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Experimental Evaluation of Low-Cost GNSS Receivers for Deformation Monitoring in 
High-Rise Buildings 

Abstract 

Monitoring deformation of high-rise buildings can contribute to structural integrity, safety, and 

occupant comfort by providing insights into both quasi-static and dynamic structural responses. 

This study investigates the feasibility of using low-cost Global Navigation Satellite System 

(GNSS) technology for deformation monitoring of tall buildings. A series of controlled 

experimental studies, followed by a case study on 220m high building evaluate the accuracy of 

low-cost GNSS systems in comparison to high precise geodetic grade systems, under static, 

quasi-static, and dynamic moving conditions where centimeter to sub-centimeter level 

accuracy can be attained. The research focuses on the dual-frequency u-blox F9P receiver 

combined with three antenna configurations representing different performance classes: the 

Leica AS10 geodetic antenna, the Tallysman TWI 3972 antenna, and the u-blox ANN-MB-00 

(patch) antenna. It is shown that the type of antenna and the incorporated satellite combinations 

have a considerable impact on the performance. Using low-cost receivers, an accuracy of better 

than 5mm was obtained for horizontal movements in quasi-static and dynamic conditions with 

up to 0.5 Hz oscillations. The vertical movement accuracy is better than 1cm for quasi-static 

and better than 2cm for dynamic conditions. It is demonstrated that consumer grade GNSS 

receivers and antennas possess the potential for delivering precise GNSS observations for a 

low-cost monitoring of high-rise structures 

Keywords: low-cost GNSS, structural health monitoring, deformation monitoring, high-rise 

buildings, displacement monitoring 

1 Introduction 

Advances in engineering such as high strength materials, wind responsive façade systems and 

damping technologies for wind and seismic load have enabled the safe development of slender 

and tall structures (Lotfabadi 2014). However, high-rise structures experience a broad range of 

deformation resulting from their structural characteristics and loading conditions (Park et al. 

2008; Lotfabadi 2014; Yuan 2021). The deformation monitoring of tall buildings is an 

important task (i) during the construction phase, to ensure the stability, the structural integrity 

and verticality of the building(Zhou et al. 2018), and (ii) during the operation of the tall building 

after the construction, to ensure the stability of the tall buildings during extreme wind and/or 



 

 

seismic loading (Park et al. 2008). However, continuous deformation monitoring is not yet 

widely implemented as a routine practice in most tall buildings, with existing applications 

largely limited to research studies (Zhang et al. 2018a; Quesada-Olmo et al. 2018a). This study 

investigates the performance of low-cost receivers in combination with different antennas by 

considering the two principal categories of lateral movements in high-rise buildings: (i) Quasi-

static motion and (ii) dynamic motion.  

Quasi-static displacements are the slowly developed motions of tall buildings caused by solar 

radiation and/or by the slow varying fluctuations of wind. The scale of these movements can 

range from mm to cm level based on the structural load characteristics, but the slow 

development rate is their common characteristic. Field measurements reported by (Su et al. 

2017) indicate that a ~230 m-high, 66-storey building exhibited mean horizontal displacements 

ranging from 12 to 61 mm per hour under a mean wind speed of 12.3 m/s. At the same time, 

the 600 m Canton Tower experienced wind-induced quasi-static top displacements of 71- 131 

mm during Typhoon Usagi (Su et al. 2017). Dynamic vibrations of high-rise buildings arise 

from turbulent buffeting, vortex shedding and ground motion producing oscillatory response, 

when subjected to mean and seismic excitation (Chen et al. 2012; Azzara et al. 2021). 

Generally, the fundamental natural frequencies of tall buildings fall within 0.1–1.0 Hz, 

depending on parameters such as structural height, mass distribution, and lateral stiffness 

system. For example, full-scale monitoring of a 508 m super-tall building reported first-mode 

frequencies varying between 0.15–0.14 Hz, second-mode frequencies 0.41–0.45 Hz, and third-

mode frequencies around 0.77–0.81 Hz, with frequency reductions up to 10% during strong 

earthquake excitation (Sun et al. 2022). Similarly, field measurements of a 108 m tall building 

during a typhoon excitation identified first translational and torsional frequencies of 

approximately 0.58–0.69 Hz. Reported dynamic displacement amplitudes are typically within 

the centimetre range, increasing to the meter level under severe wind or seismic events (Zhang 

et al. 2020; Hu et al. 2022; Chen et al. 2023).  

