝑖

𝐽
 (2) 

where the superscript (J) refer to the GNSS system either GPS or Galileo, 𝑃𝑖  and 𝛷𝑖 are pseudo-

range and carrier measurement on 𝐿𝑖  frequency respectively; 𝑑𝑡𝑟 and 𝑑𝑡𝑠 are receiver clock errors 

and satellite clock error respectively; 𝑏𝑃𝑖
𝑟   and 𝑏𝑃𝑖

𝑠   are the code biases of receiver and satellites 

respectively; 𝑏𝛷𝑖
𝑟  and 𝑏𝛷𝑖

𝑠  are the phase biases of receiver and satellites respectively; 𝑇 is 

tropospheric delay; 𝐼𝑖 is ionospheric delay on 𝐿𝑖  frequency;  𝜆𝑖 is wavelength on 𝐿𝑖  frequency;  𝑁𝑖 is 

carrier-phase ambiguity parameter on 𝐿𝑖  frequency; 𝜀(𝑝𝑖,𝛷𝑖)
 are multipath and measurement noise 

for code and carrier measurements in meter.  

Taking advantages of 11T dual frequencies (GPS L1, GPS L5, Galileo E1, Galileo E5a), the GPS/ 

Galileo PPP-IF model can be written as follow: 

𝑃𝐼𝐹
𝐺 = 𝜌𝐺 + (𝑐. 𝑑𝑡𝑟

𝐺 + 𝑏𝑃𝐼𝐹

𝑟 𝐺
) − (𝑐. 𝑑𝑡𝑠𝐺 + 𝑏𝑃𝐼𝐹

𝑠 𝐺
) + 𝑇𝐺 + 𝜀𝑝𝐼𝐹

𝐺  (3) 
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𝛷𝐼𝐹
𝐺 = 𝜌𝐺 + (𝑐. 𝑑𝑡𝑟

𝐺 + 𝑏𝑝𝐼𝐹
𝑟 𝐺) − (𝑐. 𝑑𝑡𝑠𝐺 + 𝑏𝑃𝐼𝐹

𝑠 𝐺
) + 𝑇𝐺 + 𝑁𝐼𝐹̃

𝐺
+ 𝜀𝛷𝐼𝐹

𝐺  (4) 

𝑃𝐼𝐹
𝐸 = 𝜌𝐸 + (𝑐. 𝑑𝑡𝑟

𝐺 + 𝑏𝑃𝐼𝐹

𝑟 𝐸
) − (𝑐. 𝑑𝑡𝑠𝐸 + 𝑏𝑃𝐼𝐹

𝑠 𝐸
) + 𝑇𝐸 + 𝐼𝑆𝐵 + 𝜀𝑝𝐼𝐹

𝐸  (5) 

Φ𝐼𝐹
𝐸 = 𝜌𝐸 + (𝑐. 𝑑𝑡𝑟

𝐺 + 𝑏𝑝𝐼𝐹
𝑟 𝐸) − (𝑐. 𝑑𝑡𝑠𝐸 + 𝑏𝑃𝐼𝐹

𝑠 𝐸
) + 𝑇𝐸 + 𝑁𝐼𝐹̃

𝐸
+ 𝐼𝑆𝐵 + 𝜀ΦIF

𝐸  (6) 

where the superscripts (G) and (E) refer to GPS and Galileo systems respectively, 𝑏𝑝𝐼𝐹
𝑟  and 𝑏𝑝𝐼𝐹

𝑠  are 

the receiver and satellite ionosphere-free differential code biases, respectively;  𝑁𝐼𝐹̃ represent real-

value ambiguity including both code and carrier phase biases and ISB is the inter systems biases 

between GPS and Galileo. The troposphere dry (TH) component accounted by using Saastamoinen 

model, while the wet component (TW) will be estimated as unknown parameters. The final CODE 

products account for satellites orbit and clock biases as well as satellites code phase hardware 

delays. The Vector of Unknown Parameters for PPP-IF Model (𝑋𝑃𝑃𝑃−𝐼𝐹
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗): 

𝑋𝑃𝑃𝑃−𝐼𝐹
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ = [ 𝑋, 𝑌 , 𝑍, 𝑐𝑑𝑡𝑟

𝐺 , 𝐼𝑆𝐵, 𝑇𝑊, 𝑁𝐼𝐹
𝐺 ,̃ … 𝑁𝐼𝐹

𝐸̃ ]  (7) 

where (X, Y, Z) are the smartphone coordinates in Earth Center Earth Fixed (ECEF) frame.  

