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Abstract: Cooperative-Intelligent Transportation Systems (C-ITS) have brought a technological
revolution, especially for ground vehicles, in terms of road safety, traffic efficiency, as well
as in the experience of drivers and passengers. So far, these advances have been focused on
traditional transportation means, leaving aside the new generation of personal vehicles that are
nowadays flooding our streets. Together with bicycles and motorcycles, personal mobility devices
such as segways or electric scooters are firm sustainable alternatives that represent the future to
achieve eco-friendly personal mobility in urban settings. In a near future, smart cities will become
hyper-connected spaces where these vehicles should be integrated within the underlying C-ITS
ecosystem. In this paper, we provide a wide overview of the opportunities and challenges related to
this necessary integration as well as the communication solutions that are already in the market to
provide these moving devices with low-cost and efficient connectivity. We also present an On-Board
Unit (OBU) prototype with different communication options based on the Low Power Wide Area
Network (LPWAN) paradigm and several sensors to gather environmental information to facilitate
eco-efficiency services. As the attained results suggest, this module allows personal vehicles to be
fully integrated in smart city environments, presenting the possibilities of LoRaWAN and Narrow
Band-Internet of Things (NB-IoT) communication technologies to provide vehicle connectivity and
enable mobile urban sensing.
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1. Introduction

While transport emissions start decelerating worldwide, they are still responsible for 24% of CO2

emissions from fuel combustion [1]. There are a multitude of works in the literature dealing with this
issue in maritime [2,3] and air transport [4]. However, it is the road segment, including heavy and
light vehicles, the one that accumulates 3/4 of transport emissions [1]. These values are extremely
high under a global warming far from being solved. Electric vehicles appear as a potential solution to
gradually alleviate this problem. Their sales have increased exponentially last years, involving not
only cars, but also two-wheelers. As indicated in [5], about 20% of these vehicles are electric right now,
with special mention given to electric micro-mobility, including bikes and scooters. This opens a new
research niche in which to apply new information and communication technologies to improve traffic
efficiency and assure safety, at the time that emissions are reduced in urban areas, above all.

During the last twenty years, we have witnessed prominent advances in the vehicular industry.
A clear example is the field of autonomous driving that, by the use of state-of-the-art on-board
sensing and electronic systems, has become a reality today. Autonomous navigation systems
have been refined by the integration of connectivity solutions, which also provide vehicles with
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novel services supported by new-generation communication networks [6]. From the perspective of
Cooperative-Intelligent Transportation Systems (C-ITS), vehicles are able to communicate among each
other (Vehicle-to-Vehicle, V2V) and with the infrastructure (Vehicle-to-Infrastructure, V2I), as shown
in Figure 1. This allows for widening the surroundings perception of each vehicle and has fueled
the development of new productivity, safety, and entertainment applications, which are the pillars
of the future C-ITS ecosystem [7]. However, it is a fact that these advances have been devoted to
traditional vehicles, therefore ignoring the previously cited emergent personal mobility options that
are transforming the landscape of urban scenarios. Many citizens are currently making use of personal
vehicles such as bicycles, scooters, or electric motorcycles, due to their attractive eco-efficient features
and the promotion of sustainable and healthy lifestyles.

Figure 1. Urban fully-connected vehicular scenario. White/red arrows: V2V/V2I links.

In this particular vehicular segment, and focusing on new-age personal mobility devices, there are
special issues to be tackled in both hardware and software planes. Firstly, On-Board Units (OBUs)
should be designed considering stringent restrictions in terms of power consumption and hardware
integration in a constrained vehicle body. Secondly, the software plane calls for adapted interfaces,
safety-aware designs, and the integration of digital maps addressing the unique mobility characteristics
of these vehicles. In general, new on-board solutions are needed to support a new range of applications
in the frame of sustainable mobility. For those reasons, novel hardware and software platforms should
be adapted for personal vehicles (usually two-wheleers) that will permit the integration of connected
mopeds, bikes, segways, and equivalents into C-ITS and smart city scenarios. In this line, connectivity
technologies coming from the Internet of Things (IoT), which have not been deeply investigated for
vehicular scenarios yet, are suitable alternatives for this type of vehicles, given their aforementioned
constraints. One clear example is the Low Power Wide Area Network (LPWAN) technology, which is
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being extensively adopted in smart city deployments, as it provides long range and energy efficient
transmissions [8].

In this article, we provide a wide overview of the opportunities and challenges that the new wave
of eco-efficient vehicles brings. We discuss about the specific needs of these elements as well as the
potential services to be enabled for this market segment. The role of these new “moving things” in the
game of urban sensing and big-data exploitation is also examined, as boosters of sustainable mobility
and environment preservation. From this discussion, the great momentum of personal mobility is
extracted, especially in urban scenarios, and its further development potential. However, a lack of
dedicated OBU solutions for these particular family of vehicles in order to make them connected and
intelligent is also detected. For that reason, we present an OBU prototype integrating a series of sensing
devices and communication interfaces, which has been installed and tested on board an electric scooter.
The results obtained in our validation tests reveal the efficacy of the design. In addition, we explore
the performance of two prominent LPWAN technologies that have been embedded in our prototype,
namely, LoRAWAN and Narrow Band—IoT (NB-IoT), showing their different characteristics and how
each of them is more appropriate for certain types of services. Overall, the connectivity capabilities
provided by our OBU prototype enables the integration of sustainable vehicles within the upcoming
age of C-ITS and smart cities.