Structural Health Monitoring (SHM) using Global Navigation Satellite Systems (GNSS) has 

been undertaken for over two decades (Moschas and Stiros 2011; Hamza et al. 2020a) on 

structures such as dams (He et al. 2004; Barzaghi et al. 2018; Xiao et al. 2019; Roque et al. 

2021), buildings (Quesada-Olmo et al. 2018b; Zhang et al. 2018b) and long span bridges such 

as the Forth Road Bridge, UK and Tsing Ma Bridge, Hong Kong (Meng et al.; Psimoulis et al. 

2008a; Moschas et al. 2013; Xue et al. 2022; Xue and Psimoulis 2023)  with cm level accuracy 

and precision with geodetic grade GNSS setups. The constant advances in GNSS technology, 



 

 

such as the operation of multiple GNSS satellite systems, high-sampling rate receivers and new 

methods for GNSS data processing, have substantially increased the accuracy and precision of 

GNSS measurements(Msaewe et al. 2017), and enhanced the performance of GNSS technology 

under challenging measuring and environmental conditions such as urban multipath conditions 

(Meng et al.; Msaewe et al. 2017). Traditional deformation monitoring techniques often rely 

on repeated field observations and significant data-processing effort, whereas GNSS-based 

systems facilitate continuous monitoring with minimal operator involvement. 

A recent significant advance in GNSS technology is the development of low-cost, mass market, 

receivers which can provide sub-cm level accuracy with precise carrier phase observations and 

high-sampling rates (Cina and Piras 2015; Benoit et al. 2015; Biagi et al. 2016a; Odolinski and 

Teunissen 2017). These receivers provide significant advantages in terms of size, weight, and 

affordability, with costs typically 10–20 times lower than those of geodetic receivers. Low-cost 

single-frequency receivers have been examined against geodetic receivers in several previous 

studies. These studies have evaluated the accuracy and precision of single frequency receivers 

based on zero-baseline and/or short baseline experiments (Bellone et al. 2016; Caldera et al. 

2016, 2022; Msaewe et al. 2017). According to the findings of these studies, single frequency 

GNSS receivers, can reach cm to sub-cm level precision over short baselines (up to 10 km) and 

a higher precision can be obtained by adopting a geodetic or choke-ring GNSS antenna (Xue 

et al. 2022; Xue and Psimoulis 2023). Furthermore, the accuracy of single-frequency receivers 

has been assessed in determining structural motion of civil engineering structures while 

developing approaches to limit the effect of error sources (e.g. multipath; (Xue et al. 2022, 

2023)). These receivers have been evaluated for monitoring dams and bridges and have also 

been assessed within networks of sensors (Meng et al.; Moschas and Stiros 2011; Biagi et al. 

2016b; Hamza et al. 2020b; Xue and Psimoulis 2023; Xue et al. 2023). 

The achievable observation accuracy and precision of low-cost receivers have been improved 

by their recently developed capacity to track dual frequency L1/L2 or L1/L5 GNSS signals 

(Cina and Piras 2015) and thus potentially broadening their field of application. However, there 

is only a limited number of research assessing the noise levels of dual frequency receivers 

(Hamza et al. 2020b, 2023) which showed that sub-cm level accuracy can be reached based on 

rigorous observation and processing techniques. Such studies mostly focused on bridges and 

other rigid structures but not yet tall buildings, which exhibit different structural behaviour and, 

multipath conditions. Therefore, this study aims to evaluate the capability of dual-frequency 

low-cost GNSS receivers to monitor the slow/quasi-static and dynamic movements of high-



 

 

rise buildings. A low-cost GNSS receiver with various grades of antenna (from low-cost to 

geodetic grade) was used and investigated their performance through controlled experiments 

in which known static observations, quasi- static and dynamic motions were introduced 

simulating the response characteristics of tall buildings. The second phase of the study was to 

use the low-cost GNSS setups on a real application of tall-building monitoring to assess their 

performance and reliability in urban environmental and operating conditions.  

Thus, the study involves a holistic investigation of low-cost GNSS receivers for tall-building 

monitoring based on dual-frequency low-cost GNSS receivers and three types of antennas 

including geodetic, low-cost with modelled phase centre, and low-cost without a modelled 

phase centre, which has not been previously investigated for this type of assessment. The study 

comprehensively investigates the significantly different monitoring challenges  of high-rise 

buildings compared to other SHM applications, due to low-amplitude dynamic displacements, 

long-period oscillatory behaviour, vertical flexibility and severe urban multipath environments. 