 

3. Smartphone GNSS Data Processing 

   Static GNSS raw datasets are acquired from Xiaomi 11T module on Days of Year (DOY) 70, 71, 

and 72 over Arab Academy for Science, Technology and Maritime Transport, Aswan, Egypt reference 

point (ASMT-9) as illustrated in (Figure 1). The GNSS data is obtained from a smartphone using the 

GEO++RINEX mobile application with 30-second interval [16]. It should be said that the Xiaomi 11T 

smartphone supports the second frequencies (i.e., GPS L5 and Galileo E5a) in the Q channel (pilot or 

data-less) as illustrated in (Table 1) [17]; additionally, the GPS L5 signal is transmitted only by Block 

II and Block III/IIIF satellites, which are satellites G01, G03, G04, G06, G08, G09, G10, G11, G14, G18, 

G23, G24, G25, G26, G27, G30, and G32 [18]. Therefore, a proper pre-mission planning is crucial for 

ensuring that a sufficient number of GPS L5 satellites has been tracked, which is essential for 

obtaining an accurate IF-PPP solution. In our research, pre-mission planning is carried out using the 

Trimble GNSS Planning free online service [19].  

 

Figure 1. Xiaomi 11T centering over ASMT-9 point. 

https://journals.aswu.edu.eg/stjournal


(ASWJST/ Volume 05, Issue 01/ March 2025 P a g e  | 96 

 

(ASWJST 2021/ printed ISSN: 2735-3087 and on-line ISSN: 2735-3095) https://journals.aswu.edu.eg/stjournal 

 

Table 1. Characteristics of 11T module datasets. 

Receiver GPS Galileo 

Xiaomi 11T 
C1C L1C D1C S1C 

C5Q L5Q D5Q S5Q 

C1C L1C D1C S1C 

C5Q L5Q D5Q S5Q 

The open-source raPPPid GNSS software package is utilized to process the collected datasets in 

IF-PPP mode; this software facilitates both analysis of raw data and processing of single-, dual- and 

triple-frequency GNSS observations through various PPP approaches. Furthermore, it is capable of 

handling observation data from low-cost, low-quality receivers, such as smartphones; moreover, it 

has been developed in the MATLAB environment offering a user-friendly Graphical User Interface 

(GUI) that enhances the ease of data processing and analysis for users [20], [21].  

   (Figure 2) depicts the number of the tracked GPS and Galileo satellites processed, and it is 

shown that, in general, Galileo observations exceed that of GPS observations with the exception on 

DOY 72. This is attributed to the fact that the number of L5 GPS satellites are few compared with the 

tracked Galileo satellites; furthermore, the number of tracked satellites increases when GPS and 

Galileo observations are combined.   

   To evaluate the quality of the datasets, the carrier-to-noise density (C/N0) ratio is examined for 

all processed signals, which is quantifies the relative strength of the received carrier signal to the 

noise power encountered during signal propagation; thereby, it provides an indication of the 

measurement's noise level [22]. (Figures 3-5) show C/N0 values, and it can be noticed that the first 

frequencies (L1, E1) were generally superior to the second frequencies (L5, E5a) across all satellites, 

with the exception of satellites E05 and E19; moreover, the C/N0 values of GPS satellites are 

observed to be superior to those of Galileo satellites. As a result, the C/N0-based model weighting 

scheme is employed to stochastically process our datasets [23]. (Table 2) summarize the raPPPid 

GNSS software parameters for IF-PPP solution. 

 

4. Results and Analysis 

   (Figures 6-7) show the horizontal (2D) and vertical (V) errors over the three days, respectively; 

the 2D positioning error takes the following formula: 

2𝐷𝐸𝑟𝑟𝑜𝑟𝑠 = √𝐸𝑎𝑠𝑡𝑖𝑛𝑔𝐸𝑟𝑟𝑜𝑟𝑠
2 + 𝑁𝑜𝑟𝑡ℎ𝑖𝑛𝑔𝐸𝑟𝑟𝑜𝑟𝑠

2  (7) 

It can be seen that the GPS and combined GPS/Galileo processing models demonstrate 

convergence to less than 1 meter and 50 centimeters for the vertical and horizontal components, 

respectively, after 30 minutes, while the Galileo processing model converge to 1 meter and less than 

1 meter for the vertical and horizontal components, respectively, after 30 minutes. Although the 

number of GPS L5 satellites is fewer than the Galileo E5a satellites, GPS solutions exhibit slightly 

better performance compared to Galileo solutions; on the other hand, the Galileo solution show 

superior performance in terms of vertical accuracy.  
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Figure 2. The number of processed satellites during the dataset for DOY 70, 71, and 72. 
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Figure 3. The mean C/N0 for Galileo and GPS satellites on DOY 70. 

