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Abstract 
Photogrammetric 3D surveys generally rely on high-end professional cameras and ground control points, whose placement and meas-
urement can be time-consuming, error-prone, or even hazardous in inaccessible environments. GNSS-assisted photogrammetry pro-
vides a viable alternative by directly linking image capture with centimetre-level GNSS positioning, eliminating the need for GCPs. 
However, such systems typically rely on high-end cameras and professional GNSS equipment, which are costly, bulky, and demand 
expert operation. Recent advances in smartphone technology, combining high-resolution cameras, multi-frequency GNSS, and inertial 
sensors, suggest the potential for these devices to function as integrated platforms for low-cost, lightweight, and accessible photogram-
metric surveying. Despite challenges related to antenna quality, signal noise, and limited documentation of sensor characteristics, post-
processing strategies have shown that smartphones can achieve decimetre- to centimetre-level positioning accuracy under favourable 
conditions. This study investigates the performance of an Android smartphone equipped with a dual-frequency (L1, L5) GNSS receiver 
and high-resolution camera as a standalone device for terrestrial photogrammetry. The research evaluates its capacity to deliver metri-
cally accurate, georeferenced 3D models without external surveying instruments, thereby assessing the feasibility of smartphones as a 
compact, cost-effective alternative to professional-grade systems in field mapping applications. 
 

1. Introduction 

Photogrammetry reconstructs 3D data from overlapping images, 
defined up to an arbitrary scale and reference system. These data 
may then be scaled for metric purposes as well as geo-referenced 
e.g. using ground control points (GCPs), but their placement in 
the field can be laborious or unfeasible due to environmental con-
straints. In addition, field work and collimation in photogram-
metric software are time-consuming and prone to operator errors. 
GNSS-assisted photogrammetry avoids GCPs’ usage through 
coupling a GNSS receiver and a camera to directly assign metric 
3D coordinates to camera centers and therefore georeference and 
scale the photogrammetric model. This method is especially use-
ful in aerial mapping applications (Skaloud et al., 1996; Zhou et 
al., 2018; Tomaštík et al., 2019). It requires a calibration of the 
lever arm of the antenna phase center (APC) and the centre of 
projection (COP) of the camera (Forlani et al., 2014; Morelli et 
al., 2022).  
Typically, professional reflex cameras and surveying level equip-
ment (i.e., high-end GNSS receivers and/or total stations) are 
used to acquire the data, but these systems can be expensive, the 
equipment can be bulky and therefore slow down operations in 
the field and often require trained professionals for proper use. 
To minimize survey cost and time, integrated devices with low-
cost GNSS receivers and cameras have been suggested as a light-
weight alternative to geodetic grade equipment (Nocerino et al., 
2012; Morelli et al., 2022; Oniga et al., 2024; Previtali et al., 
2024; Wieser et al., 2024; Běloch et al., 2025). But these solu-
tions still rely on specialized equipment whereas smartphones of-
fer a more compact and accessible alternative, in particular for 
3D reconstruction purposes (Nocerino et al., 2017; Torresani and 
Remondino, 2019; Barbero-Garcia et al., 2021). Moreover, con-
tinuous improvements in smartphone cameras, together with in-
tegrated sensors (e.g., IMU and GNSS) have made them a com-
pact device that could - in theory - replicate the functionality of 
specialized equipment, thereby reducing both cost and survey ef-
fort for various applications (Corradetti et al., 2021).  