2 Methodology of the experiments 

The experiments were designed to investigate the effects of (i) antenna selection and (ii) multi-

GNSS constellation combinations on the positioning performance of low-cost GNSS receivers 

for monitoring motions ranging from mm to cm level as experienced by tall buildings(Su et al. 

2017). The dual-frequency (L1/L2) low-cost GNSS receiver  was assessed with three grades of 

antennas: (i) geodetic-grade antenna (Leica AS10), (ii) low-cost with a modelled phase centre 

calibration (Tallysman TWI 3972) and (iii) low-cost with no model of the phase centre 

calibration (u-box patch). Also, different multi-GNSS solutions were assessed to examine the 

impact of the different satellite constellations (i.e. GPS, Galileo, GLONASS, BeiDou) on the 

performance of low-cost receivers (Jayamanne et al. 2025). The experiments include a static 

observation test to analyse the performance of GNSS setups in a non- moving environment 

followed by slow and dynamic movement tests replicating the quasi-static and dynamic 

motions of tall buildings. During static observation, the coordinate solution accuracy of the 

low-cost GNSS receivers was obtained by comparing against the reference coordinates 

determined based on 15-days period of multi-GNSS measurements post processed against 

multiple base stations and also with positions obtained with geodetic grade GNSS receivers 

(Psimoulis et al. 2008b; Psimoulis and Stiros 2013; Peppa et al. 2017).  For the slow and 

dynamic motion experiments, measurements from a Leica TS30 Robotic Total Station (RTS) 



 

 

were used as reference data which have been deemed by (Peppa et al. 2017) to have mm-level 

accuracy. 

3 Static experiment  

3.1 Experimental design 

The primary objective of this experiment was to investigate the performance of dual-frequency 

low-cost GNSS receivers and assess the influence of low-cost antennas on positioning accuracy. 

with and without modelled phase centre orientation during GNSS friendly observing conditions 

and no antenna movement. Thus, it will provide a baseline for evaluating the low-cost GNSS 

receivers during slow and dynamic movements. The test was conducted on the roof top 

laboratory of the Nottingham Geospatial Institute (NGI) building in Nottingham, UK, where a 

continuously operating base station (Leica GR10 -AR25) formed a 17 m long baseline with the 

rover station. Three setups were examined where one type of antenna was tested individually: 

(i) Leica AS10 antenna (geodetic), (ii) Tallysman TWI 3972 antenna (low-cost) and (iii) u-blox 

patch antenna (low-cost). Fig. 1 illustrates the experimental setup of the test. Each rover 

antenna was individually connected to a geodetic receiver (Leica GS10) and a low-cost receiver 

(u-blox F9P) through a signal splitter, and 1 Hz  L1 and L2 GNSS data were recorded by each 

receiver for 24 hours. The Leica GS10 receiver recorded the data internally, while the u-blox 

receiver was connected to a Raspberry Pi device for recording u-blox GNSS data. In order to 

undertake comparisons with the same satellite geometry for both GPS and Galileo, the data 

collection was repeated ten sidereal days later (one Galileo repeat period and 10 GPS repeat 

periods). 

 

Fig. 1: (a)-Satellite view of the base and rover stations on the NGI rooftop. (b) Experimental design: (i) Leica 

AS10, (ii) Tallysman TWI 3972 and (iii) u-blox patch antennas connected via a signal splitter to (iv) Leica GS10 

geodetic receiver and (v) U-blox F9P low-cost receiver 



 

 

3.2 Data processing 

The GNSS data were processed using RTKLIB demo5 b34k (Everett et al. 2022), in post-

processed kinematic mode (PPK) with coordinates estimated at 1 Hz over the 24- hour batches. 

Due to the relatively free multipath environment, a 7-degree elevation mask was applied and 

because the baseline length was only 17 m broadcast ephemeris data were used for processing. 

Three GNSS data solutions were produced for each experiment using; (i) GPS satellites only, 

(ii) GPS and Galileo satellites only , and (iii) GPS, Galileo and GLONASS satellites. For 

solutions involving GLONASS signals, receiver- specific inter-system frequency bias 

corrections were applied(Wanninger 2011). BeiDou satellites were not included in the solutions 

for this test, as the base station did not record BeiDou data during the observation period. 