 

Figure 4. The mean C/N0 for Galileo and GPS satellites on DOY 71. 
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Figure 5. The mean C/N0 for Galileo and GPS satellites on DOY 72. 

 

Table 2. raPPPid GNSS software parameters for IF-PPP. 

Satellite Orbit  Final [CODE] 

Tropospheric model Saastamoinen 

Cut of angel 5° 

Observation Type 
Code Carrier [P+C]  

Adjust Code to Phase [ON] 

Ionospheric Correction Ionosphere Free Model 

Combination 
GPS [L1/L5] 

Galileo [E1/E5a] 

Ambiguity resolution  Float 

Parameter estimation  Kalman Filter Iterative 

Stochastic Model SNR 

 

Table (3) shows the Root Mean Square Error (RMSE) values, which are computed to further 

investigate the accuracy of the IF-PPP scenario using Xiaomi 11T module. The results demonstrate 

that the combined GPS/Galileo solution outperforms the other solutions achieving an RMSE of 0.48 

meters for the 2D component and 0.42 meters for the vertical (V) component on DOY 71; on other 

hand, the GPS solution shows RMSE values of 0.58 meters and 0.73 meters for the 2D and vertical 

components, respectively, on DOY 71 as well as the Galileo solution shows RMSE values of 0.58 

meters for the 2D component and 0.33 meters for the vertical component on DOY 71. In general, it 

is indicated that by using final CODE products, positioning accuracies at sub-meter level for the 

vertical component and under 50-centimeter level for the horizontal component can be attained. 
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Figure 6. The horizontal (2D) errors on DOY 70, 71 and 72. 
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Figure 7. The vertical (V) errors on DOY 70, 71 and 72. 
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Table 3. The RMSE values (in meter) for PPP-IF solution. 

Type Products 
G E GE 

DOY 
2D V 2D V 2D V 

Final CODE 0.50 0.93 0.76 0.50 0.53 0.65 70 

Final CODE 0.58 0.73 0.58 0.33 0.48 0.42 71 

Final CODE 0.72 0.95 0.87 1.04 0.73 0.89 72 

 

5. Conclusion  

In our paper, the performance of Xiaomi 11T smartphone for static applications has been 

examined. For this purpose, static GPS/Galileo measurements have been collected; then, data 

quality assessment has been achieved.  The findings revealed that the first frequencies (GPS L1, 

Galileo E1) showed greater stability and superior performance compared to the second frequencies 

(GPS L5, Galileo E5a); additionally, the GPS signals tracked by the Xiaomi 11T demonstrated higher 

C/N0 values in comparison with the Galileo signals. The IF-PPP processing model has been used with 

final CODE satellite orbit and clock products. It has been found that sub-meter and sub-50-

centimeter positioning accuracy levels have been attained for both horizontal and vertical 

components, respectively.  

References 

[1] J. F. Zumberge, M. B. Heflin, D. C. Jefferson, M. M. Watkins, and F. H. Webb, “Precise point positioning 

for the efficient and robust analysis of GPS data from large networks,” J Geophys Res Solid Earth, vol. 

102, no. B3, pp. 5005–5017, 1997. 

[2] J. Geng, “Rapid integer ambiguity resolution in GPS precise point positioning,” Thesis, no. September, 

2011. 

[3] IGS, “International GNSS Service (IGS).” Accessed: May 31, 2024. [Online]. Available: https://igs.org/  

[4] A. El-Rabbany, “Introduction to GPS: The Global Positioning System, 2002,” Artech House, Norwood, 

USA, 2002. 

[5] S. Bassiri and G. A. Hajj, “Higher-order ionospheric effects on the global positioning system 

observables and means of modeling them,” Manuscripta geodaetica, vol. 18, p. 280, 1993. 

[6] B. Hofmann-Wellenhof, H. Lichtenegger, and E. Wasle, GNSS–global navigation satellite systems: GPS, 

GLONASS, Galileo, and more. Springer Science & Business Media, 2007. 

[7] D. Yoon, C. Kee, J. Seo, and B. Park, “Position accuracy improvement by implementing the DGNSS-CP 

algorithm in smartphones,” Sensors, vol. 16, no. 6, p. 910, 2016. 

[8] S. Banville and F. van Diggelen, “Precision GNSS for everyone,” GPS World, vol. 27, no. 11, pp. 43–48, 

2016. 