 
1 https://github.com/barbeau/gpstest  

Previous works have directly employed GNSS positions esti-
mated internally by the smartphone in single point positioning 
(SPP), in combination with IMU-derived orientation measure-
ments, to register image networks and achieving errors of 2-10 
meters (Tavani et al., 2020; Tavani et al., 2022), or in conjunction 
with total station controls reducing the errors to decimeters (Shan 
et al., 2023). Analyses of raw GNSS data from smartphones in-
dicate that, compared to geodetic-grade receivers under similar 
conditions, they exhibit lower signal-to-noise ratios (SNR), 
higher pseudo-range noise, irregular satellite tracking and fre-
quent cycle slips. These limitations necessitate careful data ac-
quisition - such as proper phone mounting, extended observation 
periods, use of ground planes to reduce multipath effects, and dis-
abling other interfering sensors - as well as meticulous data pro-
cessing (Paziewski et al., 2021; Zangenehnejad and Gao, 2021; 
Everett et al., 2022; Tomaštík and Everett, 2023). For post-pro-
cessed kinematic (PPK) positioning, these issues must be care-
fully considered, along with additional uncertainties stemming 
from the limited documentation of smartphone GNSS capabili-
ties, as detailed specifications (tracked constellations, frequen-
cies, carrier-phase observables, or antenna phase center offsets) 
are not published by manufacturers. The device’s GNSS receiver 
capabilities (tracked constellations and number of frequencies) 
can be retrieved using the GPSTest1 application, while some re-
searchers have attempted to calibrate the antenna phase center 
(Netthonglang et al., 2019; Wanninger et al., 2020; Shen et al., 
2024), although this offset is not consistent across devices, there-
fore, each device needs independent calibration. 
Nevertheless, post-processing strategies can be tuned to account 
for the higher noise characteristics and antenna limitations of 
smartphones, as well as unflagged multipath effects that are typ-
ically handled more robustly by geodetic and even low-cost re-
ceivers (Everett et al., 2022). As demonstrated in some works 
(Paziewski et al., 2021; Odolinski et al., 2024; Pourmina et al., 
2024), when such adaptations are applied, both static and kine-
matic positioning can achieve decimeter- to centimeter-level ac-
curacy. 
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1.1 Aim of the study 

This study evaluates the capability of the Android -based Xiaomi 
13T smartphone, equipped with high-resolution cameras and a 
dual-frequency (L1, L5) GNSS receiver, as a sole device for ter-
restrial photogrammetry. In particular, we aim to investigate 
whether the device could be feasible to replace professional cam-
eras and conventional surveying equipment for georeferencing 
and scaling purposes.  
To the best of the author’s knowledge, this is the first study to 
evaluate this approach using solely the smartphone camera and 
its integrated GNSS receiver, while simultaneously targeting 
centimetre-level accuracy with PPK processing. Previous studies 
have either focused exclusively on assessing GNSS accuracy in 
RTK/PPK modes, or on integrating cameras with GNSS operat-
ing in SPP mode. 
 
 

2. Methodology  

The data collected by the smartphone consists of an image block 
acquired following photogrammetric practice and raw GNSS 
data, which are then processed in PPK mode. The estimated 3D 
coordinates are directly assigned to the centre of projection 
(COP) of the acquired images to scale and georeference the pho-
togrammetric block. The APC and the COP are assumed coinci-
dent. This assumption is supported by previous research on de-
vices from the same manufacturer (Xiaomi), which estimated the 
antenna’s position near the upper part of the smartphone (Wan-
ninger et al., 2020; Shen et al., 2024), within a rectangular area 
of approximately 3x7cm with a depth of <1cm, in which the cam-
era is centred. Therefore, the error associated with this assump-
tion is on the order of 2-3 cm, which is smaller than the accuracy 
attainable with RTK/PPK using a smartphone under the setup and 
acquisition times employed in the experiments reported in this 
paper.  
The same smartphone image block georeferenced with an F9R 
ublox - a centimeter-level low-cost GNSS receiver - is used as a 
reference for comparison. In this case, indirect georeferencing is 
adopted using GCPs. The evaluation is conducted at two sites in 
Trento (Italy), to assess the repeatability and robustness of the 
proposed approach.  
 

   
Figure 1. Samples of the acquired images at Site 1. 

 
2.1 Test sites 

The first site features a façade of a small building (Figure 1), a 
scenario with favourable satellite visibility and minimal signal 
obstruction. A set of 33 images are acquired at ca 4.5m distance 
from the façade, with an average 2.6 mm GSD. 18 points (Figure 
4) - 12 natural points and 6 screws installed in the asphalt - are 
used as control and check points (9 and 9, respectively). 
The second site (Figure 2) features a higher and more complex 
building. Although the area generally offers open-sky conditions, 

partial signal blockage from the southern direction occurs due to 
the height of the surveyed building. This site therefore serves as 
a more challenging scenario, with moderate GNSS signal degra-
dation. In this site, a set of 223 images are acquired at ca 10-14 
m distance from the façade, with an average 4.2 mm GSD. 6 
points well distributed on the ground (Figure 5) are used as con-
trol points and check points (3 and 3 respectively). 
 