3.3 Time series analysis 

From the estimated coordinates of each solution, the static GNSS reference coordinates were 

removed, leaving coordinate residuals against which the scatter and bias of the low-cost 

solutions could be assessed. In Fig. 2 Easting residuals are shown for the Leica and u-blox 

receivers for all three antennas for GPS, Galileo and GLONASS satellite solution. The AS10 

geodetic antenna provided the best noise performance for both receiver types, with the residual 

time series of the geodetic and low-cost receivers exhibiting standard deviations of 1.9 mm and 

2.0 mm respectively, as listed in Table 1. However, the residuals with low-cost GNSS antennas 

are only slightly larger, all within the range 2.4- 3.0 mm for both the Tallysman and patch 

antennas for both the geodetic and low-cost receivers. 

 

Fig. 2: Static experiment-time series of easting residuals (observed - known static reference) from Leica GS10 

receiver (top) and u-blox F9P low-cost receiver (bottom) for a combined GPS, Galileo and GLONASS solution. 



 

 

Table 1: Static Experiment -easting standard deviation from different satellite configurations for Leica AS10 
receiver and u-blox low-cost receiver  

 

Standard Deviation (mm) 

Geodetic Antenna Tallysman Antenna Patch Antenna 

GPS GPS/ 

GAL 

GPS/GAL/ 

GLO 

GPS GPS/ 

GAL 

GPS/GAL/ 

GLO 

GPS GPS/ 

GAL 

GPS/GAL/ 

GLO 

Geodetic 2.4 2.2 1.8 3.4 2.8 2.4 3.2 2.8 2.4 

Low-Cost 2.6 2.3 2.0 3.8 2.9 2.6 3.7 3.7 3.0 

Table 1 depicts the standard deviations of residual GNSS time-series for different satellite 

combinations. The results demonstrate that the combination of the geodetic antenna with the 

geodetic receiver achieved the highest precision ranging between 1.8-2.4 mm, for all three 

satellite combinations, while the combination of  low-cost receiver and geodetic antenna 

achieves a comparable level of precision (i.e. range 2.0-2.6 mm). Solutions for the Tallysman 

antenna with both Leica and u-blox receivers are slightly less precise, with the standard 

deviation in the range 2.4-3.4 mm and 2.6-3.8 mm, respectively. The least precise observations 

were obtained using patch antenna, achieving standard deviation of 2.4-3.2 mm and 3.0-3.7 

mm, for the geodetic and u-blox receivers, respectively.  

In this experiment, the patch antenna consistently demonstrated the lowest precision with the 

low-cost receiver, irrespective of the satellite constellations used. Patch antennas, widely 

utilised in geospatial applications such as mobile GIS and precision agriculture, are typically 

more vulnerable to multipath interference and exhibit reduced signal sensitivity relative to 

survey-grade GNSS antennas, as also shown by the findings of (Hamza et al. 2020b, 2023; Xue 

et al. 2022). Conversely, the Tallysman antenna, although a low-cost choice, exhibited 

performance similar to that of the survey-grade antenna.  

It can be concluded that, low-cost dual frequency GNSS receivers can also achieve a similar 

level of precision to the geodetic receivers, and the negative impact of the low-cost antennas 

can be limited by applying a multi-GNSS solution. The option of using a low-cost antenna such 

as the Tallysman, but with modelled phase centre orientation enhances the precision of the low-

cost GNSS receiver compared to those without a modelled phase centre. The use of a geodetic 

antenna will further enhance the performance, as the precision difference was limited to less 

than 1 mm between low-cost and geodetic receivers.  

A Power Spectral Density (PSD) analysis was undertaken to provide an assessment of the 

signal quality. PSDs were estimated using Welch method with a Hanning window of 2048 



 

 

points per segment and an overlap of 1024 points as per (Xie et al. 2013). The estimated PSD 

values are shown in Fig. 3 and indicate that for the low-cost receiver, the geodetic antenna 

shows a consistently lower noise across low frequencies than the patch and Tallysman antennas. 

However, from the PSD results of the low-cost antenna solutions, the Tallysman antenna shows 

a lower noise during both coloured and white noise regions of the power spectrum compared 

to the patch antenna. This suggests that more precise observations can be attributed to the 

hardware quality and lower susceptibility to multipath interference of the Tallysman antenna. 

 

Fig. 3:Static experiment- PSD comparison of easting residuals derived from the GPS, Galileo, GLONASS 

solution. Results are shown for the Leica GS10 receiver (top) and the u-blox F9P receiver (bottom) equipped 

with geodetic, patch, and Tallysman antennas. 

The Northing and Vertical components of the time series demonstrated a similar assessment. 

The results for the Northing and Vertical components are supplied in the supplementary 

materials.  

