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Abstract: In the scenario of massive urbanization and global climate change, the acquisition of 
microclimatic data in urban areas plays a key role in responsive adaptation and mitigation 
strategies. The enrichment of kinematic sensor data with precise, high-frequency and robust 
positioning directly relates to the possibility of creating added-value services devoted to improving 
the life-quality of urban communities. This work presents a low-cost cloud-connected mobile 
monitoring platform for multiple environmental parameters and their spatial variation in the urban 
context. 
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1. Introduction 

The recent evolution of IoT devices opens up new possibilities for urban monitoring, especially 
in the validation of current theoretical models and numerical simulations, as well as providing 
support and evidence in the process of decision- and policy-making [1]. In this framework, mobile 
microclimatic monitoring plays a crucial role when kinematic sensors’ data are enriched with precise, 
high-frequency and robust positioning capabilities. Indeed, the spatial enrichment of moving sensors 
leads directly to the possibility of having fast, reliable and accurate information over time. This, in 
turn, allows one to set up added-value services for improving the life quality of urban communities 
[2,3]. In this regard, estimation methods have been tested through mobile and fixed IoT sensors for a 
limited spatial resolution [4].  

Despite the possibility of an improved spatio-temporal resolution, standalone low-cost mobile 
prototypes that (i) have an accurate localization capacity (differential positioning capabilities) and (ii) 
transmit measurements in real-time are still not common in urban and peri-urban environments. In 
fact, it is still challenging, both in terms of costs and accuracy aspects, to develop autonomous 
outdoor devices with reliable positioning, as recent studies have pointed out [5,6]. In this sense, low-
cost global navigation satellite system (GNSS) receivers can implement improved georeferencing 
capabilities [7] by exploiting GNSS receivers featuring multifrequency and multi-constellation 
capabilities. Recently, the advancements in low-cost chipset development have resulted in the 
commercialization of low-cost, high-precision GNSS receivers off the shelves. Furthermore, there are 
advantages to using such GNSS receivers, such as lower power intensity, portable size, and high 
integration, to name a few [8]. 
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2. Materials and Methods 

In this work, a preparatory study to assess the positioning capabilities of a low-cost GNSS 
receiver is proposed in view of microclimatic sensors’ data’s spatial enrichment. 

The hardware is based on a U-blox ® C099-F9P application board [9] set as the low-cost GNSS 
receiver, coupled with a Raspberry Pi (RPi) [10]. The prototype has been benchmarked against a 
standard high-accuracy (geodetic) GNSS configuration from Leica ® composed of an AS10 antenna, 
a GS10 receiver and a CS15 controller. The open-source suite for precise positioning RTKlib has been 
exploited both to log the U-blox data on the prototype, and to postprocess the different positioning 
solutions tested [11]. The RTKlib suite has been chosen because of its multiplatform capabilities, the 
high number of parameters that can be tuned to get to the optimal configuration, and because it is 
also easy to encompass it in an automatic data acquisition chain. 

2.1. U-blox Based Prototype 

A picture of the low-cost prototype’s inner components is shown in Figure 1. Even though the 
U-blox ® C099-F9P board by itself has good capabilities, we decided to give more flexibility and 
computational power to the prototype by coupling it with a RPi. The connection of the GNSS module 
to the RPi has been achieved though serial communication. The RPi as a development platform allows 
for many possible upgrades of the prototype, including, among others, the chance to exploit a 3/4G 
expansion shield for cellular connectivity, or the availability of many connection buses to couple the 
prototype with other sensors (temperature/relative humidity and solar radiation in the picture). The 
system is powered by a 5V- 15000 mAh USB power bank, which ensures its long lasting operation 
capabilities and portability, once fully charged. All the hardware components, besides the ANN-MB-
00 multi-band GNSS antenna and ground plate, have been enclosed within an IP68 case. 

 

Figure 1. Schematics of the building blocks of the low-cost prototype that has been involved in the 
tests. The core processing unit is made of an RPi 4 coupled with an SIM800 GSM expansion shield, 
and an Adafruit PiTFT 3.5” touch screen display. The GNSS roved module is a U-blox C099-F9P 
application board. The sensors shown in the picture have not been used for the purposes of this paper. 

2.2. Filed Tests and Data Processing Workflow 

Figure 2 shows the filed campaign setup (left) and the three different configurations tested 
(right). A LEICA ® tripod has been used as the steady support for devices put in the base mode, while 
a city bicycle has been used as the rover carrier for the U-blox ®-based prototypes. Each configuration 
has been tested for approximately 1 hour of continuous acquisition, whereby the devices have been 
set to get GNSS data at 5Hz. To get differential corrections for configurations #1 and #3, RINEX data, 
from a permanent base station of the South Tyrolean Position Service (STPOS) network managed by 
the Geodetical Office of the Autonomous province of Bolzano, have been exploited [12]. 
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  * corrections made through STPOS. 

Figure 2. (left) Picture of the LEICA support and the bicycle that have been used during the field tests 
to carry the base and the rover devices, respectively. (right) Table of the different configurations under 
test. Due to limited equipment availability, the configurations were executed in succession. 