   
Figure 2. Samples of the acquired images at Site 2. 

 
2.2 Reference data acquisition and processing 

In both sites, an image set is acquired using the Xiaomi 13T, or-
thogonal and oblique with respect to the main façade, including 
landscape and portrait image orientations.  
 

Figure 3. GNSS reference data acquisition system: the Rasp-
berry Pi 2 (left), the ublox ZED-F9R module and the TOP 106 
antenna (right). 

 
Moreover, ground truth GNSS data are collected with a 
TOPGNSS antenna TOP106 mounted on a geodetic pole with a 
known fixed height, with the antenna connected to a ublox ZED-
F9R low-cost receiver. Raw data are collected and stored with a 
Raspberry Pi 2 (Figure 3). The acquired points are processed in 
PPK using dual-frequency (L1/L2) observations from a base sta-
tion (MOCA) located ca 4-5 km from the surveyed buildings. The 
base station’s receiver tracks L1/L2 observations from GPS, Gal-
ileo and GLONASS, although GLONASS observations are dis-
carded as they are shown to degrade the solution. The survey 
lasted 3-5 minutes at each point and the data are processed using 
RTKLIB demo5 (Everett et al., 2022), a version of RTKLIB (Ta-
kasu, 2009) optimized for low-cost GNSS receivers. The pole 
height and the APC offset are both compensated in the position 
estimation. The GNSS points are divided into control and check 
points, and the photogrammetric block is oriented in Agisoft 
Metashape using the positions of the control points to constrain 
the bundle block adjustment (BBA), while the interior orientation 
parameters are estimated in self-calibration. 
 
2.3 Smartphone raw GNSS data collection and processing 

Using the Xiaomi 13T internal GNSS antenna, a set of 3D points 
is surveyed at each test site. Each point is surveyed for ca 10 min 
and at each point an image is acquired. These images are added 
to the reference image block acquired (Section 2.2) and their 
COPs constrained on estimated PPK positions from the phone’s  
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Figure 4. Overview of Site 1 façade reference reconstruction with camera network (blue frames), GCPs (red points) and check 
points (yellow points). 

 

GNSS. This process allows to directly georeference and scale the 
image block in a process called GNSS-assisted photogrammetry 
without the use of GCPs. In addition, the smartphone-based co-
ordinates can be directly compared with the GCPs coordinates to 
evaluate smartphone GNSS accuracy decoupled from the photo-
grammetric processing (see Section 3). 
The smartphone acquires dual-frequency raw observations (L1 
and L5) from GPS and Galileo as well as single-frequency obser-
vations (L1) from BeiDou and GLONASS. Since the MOCA 
base station uses a receiver that does not track GPS L5 and Bei-
Dou observations, the PPK solution is estimated using observa-
tions from a base station (ROVE) located ca 21 km away from 
the surveyed buildings that also collects L5 data. While differen-
tial positioning over longer baselines (>20 km) can result in 
slightly reduced accuracy - typically up to decimeters (Magalhães 
et al., 2021) - the richer set of observations available at ROVE 
base station compensates for the potential loss of accuracy due to 
the extended baseline. A comparison of the positioning errors ob-
tained using each base station is provided in Section 3.2. 
Two GNSS data acquisition modalities are tested: the first with 
the smartphone mounted on a tripod and the second by putting 
the smartphone on the ground with its camera facing the façade. 
The first modality represents the conventional surveying method 
for photogrammetric applications, while the latter limits signal 
reflections arriving from multiple directions (e.g. the ground). 
The data are processed in RTKLIB demo5 using static mode with 
a forward filter and predicted orbits to approximate real-time data 
processing. Elevation masks are set at 32° for L1 and 25° for L5 
to reduce low-elevation noise while retaining enough observa-
tions. Cycle slip detection using the doppler measurements (com-
paring the expected carrier phase change from Doppler with the 
measured change) is applied with a threshold of 5. For the rest of 
the parameters, the default settings2 are utilized. For the elevated 
points (using a tripod or a pole), using the abovementioned set-
tings resulted in spurious fixes, indicating noisier raw data. Look-
ing at the raw observations, we observed that - as opposed to ge-
odetic receivers - signal strength is not proportional to satellite 
elevation and lower satellites can have a higher signal-to-noise 
(SNR) ratio, as also reported by the analysis in Paziewski et al. 
(2021). Thus, while the elevation masking threshold of SNR is 