4 Quasi-static experiment 

4.1 Experimental design 

A quasi-static experiment was undertaken on the rooftop laboratory of the NGI building, in 

which controlled displacements were introduced to the GNSS antenna locations in order to 

simulate the slowly developed motion of tall buildings, caused by the wind and/or thermally 

induced deformation (Nickitopoulou et al. 2006; Su et al. 2017). For the quasi-static experiment, 

1 cm horizontal (E-W) and vertical displacements were manually applied every hour during 

continuous GNSS observations. An experimental device which was designed to introduce 



 

 

horizontal and vertical axial displacement was used for this experiment. The displacements 

were introduced manually by controlling and adjusting the device position through a graduated 

scale.  

Fig. 4 illustrates the experimental setup. Three antennas; (i) Leica AS10 ,(ii) Tallysman TWI 

3972 and (iii) u-blox patch were set up on top of the experimental device forming a 14 m 

baseline with a separate Leica GS10-AS10 base station. The rover Leica AS10 was connected 

via a splitter to a u-blox F9P L1/L2 receiver and a Leica GS10 receiver, while the Tallysman 

and the patch antennas were connected directly to an individual u-blox receiver. All the GNSS 

receivers recorded L1 and L2 GPS, Galileo, GLONASS and BeiDou code and phase data at 

1Hz for 6 hours. Mounted on top of the Leica GS10 antenna was a 360-prism which was tracked 

by a Leica TS30 RTS which determined the reference value of simulated displacement.  

 

Fig. 4: Rooftop test configuration used for the quasi-static experiment at the NGI, including a Leica 360 prism, a 

Leica AS10 geodetic antenna connected to both Leica GS10 and u-blox F9P receivers, and Tallysman TWI 3972 

and patch antennas paired with separate u-blox F9P receivers. 

 

 

 



 

 

4.2 Data processing and GNSS time series analysis 

The GNSS data were processed using RTKLIB demo5 b34k with the same settings (except as 

hereafter described) as for the static experiment. For each GNSS receiver, there were solutions; 

(i) GPS only, (ii) GPS and Galileo, and (iii) GPS, Galileo and BeiDou. The main difference 

with respect to the static experiment is that BeiDou constellation was included in the analysis. 

GLONASS satellites were removed from the solutions, as the GLONASS data suffered data 

loss and cycle slips even after the IFB corrections were applied.  

From each GNSS solution three GNSS time-series of Easting, Northing and Up-components 

were obtained, which shows the relative movement of the receivers from their initial position. 

The experimental device was levelled, and the horizontal axis of the experimental device was 

aligned with the East-West direction. Hence the Up and Easting components of the GNSS time-

series expressed the total vertical and total horizontal displacement, respectively.  

The relative movements observed by each antenna- receiver setup are shown in Fig. 5. Table 2 

shows the absolute errors in E-W movement from low-cost GNSS receivers against the RTS 

observations for the GPS, Galileo and BeiDou combination along with respective standard 

deviations of the observations, computed by summing the variances of the two intervals. The 

patch antenna consistently exhibited the worst positional accuracy across all examined 

movement scenarios with errors ranging from 2.3- 5.1 mm. The drop in performance could also 

be attributed to interference from the geodetic antenna, which was positioned close to the patch 

antenna which may have disrupted the GNSS signals it received(Kubo et al. 2017; Xue et al. 

2022). In contrast, the Tallysman antenna exhibited comparable performance in the initial three 

movements with accuracies within ±2 mm even when positioned in proximity (<20 cm) to the 

geodetic antenna. The notable increase in errors observed in the final movement scenario is 

attributable to the unexpected reduction of satellite geometry during the measurement period, 

which also exhibited high DOP values (>3). 



 

 

 

Fig. 5: Quasi-static experiment- horizontal displacement time series derived from four GNSS configurations (i) 

Leica GS10–AS10, (ii) u-blox F9P–AS10, (iii) u-blox F9P–Patch, and (iv) u-blox F9P–Tallysman 

Table 2: Quasi-static experiment absolute horizontal movement errors (mm) with respect to RTS reference data 
for GPS, Galileo, BeiDou combination for different receiver- antenna setups 

Movement 
Amplitude (mm) 

Horizontal Displacement Error (mm) 
Leica GS10-
Leica AS10 

U-blox F9P -
Leica AS10 
 

U-blox F9P – 
Patch 
 

U-blox F9P -
Tallysman 
 

5.74 1.85 ± 1.53 0.70 ± 1.94 2.33 ± 3.17 0.90 ± 2.67 
10.11 1.05 ± 2.07 1.42 ± 2.14 3.43 ± 3.12 1.87 ± 2.68 
13.51 0.89 ± 2.19 0.60 ± 2.38 6.23 ± 3.71 0.28 ± 3.43 
30.46 0.78 ± 2.65 0.70 ± 2.66 5.05 ± 3.67 4.00 ± 3.60 