To run the experimental acquisition, the LEICA ® system was operated through the proprietary 
software SmartWorx Viva, and Geo Office has been used to convert the data to RINEX format. The 
command line interface (CLI) program STR2STR (part of RTKlib) was compiled in the NOOBS 
environment (on RPi) to log the raw GNSS data from the U-blox ®-based prototype, and RTKCONV 
was used to convert the receivers’ raw data to the RINEX format [13]. Lastly, the RTKPOST was 
exploited in each configuration to provide positioning solutions from the collected data after 
conversion to RINEX. RTKlib supports many positioning solutions with GNSS for both real-time 
kinematic (RTK) and post-processed solutions with differential correction. To accomplish the post 
processing, the following steps were performed: 

1. download of the RINEX file from the nearest STPOS base station to the test site, covering the 
whole duration of the measurement session; 

2. post-processing calculation of the coordinates of the LEICA ® station (static point differential 
positional solution); 

3. coordinates obtained at point 2 are used to retrieve the positions for the first kinematic session, 
i.e., configuration #2, with the U-blox ®-based rover. In particular, LEICA ® measurements are 
used both to retrieve the base coordinates (i.e., related to tripod position) and then the base 
coordinates are used to retrieve the rover coordinates in the differential solution; 

4. coordinates obtained at point 2 are used when performing calculations with the RINEX files 
acquired from the two U-blox ®-based prototypes (configuration #3). 

3. Results 

The field tests took place in the industrial district of the city of Bolzano (IT). The LEICA ® high-
accuracy GNSS set was placed in the inner courtyard of the NOI Technology Park, far from typical 
GNSS sources of disturbance. This setup was kept fixed during the tests of the #1 and #2 
configurations. For configuration #3, the AS10 antenna on the LEICA ® tripod was replaced with the 
ANN-MB-00 multi-band GNSS antenna connected to one of the two U-blox ® receivers in the base 
configuration mode. The other U-blox ®-based prototype was mounted on an electric bike, which 
provided proper support for the antenna (the aluminum pole in Figure 2) in order to place the 
antenna in a position not affected by the head of the driver during the tests. According to this 
experimental design, kinematic tests (involving moving rover) were performed only in the #2 and #3 
tests. In the following section, the results obtained from the three configurations sketched in Figure 
2 are reported and discussed. 
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3.1. Configuration #1 

Figure 3 shows the Ground Track plot (left) and the Skyplot view of the satellites (right) obtained 
with RTKplot after the post-processing of the first dataset from the LEICA ® GNSS system.  

 

Figure 3. (left) Ground Track plot and (right) MP-Skyplot of the configuration #1. 

3.2. Configuration #2 and #3 

The field survey paths performed with the rover in the #2 and #3 configurations are shown in 
Figure 4. The green and yellow dots represent the fixed and floating positional solutions, respectively. 

 

Figure 4. Ground Track plots of the rover surveys in the #2 configuration (left) and #3 configuration 
(right). The Google Maps view of the surroundings of the NOI Technology park is shown as inset. 
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3.3. Outcomes Discussion 

Configuration #1 is showing the 100% fixed solution, as is expected from such a setup. During 
the test, GPS (US), GALILEO (EU), GLONASS (Russia) and BEIDOU (China) constellations were 
acquired. This allowed a good availability of satellites, and redundancy. The post processing (see 
Section 2.2, point list 2) led to the following coordinates: lat. 46.4790, long 11.3316 and height 298.9675 
m. Standard deviations from the .pos file obtained through RTKPOST are reported in Table 1.  

Table 1. Standard deviation of positional solution from #1 configuration in ENU (east/north/up) 
coordinates. 

sdE (m) sdN (m) sdU (m) 
0.00011 0.00016 0.00036 

The coordinates achieved can be converted using the cartographic reference system UTM32N 
(EPSG:6707) through the PyProj python library [14]. 

The ratio between fixed/floating solutions has been considered as an indicator of the 
performance for the configuration with differential corrections (#2 and #3). From a rough comparison 
between the two tests, we see that the #2 configuration has achieved 80.8% fixed solutions, while 
configuration #3 has achieved 89.9% fixed solutions. Despite this significant imbalance, we cannot 
assess that one configuration is better than the other because the tests have not been carried out at 
the same time, or following the exact same path. However, some common behaviors, encountered in 
both tests as referred to in the numbering in the inset of Figure 4, can be highlighted: 

 (point 1) a fast convergence toward fixed solutions is reached near the base station, due to the 
open sky condition within the NOI Techpark courtyard and the low driving speed allowed; 

 (point 2) the longest straight path on the right side of the Ground Track plots is the one with the 
biggest amount of unfixed solutions, due to the fact that the cycle lane is mostly covered by the 
tree canopy and is close to the building’s walls (which is preventing a good signal to be 
acquired); 

 (point 3) even with the limited sky view factor, the amount of fixed solutions increases rapidly 
with the decreasing the speed of the rover, at the about-turn point, for instance; 

 (point 4) multipath effects can also be detrimental, turning into floating solutions when driving 
along buildings and canyon walls. 

However, the preliminary tests carried out show that a similar accuracy can be reached in near-
real-time kinematics even when a low-cost base station is involved to get differential correction. 

4. Conclusions 

The achieved results confirm that the approach is suitable for urban monitoring mobile 
applications, where several nodes can be installed, for instance, on public transport vehicles 
(commercial average speed below 40 km/h), to expand the spatio-temporal resolution (centimeter-
level accuracy in seconds) of environmental data, while keeping low the number of sensors to deploy. 
Significant accuracy might be expected using low-cost devices with inertial measurement unit (IMU) 
capabilities. 

The future outlook involves the assessment of statistic correlations between local microclimatic 
conditions, urban surface usage and urban morphology to aid in the development of sustainable 
energy and climate action plans at the municipality level. 
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