 
2 https://rtklibexplorer.wordpress.com/2021/02/27/another-look-at-l1-l5-cellphone-

ppk-with-rtklib/  

usually consistent across a single frequency (e.g., 32 for L1 and 
25 for L5), in this case, SNR data are analyzed prior to setting the 
SNR masking threshold and thus, a separate threshold is defined 
for each elevation bin (10-degrees interval). This process is ap-
plied to each observation file. Although it is a time-consuming 
process, it helps filtering out weaker observations while preserv-
ing enough measurements for solution estimation, which is par-
ticularly important given the lower number of satellites tracked 
and the higher noise present in smartphone data. 
To account for instable “fix” status, a “fix” (i.e., the solution 
where the carrier-phase integer ambiguities have been success-
fully resolved) is considered “valid” only if the position remains 
in “fix” status for at least 10 consecutive seconds. Once this 10-
second fixed period is reached, all subsequent position fixes are 
averaged to produce the final position estimate. 
 
2.4 Smartphone-based 3D reconstruction with PPK 

Only a subset of the entire image block has PPK positions, this 
subset is used to constrain the BBA of the image network from 
Section 2.1, without using any additional GCPs, while a set of 
check points are used to verify the reconstruction accuracy.  
The RMSE on the checkpoints is compared with the RMSE ob-
tained from the reference reconstruction georeferenced with 
GCPs acquired with the ublox F9R + TOP106 antenna.  
In the first test site 6 photos and their raw GNSS observations are 
acquired (Figure 6), whereas in Site 2, 13 photos and their raw 
GNSS observations are acquired (Figure 7). 
 
2.5 Evaluation metrics 

The evaluation is done on two different levels: first, the 
smartphone GCP coordinates are computed by projecting the 
measured positions from a known height down to the ground 
plane, allowing a direct comparison with the ground truth coor-
dinates (Section 3). Secondly, the images with their GNSS coor-
dinates are used to scale and georeference the photogrammetric 
models obtained using the same image network as in Section 2.1. 
The statistics on the check points are estimated and reported in 
comparison to the ublox model (Section 4). 
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Figure 5. Overview of Site 2 façade reference reconstruction with camera network (blue frames), GCPs (red points) and check points 
(yellow points). 
 

 
Figure 6. Dense point cloud of the façade in Site 1 obtained 
using the 6 smartphone georeferenced images (in red). 
 

 
Figure 7. Dense point cloud of Site 2 obtained using the 13 
smartphone georeferenced images (in red). 

 
 

3. Accuracy evaluation  

The accuracy of the GNSS integrated within the smartphone, in-
dependently from the photogrammetric process, is assessed by 
comparing the estimated position with that of a centimetre-level 
GNSS (ublox F9R receiver coupled with a TOP106 antenna) op-
erating in RTK mode, which serves as the ground truth.  
In Section 3.1, tests are conducted using a short baseline of ap-
proximately 1 km from the nearest permanent station (ROVE) 
and a longer baseline (ca 21 km) to test different configurations 

for data acquisitions. On the other hand, Section 3.2 reports the 
accuracy evaluation at the two sites employed for the photogram-
metric processing. 
 