 

As shown in Fig. 6, the vertical component noise levels are substantially greater than those of 

the horizontal components. However, a similar pattern was observed in the performance with 

the geodetic setup which showed the highest precision and patch antenna which showed the 

lowest precision. As listed in Table 3, the full geodetic setup showed an accuracy ranging from 

0.3-1.5 mm against RTS. The accuracy is slightly decreased (0.9- 3.6 mm) when the geodetic 

antenna was coupled with a low-cost receiver. Among the two fully low-cost setups the errors 

of the Tallysman antenna against the RTS ranged from 5.9 mm to 12.1 mm. The patch antenna 

showed elevated noise levels throughout the observation period as shown in Table 3. 



 

 

 

Fig. 6: Quasi-static experiment- vertical displacement time series derived from four GNSS configurations (i) Leica 

GS10–AS10, (ii) u-blox F9P–AS10, (iii) u-blox F9P–Patch, and (iv) u-blox F9P–Tallysman  

Table 3: Quasi-static experiment absolute vertical displacement errors (mm) with respect to RTS reference data 
for GPS, Galileo, BeiDou combination for different receiver- antenna setups 

Movement 
Amplitude (mm) 

Vertical Displacement Error (mm) 
Leica GS10-
Leica AS10 

U-blox F9P -
Leica AS10 
 

U-blox F9P – 
Patch 
 

U-blox F9P -
Tallysman 
 

13.88 0.98 ± 5.24 0.90 ± 5.25 2.03 ± 9.17 5.92  ± 6.32 
10.89 1.56 ± 5.04 0.92 ± 5.73 3.35 ± 9.31 4.61  ± 7.13 
9.51 0.64 ± 5.09 3.61 ± 5.98 7.95 ± 6.58 4.63  ± 7.47 
10.87 0.36 ± 5.19 0.92 ± 5.35 0.63 ± 7.36 12.06 ± 7.13 

 

PSDs of the GNSS data were calculated using the Welch method for a Hanning window of 

2096 points per segment and an overlap of 1024 points, similar to the static experiment. The 

PSD curves for E-W movement for different satellite combinations are shown in Fig. 7. of the 

two low-cost set ups, Tallysman and u-blox F9P combination shows a reduced noise level in 

both coloured and white noise regions compared with the patch antenna and u-blox 

combination. This further demonstrated that a low-cost GNSS receiver with an appropriate 

antenna is capable of detecting and tracking slow and gradually occurring horizontal and 

vertical displacements of up to 1cm.  



 

 

 

Fig. 7: Quasi-static experiment: PSD values of the GNSS observations obtained from Leica AS10, Tallysman and 

Patch antennas with low-cost receiver. Subplots: (i) GPS (ii) GPS, Galileo (iii) GPS, Galileo and Beidou  

5 Experiment of dynamic displacement  

The performance analysis during dynamic displacement was conducted through controlled 

vibrations at a selected frequency range. The test was also conducted at the Nottingham 

Geospatial Institute using an APS 113 air-bearing electrodynamic shaker, which can provide a 

maximum force of 133 N and a peak-to-peak displacement capacity of 158 mm (Häberling et 

al. 2015; Patnana and Rai 2022). Four frequencies of oscillations, 0.1 Hz, 0.25 Hz, 0.5 Hz and 

1 Hz, were considered in the dynamic tests, which are typical of the long period oscillations of 

tall structures due to wind load (Kijewski-Correa and Pirnia 2007). Excitations were produced 

using a signal generator connected to the shaker, to generate three target displacement 

amplitudes: (i) <1 cm (ii) 2-3 cm, and (iii) 6-7 cm. Similar to previous experiments, the 

performance of a dual-frequency u-blox F9P (L1/L2) receiver was assessed using Leica AS10 

and Tallysman TWI 3972 antennas. The patch antenna was not included in this test based on 

the lower precision recorded in the previous experiments. 5 Hz dual frequency L1/L2 data were 

recorded during the experiment. RTS observations were again used as reference data. 