[9] GPS World Staff, “Dual-frequency GNSS smartphone hits the market.” Accessed: Apr. 20, 2022. 

[Online]. Available: https://www.gpsworld.com/dual-frequency-gnss-smartphone-hits-the-market/  

[10] A. Elmezayen and A. El-Rabbany, “Precise point positioning using world’s first dual-frequency 

GPS/galileo smartphone,” Sensors (Switzerland), vol. 19, no. 11, Jun. 2019, doi: 10.3390/s19112593. 

[11] J. Tomaštík, J. Chudá, D. Tunák, F. Chudý, and M. Kardoš, “Advances in smartphone positioning in 

forests: Dual-frequency receivers and raw GNSS data,” Forestry: An International Journal of Forest 

Research, vol. 94, no. 2, pp. 292–310, 2021. 

https://journals.aswu.edu.eg/stjournal
https://igs.org/
https://www.gpsworld.com/dual-frequency-gnss-smartphone-hits-the-market/


(ASWJST/ Volume 05, Issue 01/ March 2025 P a g e  | 103 

 

(ASWJST 2021/ printed ISSN: 2735-3087 and on-line ISSN: 2735-3095) https://journals.aswu.edu.eg/stjournal 

 

[12] G. Retscher and T. Weigert, “Assessment of a dual-frequency multi-GNSS smartphone for surveying 

applications,” Applied Geomatics, vol. 14, no. 4, pp. 765–784, 2022. 

[13] J. R. Vazquez-Ontiveros, C. A. Martinez-Felix, A. Melgarejo-Morales, L. Retegui-Schiettekatte, G. E. 

Vazquez-Becerra, and J. R. Gaxiola-Camacho, “Assessing the quality of raw GNSS observations and 3D 

positioning performance using the Xiaomi Mi 8 dual-frequency smartphone in Northwest Mexico,” 

Earth Sci Inform, vol. 17, no. 1, pp. 21–35, 2024. 

[14] “Xiaomi 11T - Full phone specifications.” Accessed: May 07, 2022. [Online]. Available: 

https://www.gsmarena.com/xiaomi_11t-11099.php  

[15] X. Li, X. Zhang, X. Ren, M. Fritsche, J. Wickert, and H. Schuh, “Precise positioning with current multi-

constellation global navigation satellite systems: GPS, GLONASS, Galileo and BeiDou,” Sci Rep, vol. 5, 

no. 1, p. 8328, 2015. 

[16] Geo++ GmbH, “Geo++ RINEX Logger,” 2017. Accessed: May 25, 2022. [Online]. Available: 

https://play.google.com/store/apps/details?id=de.geopp.rinexlogger  

[17] J. S. Subirana, J. M. J. Zornoza, and M. Hernandez-Pajares, “GNSS data processing, Vol. I: fundamentals 

and algorithms,” ESA Communications, p. 6, 2013. 

[18] “GPS.gov: Space Segment.” Accessed: Feb. 25, 2024. [Online]. Available: 

https://www.gps.gov/systems/gps/space/  

[19] “Trimble GNSS Planning.” Accessed: Mar. 09, 2023. [Online]. Available: 

https://www.gnssplanning.com/#/settings  

[20] M. F. Glaner, “Towards instantaneous PPP convergence using multiple GNSS signals,” Technische 

Universität Wien, Vienna, 2022. 

[21] M. F. Glaner and R. Weber, “An open-source software package for Precise Point Positioning: raPPPid,” 

GPS Solutions, vol. 27, no. 4, p. 174, 2023. 

[22] R. W. G. and R. T. C. for M. S. S. C. 104 (RTCM-S. International GNSS Service (IGS), RINEX The Receiver 

Independent Exchange Format Version 3.03. 2015. Accessed: Apr. 25, 2022. [Online]. Available: 

https://files.igs.org/pub/data/format/rinex303.pdf  

[23] S. Banville, G. Lachapelle, R. Ghoddousi-Fard, and P. Gratton, “Automated processing of low-cost 

GNSS receiver data,” in Proceedings of the 32nd International Technical Meeting of the Satellite 

Division of the Institute of Navigation, ION GNSS+ 2019, 2019. doi: 10.33012/2019.16972. 

  

 

 

 

https://journals.aswu.edu.eg/stjournal
https://www.gsmarena.com/xiaomi_11t-11099.php
https://play.google.com/store/apps/details?id=de.geopp.rinexlogger
https://www.gps.gov/systems/gps/space/
https://www.gnssplanning.com/#/settings
https://files.igs.org/pub/data/format/rinex303.pdf