3.1 GNSS accuracy evaluation under different smartphone 
configurations 

Two acquisition modalities are tested: one with the smartphone 
mounted on a tripod/pole (elevated configuration) and another 
with the device placed on the ground with its longitudinal axis 
orthogonal to the ground (ground-fixed configuration). Three test 
points are selected, for which the ground truth coordinates re sur-
veyed using the ublox F9R. All three points are situated in areas 
with clear sky visibility with Point 3 located at a short distance 
from the GNSS base station (ca 1 km) and Points 1 and 2 located 
at a considerably greater distance (ca 21 km). At each point, two 
consecutive 10 minutes acquisitions are performed, one for each 
acquisition modality (elevated and ground-fixed configurations), 
guaranteeing comparable satellite geometry and signal condi-
tions. Table 1 reports the time to first fix (TTFF), the percentage 
of fixed solutions and the error in East, North, and Up (E, N, U) 
directions for each acquisition modality.  
 

Point (modality) TTFF [s] E [cm] N [cm] U [cm] 
1 (tripod) 434 1.8 -2.2 9.3 
1 (ground) 74 -0.4 -1.9 8.0 
2 (tripod) No fix - - - 
2 (ground) 197 -3.6 -4.1 13.2 
3 (tripod) No fix - - - 
3 (ground) 88 1.0 0.6 4.7 

Table 1. Comparison between two acquisition modalities in three 
different points.  
 
The results reported  in Table 1 show that the elevated (tripod-
mounted) configuration degrades positioning accuracy, with re-
spect to the ground-fixed configuration that reach in all cases cen-
timetre level accuracy for the three components. The underlying 
cause remains uncertain. It may result from an interaction with 
the tripod or, more likely, from the elevated position of the phone, 
which enables signals from below to reach the phone's antenna.  
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This shows the smartphone receiver’s limited capability to sup-
press multipath effects when exposed to reflected signals from 
the surrounding environment, while the ground setup inherently 
limits the reception of these faulty reflected signals.  
 
3.2 GNSS accuracy evaluation 

Firstly, we had to determine the most suitable permanent GNSS 
station by considering both its distance and the availability of fre-
quencies and constellations. Sections 3.2.1 and 3.2.2 present the 
tests conducted in the two different sites to assess positional ac-
curacy using the selected permanent base station. 
The smartphone raw GNSS data from Site 1 are processed in PPK 
(described in Section 2.3) using observations from two different 
base stations. Table 2 summarizes the positioning results of the 9 
control points using a base station at 4 km (MOCA) and at 21 km 
(ROVE), reporting the tracked frequencies (1/2/5) per constella-
tion - GPS (G), Galileo (E), GLONASS (R) and BeiDou (C), the 
average TTFF, number of valid points (i.e., points with 10 con-
secutive fixes) and the mean 2D error on the valid points. 
 

Station G E R C TTFF 
[s] 

Valid 
points 

2D 
err 

[cm] 
MOCA 
4-5 km 1/2 1/2/5 1/2 - 333 5/9 43.0 

ROVE 
21 km 

1/2
/5 1/2/5 1/2 1/2 310 7/9 13.0 

Table 2. PPK solution comparison between MOCA and ROVE 
solutions 3D positioning errors. 
 
As reported in Table 2, the solution from MOCA demonstrates 
longer TTFF, less valid points and lower 2D accuracy, mainly 
due to the lower number of tracked frequencies (no GPS L5) and 
constellations (no BeiDou). Thus, PPK solutions obtained using 
ROVE are utilized in the following. Although dual-frequency ob-
servations typically result in a faster time to first fix (TTFF) than 
reported in Table 2, in our study we consider as valid “fix” a so-
lution that remains in “fix” for at least 10 consecutive epochs, 
thus, delaying the time to first fix. 
 
3.2.1 Site 1 façade 
Nine check points are surveyed under identical conditions with 
the smartphone mounted on a tripod. Two points failed to achieve 
a valid fix, indicating a certain variability under apparent “stable” 
conditions, maybe suggesting interference from other 
smartphone sensors or in any case demonstrating great sensitivity 
to slight changes in signal reception conditions. 
To estimate horizontal and vertical errors of the fixed solutions, 
smartphone control point coordinates are transformed into local 
Cartesian (E, N, U). Only the points with valid “fixes” are shown 
in Figure 8. The E, N and U error statistics of the measured points 
are reported in Table 3. 
 