As shown in the Fig. 8, the results from both antennas follow a similar trend. At 0.1 Hz the 

Leica AS10 (geodetic) antenna closely matches the RTS data while the Tallysman antenna 

exhibits cycle slips most likely due to sudden multipath interference. When the excitation 

frequency increases, both antennas exhibit significant deviations from the RTS data; however, 

both antennas maintain a consistent waveform. To eliminate low-frequency errors, a 

Chebyshev Type I high-pass filter was introduced to the data with a 0.1 Hz cut off frequency. 

Fig. 9 shows the filtered result for amplitude level <10 mm for different excitation frequencies. 



 

 

 

Fig. 8:Dynamic movement experiment: displacement time series for GNSS setups Tallysman L1/L2- u-blox F9P, 

Leica AS10- u-blox F9P and RTS for 0.1 Hz, 0.25 Hz, 0.5 Hz and 1 Hz shaker oscillations.  

 

Fig. 9: Dynamic experiment: Filtered time series for oscillations for amplitude range <10mm 

The average peak-peak error of the GNSS data against RTS are shown in Fig. 10 for amplitudes 

<10mm, indicating a close performance between the two antennas with the mean peak to peak 

errors for Tallysman antenna ranging from 0.0- 5.0 mm and the AS10 antenna ranges from 0 to 

4.8 mm. 

  

Fig. 10: Dynamic movement experiment: peak to peak error against RTS measurements for 0.1 Hz, 0.25 Hz, 0.5 

Hz and 1.0 Hz excitations for amplitudes <10 mm 



 

 

Fig. 11 presents the PSD results for all oscillations computed using the Welch method with a 

2096 points per segment and 1024-point overlap. Between these two low-cost receiver 

configurations, the Tallysman low-cost antenna consistently shows slightly higher PSD values 

at low frequencies compared to the geodetic antenna, particularly below 0.3 Hz. Additionally, 

while both configurations converge at higher frequencies, the AS10 signal exhibits fewer 

narrowband peaks, implying better noise stability in the higher frequency domain.  

 

Fig. 11: Dynamic movement experiment: PSDs for 0.1 Hz, 0.25 Hz, 0.5 Hz and 1.0 Hz excitations for 

amplitudes <10 mm for u-blox F9P receiver with Leica AS10 and Tallysman antennas  

6 Case study: short-term monitoring of a 220 m building  

A preliminary case study was conducted on a 220m tall building with a concrete-steel 

composite structure in London, UK. The primary objective of this experiment was to assess the 

performance of dual frequency low-cost GNSS receivers and antennas under real-world 

operational conditions, with particular emphasis on assessing data quality in environments 

where error sources such as multipath cannot be completely eliminated. On the roof of the tall 

building, three GNSS stations were installed; (i) a Leica AS10 antenna connected to a Leica 

GS10 receiver and a u-blox F9P dual frequency (L1/L2) GNSS receiver through a signal splitter, 

(ii) a Tallysman TWI 3972 antenna connected with a u-blox F9P GNSS receiver, and (iii) a u-

blox patch antenna connected with a u-blox F9P GNSS receiver (Fig. 12). Hence, effectively 

four GNSS rover stations were recording 1 Hz dual frequency L1/L2 data. The rover stations 

were located at three of the four corners of the concrete core of the tall building, in order to 

minimise the impact of obstructions and reflections from surrounding metallic and steel 

surfaces thus, to reduce GNSS multipath effects [47].  



 

 

1 Hz dual frequency code and phase data from the 5 km distant Stratford Ordnance Survey ‘OS 

Net’ GNSS receiver were used as a reference station. The data were post-processed as a PPK 

solution using the RTKLIB software and same configurations as used for the laboratory static, 

quasi-static and dynamic experiments. Observations from the fully geodetic (Leica 

AS10/GS10) station was used as the reference solution for the experiment. 

 

Fig 12: Tall building case study: the three GNSS stations on the roof of the tall building: (a) Tallysman, (b) 

Leica AS10, (c) u-blox ANN-MB-00 antennas placed on the handrail and (d) u-blox F9P receiver and data 

logger placed in waterproof box. 

 

Fig. 13: Tall building case study: the easting, northing and up movements as recorded by GNSS setups; (i) Leica 

AS10-GS10, (ii) Leica AS10-u-blox F9P, (iii) Tallysman TWI-u-blox F9P, (iv) u-blox patch-u-blox F9,  for a 

combined GPS, Galileo and Beidou multi-GNSS solution. 