Errors Mean 
[cm] 

Max 
[cm] 

RMSE [cm] 
All points 

RMSE [cm] 
Without outliers 

E 11.9 43.7 17.6 6.7 
N 2.4 4.6 2.8 2.8 
U 12.2 60.6 23.5 5.6 

Table 3. Errors of Xiaomi coordinates of control points in Site 1. 
 
As reported in Section 3.1, the use of a tripod rarely resulted in a 
fixed solution due to increased observational noise. Therefore, to 
obtain a fix in scenarios where the tripod was used for a better 
sky visibility, a detailed post-processed kinematic (PPK) analysis 
of the observations and residuals is required to identify and ex-
clude the satellites that prevented the fix. The RMSE, calculated 

treating only a point as an outlier, exhibited component-wise var-
iations in error between the 2.8 and 6.7 cm. 
 

Figure 8. East (in red), North (in blue) and Up (in yellow) errors 
of the seven control points. 
 
3.2.2 Site 2 façade 
The same evaluation is carried out on five control points of Site 
2 and compared with the ublox solution. Two points reported an 
error of >10cm in one the of the positioning components (E, N, 
U) and are classified as outliers (Figure 9). The E, N and U error 
statistics of the inlier measured points are reported in Table 4. 
 

Figure 9. East (in red), North (in blue) and Up (in yellow) er-
rors of the seven control points. 

 
Errors Mean 

[cm] 
Max 
[cm] 

RMSE [cm] 
All points 

RMSE [cm] 
Without outliers 

E 5.6 14.9 7.8 2.8 
N 30.7 140 63.0 4.3 
U 7.0 19.0 9.5 5.4 

Table 4. Errors of Xiaomi coordinates of control points in Site 2. 
 
Although three out of five points exhibited significantly higher 
errors than the others at this stage, the fixed solutions are obtained 
differently from Site 1, i.e. without additional processing or 
cleaning of the observations. Consequently, this approach 
yielded consistent GNSS positions with the smartphone, achiev-
ing sub-decimetre accuracy. 
 
 

4. Smartphone PPK to scale and georeference 
photogrammetric data 

Whereas the previous section assessed the accuracy of GNSS po-
sitioning independently, without integrating image data, this sec-
tion evaluates the potential of directly georeferencing a photo-
grammetric block using smartphone data. At this scope, a limited 
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number of smartphone images with their GNSS coordinates are 
added to a wider image block without GNSS coordinates, since 
every GNSS acquisition require 5/10 min of data logging. The 
GNSS coordinates added as constraints in the BBA allow a scaled 
and georeferenced 3D reconstruction. A-priori accuracy of COPs 
has been set to 8 and 15 cm for horizontal and vertical compo-
nents, respectively. The accuracy of the reconstruction is as-
sessed evaluating the RMSE on a set of check points. The 
`smartphone approach` is compared against the classical method-
ology of indirect georeferencing using a set of ground control 
points and checked on the same check points used for the 
`smartphone approach`. Both ground control points and check-
points have been acquired with the ublox F9R and the TOP106 
antenna. 
 
4.1 Site 1 façade 

Six images acquired at 2-3m distance from the façade with an 
average GSD of <2mm are used to georeference the photogram-
metric model (Figure 6). Table 5 reports the RMSE of the check 
points for the ublox model (reference) and the Xiaomi model.  
 

Model No. of 
points 

XY RMSE 
[cm] 

Z RMSE 
[cm] 

Total RMSE 
[cm] 

ublox 9 1.0 1.8 2.1 
Xiaomi 10.0 8.1 12.9 

Table 5. RMSEs on the check points from ublox and Xiaomi 
models in Site 1. 
 
The Xiaomi model has a higher total RMSE, both in the XY 
plane, with a difference of 9 cm, and in the Z direction, with a 
difference of ca 6 cm.  
 
4.2 Site 2 façade 

13 images are acquired at ca 7-15m from the façade with an av-
erage GSD of 3.8 mm are used to georeference the photogram-
metric model (Figure 7), the statistics on the check points are re-
ported in Table 6. In line to the previous paragraph, the Xiaomi 
model has a higher total RMSE, both in the XY plane and in the 
Z direction.  
 

Model No. of 
points 

XY RMSE 
[cm] 

Z RMSE 
[cm] 

Total RMSE 
[cm] 

ublox 3 1.6 1.1 1.9 
Xiaomi 7.3 3.3 8.0 

Table 6. RMSEs on the check points from ublox and Xiaomi 
models in Site 2. 
 
Furthermore, in both sites, features on the surveyed façades are 
measured with a mm-level calliper to serve as check for the 3D 
model scale (Table 7), with mean errors under centimetre level. 
 

Site Ground truth scale 
bar distance [cm] 

Mean error 
[cm] 

Maximum  
deviation [cm] 

#1 99 (3 objects) 0.7 0.9 

#2 100 (2 objects) 0.3 0.4 125 (1 object) 

Table 7. Scale validation in the two sites. 
 
 

5. Conclusions  

This study evaluated the potential of a dual-frequency off-the-
shelf smartphone as a standalone device for GNSS-assisted pho-
togrammetry, aiming to replace conventional surveying instru-
ments coupled with cameras.  

Employing the smartphone’s internal antenna, the resulting 3D 
data achieved a total RMSE at a decimetre level on check points. 
This accuracy corresponds to a restitution scale of approximately 
1:300 for 2D technical drawings. When interpreting this result, it 
should be noted that the decimetre-level error reflects the use of 
the smartphone’s GNSS both for scaling and georeferencing the 
image block. A significant improvement in model accuracy can 
be achieved by introducing scale bars, which allow scaling at the 
millimetre level, while georeferencing would remain at the deci-
metre level (in case of a baseline of ca 20 km from the nearest 
reference station). 
The obtained results are encouraging, considered the long dis-
tance to the GNSS permanent base station and the uncertain po-
sition of the internal antenna phase center (APC), suggesting 
room for improvement to move from decimetre to centimeter 
level accuracy. Indeed, while the RMSE reaches the decimetre 
level in photogrammetric experiments over long baselines (Sec-
tion 4), the short-baseline experiment (Section 3.1) yields results 
close to the ground truth positions provided by the u-blox F9R 
(point 3 on the ground). Only one experiment is reported in the 
paper, but this finding are confirmed by repeating the experiment 
three additional times on the same point across different days. 
With respect to signal quality and robustness, acquisition cam-
paigns conducted on points in close proximity and over short time 
intervals can exhibit considerable variability in both fix acquisi-
tion and positional accuracy, probably related to a high sensitiv-
ity of the smartphone integrated GNSS receiver to external envi-
ronmental conditions. Placing the smartphone directly on the 
ground reduces this variability and substantially limits the need 
for data cleaning during post-processing, such as the inspection 
of observations and residuals. For this issue, future work will fo-
cus on using materials or shielding structures capable of attenu-
ating reflected signals that allow the smartphone to be positioned 
on a tripod while maintaining favourable signal reception condi-
tions. 
The smartphone demonstrated longer TTFF, thus required longer 
acquisition times than professional equipment, but its ubiquity, 
high-resolution cameras and centimeter-level GNSS capability 
still make it a viable alternative for many photogrammetric ap-
plications. Inconsistencies in fixed solutions under apparently 
identical conditions must be further investigated, e.g. improving 
data acquisition to suppress multipath or performing dedicated 
antenna phase centre calibration with shorter baselines to isolate 
and mitigate smartphone-specific limitations. The TTFF analysis 
also suggests that, under favourable sky conditions and with the 
smartphone placed on the ground, a static acquisition time of five 
minutes may be sufficient, instead of the ten minutes adopted in 
the experiments. 
While this study focuses on static processing, the evaluation of 
kinematic accuracy will be an important direction for future re-
search, potentially following an initial static initialization phase. 
Such an approach could simplify data acquisition and enable new 
application scenarios. 
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