 

 

Table 4: RMSE of easting, northing and up components against geodetic (Leica AS10/GS10) setup for GPS, 

Galileo and Beidou multi-GNSS solution 

 RMSE (mm) 
Leica AS10-  
u-blox F9P 

Tallysman-  
u-blox F9P 

Patch- 
u-blox F9P 

E 2.16 3.13 4.17 
N 2.05 3.55 4.21 
H 3.85 6.42 8.86 

A 10-hour GNSS dataset was used to assess the performance of the different GNSS antenna-

receiver set ups and the effects of the antenna selection on the low-cost GNSS receiver accuracy. 

Fig. 13 presents the Easting, Northing and Up components of the GNSS solutions and Table 4 

lists the root mean square error (RMSE) of the low-cost u-blox time-series for the various 

antenna settings with respect to the geodetic setup. It is seen that again the low-cost GNSS 

receiver and the geodetic receiver show similar performance when they are connected to a 

geodetic antenna with RMSEs of the AS10 (geodetic) antenna and low-cost receiver ranging 

from 2.1 mm- 3.9 mm, commensurate with the results from the laboratory experiments. The u-

blox receiver connected with the patch antenna showed the highest deviation from the reference 

setup, as the respective RMSE has the larger values (4.2 mm- 8.9 mm). U-blox receiver with 

Tallysman antenna achieved a performance comparable to the geodetic setup in the horizontal 

position components, as the RMSE of Easting and Northing has low values (3.15 and 3.55 mm). 

However, the up component has slightly reduced precision compared to those of the horizontal 

components as indicated by the higher RMSE (6.42 mm). Also, small variations of the GNSS 

solutions between the three GNSS stations should be expected due to slightly different 

multipath environment, even though the three GNSS stations are closely located (within 10-15 

m distance). 

 

Fig. 14: PSD of Easting, Northing and Up recorded by recorded by GNSS setups; (i) Leica AS10-GS10, (ii) 

Leica AS10-u-blox F9P, (iii) Tallysman TWI-u-blox F9P, (iv) u-blox Patch-u-blox F9P,  for a GPS, Galileo and 

Beidou multi-GNSS solution. 



 

 

The PSDs were calculated using the Welch method for a Hanning window of 2096 points per 

segment with 1024 points overlap for E, N and Up positioning data recorded by different GNSS 

setups. As shown in Fig. 14, three distinct frequencies; 0.130 Hz, 0.142 Hz and 0.158 Hz were 

identified in the Easting component. These frequencies are consistent among all the geodetic 

and low-cost GNSS setups and across all the different time periods that were investigated they 

correspond to the natural frequencies of the observed tall building as confirmed by the design 

of the structure. 

7 Conclusions 

The main aim of this study was to establish baseline performance under controlled experiments 

and short-term observations for dual frequency (L1/L2) low-cost GNSS receivers for the 

context of SHM in high-rise buildings. Thus, in this study, the performance of consumer grade 

low-cost GNSS receivers and antennas were assessed during static, quasi-static and dynamic 

moving conditions. The experiments were designed to simulate the quasi-static movements and 

slow and long-term vibrations that are most common in tall structures due to thermal radiation, 

wind load and other environmental forces(Yi et al. 2013; Quesada-Olmo et al. 2018b; Yuan 

2021). The results demonstrate that low-cost GNSS receivers can be incorporated in identifying 

the quasi-static displacements of tall buildings ranging from cm to m level as well as for the 

dynamic vibrations ranging from 0.1 Hz to 1 Hz.  

The experiments were followed by a short-term case study on a residential high-rise building 

of 220m height. It can be concluded that the u-blox F9P L1/L2 GNSS receiver can reach a 

comparable precision to a geodetic grade GNSS receiver and can achieve a sub-centimetre 

accuracy when appropriate observation and processing strategies are applied, such as measures 

to mitigate multipath and the use of multi-GNSS solutions. For horizontal components, an 

accuracy of better than 5mm can be obtained when coupled with a geodetic antenna or a low-

cost antenna with defined phase centre models. The vertical component exhibited higher noise 

levels than the horizontal components; however, the observed noise remained below 2 cm, 

which is consistent with findings reported in previous low-cost GNSS-based SHM studies 

(Hamza et al. 2020b, a; Xue et al. 2022; Xue and Psimoulis 2023). Furthermore, the building 

case study demonstrated the practical applicability of low-cost GNSS systems, even under real-

world conditions where atmospheric effects and multipath errors could not be fully mitigated. 



 

 

Overall, this study demonstrates that the low-cost GNSS technology is a viable alternative to 

the traditional GNSS systems for monitoring high-rise buildings. These findings highlight the 

potential for significantly reducing monitoring costs without compromising data quality.  
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