The rest of the paper is organized as follows. Section 2 reviews recent works related to the personal
vehicle ecosystem. A comprehensive discussion regarding the opportunities and challenges as well
as enabling communication technologies for personal vehicles are presented in Section 3. Section 4
describes the proposed OBU prototype and examines the validation and performance results. Finally,
the paper is concluded in Section 5 summarizing the most important finding and drawing future
research lines.

2. Related Work

As stated previously, although many works have explored the field of vehicular networks [9]
and their related services [10], there is a lack of papers addressing the potential of the novel personal
mobility ecosystem as a whole. However, some specific efforts have been devoted in the field of
vehicular data gathering for enabling the cooperation among different-nature mobile devices.

Data gathering in Vehicular Sensor Networks (VSNs) has partially addressed the issue of saving
communication costs, such as the work in [11], which tried to reduce data rate by considering a trade-off
with the required freshness of sensor reads for a concrete application. In [12], 4G communication
was combined with WiFi offloading and a crowd-sensing approach, using regular smart phones
as a communication relay. An equivalent approach with a mobile phone was adopted in [13] for
monitoring vehicle emissions, and [14], which employed Bluetooth to interconnect on-board sensors.
Recent proposals such as [15] took advantage of the mesh created by vehicular (ad-hoc) networks to
spread mobile agents in charge of gathering data from a target area.

Work in [16] proposed a holistic data gathering and processing platform for smart cities leveraging
the potential of the IoT paradigm. The different connected objects included smart phones, infrastructure
fixed stations as well as OBUs carried by public buses. Authors employed both 802.11 Outside the
Context of a Basic Service Set (OCB), formerly known as 802.11p, and cellular communications, namely,
4G. A similar solution was presented in [17], where state-of-the-art visible light networks were also
employed as a complementary data path.

Regarding the development of OBUs considering the constraints of personal vehicles,
few contributions can be found in the literature. Authors of [18] proposed the use of ZigBee-based
connectivity in bicycle OBUs. The aim of this solution was to report sensed data and create convoys
of bikes in order to improve their safety. In [19], Bluetooth was employed with a similar purpose,
evidencing the limited communication range of this type of technologies. The authors of [20] developed
a motorbike OBU using WiFi OCB, a technology that was also investigated in [21]. In addition, the latter
also made use of an enhanced IEEE 802.15.4 link for V2V transmissions.
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Considering human–machine interaction, work in [22] presented an advanced navigation
assistance system for bicycles by means of a vibrating belt and cellular communications. In turn,
the authors of [23] also explored the direct interaction of the vehicle with the driver by connecting a
helmet to an OBU implemented by means of a smart phone with cellular connectivity.

Finally, it is worth mentioning some crowd-sensing solutions that have been specifically designed
for bikes. An Arduino-based platform was adopted in [24] to retrieve and report pollution data
employing cellular communications. The authors of [25] developed a similar sensing platform although
they made use of a smart phone tethering to transmit the gathered data. A similar solution was
presented in [26], in this case employing LoRa and WiFi as communication technologies.

It is clear that the contributions to the field of sustainable personal mobility are limited. However,
these vehicles are more and more common in our cities. For that reason, in this paper, we provide
a detailed discussion addressing the potential opportunities and challenges brought by this specific
vehicular segment. Future services, communication technologies, and current gaps within this novel
ecosystem are explored. In addition, a novel OBU architecture and prototype considering the stringent
requirements of these moving devices are proposed and a series of validation tests are presented,
showing the performance of the solution using LPWAN communication technologies.

3. Personal Vehicles and C-ITS

3.1. Services for Personal Vehicles and Beyond

It is forecast that almost 70% of world’s population will live in cities by 2050 [27]. This implies
a real need for sustainable ways of transportation in order to make cities better places to live.
In fact, electric personal vehicles are already replacing cars and motorbikes in urban scenarios,
which has a positive impact on the urban mobility’s carbon footprint and, consequently, on the
city inhabitants’ health. Switching from a car to eco-friendly alternatives is nowadays simple and
satisfactory thanks, in part, to connectivity—and this is only the beginning. The inclusion of these
vehicles into hyper-connected spaces, as shown in Figure 1, offers users a plethora of novel practical
services that improve their eco-mobility experience and safety.

For obvious reasons, traffic safety has been the main focus of research related to vehicular
connectivity during the last few years. Advances in this field could be even more important in the
case of personal vehicles due to their vulnerability. Although many efforts are being done by city
councils for separating bicycles and equivalents from regular traffic, they are still the weakest link in
the chain. So far, due to the great latency of V2I communication, V2V alternatives have been employed
to warn riders about dangerous proximity of another vehicle [28]. However, with the arrival of 5G,
it is expected that the infrastructure could also help with improving road safety with a comprehensive
vision of traffic and roads in real time.

Intelligent route planning is another relevant service that permits finding the shortest and safest
routes towards a given destination or even suggesting intermodality alternatives taking into account
user needs or preferences [29]. In this line, route planners may adopt different path choice strategies
considering the dynamic conditions of unreliable transit networks [30]. In addition, by integrating
these kinds of systems in a smartphone, the application may guide the user before and after the ride,
hence helping her to find an available vehicle (bike, scooter, etc.) or a valid parking spot in the case of
using a vehicle-sharing service. These services are great beneficiaries of online vehicle location and
tracking systems aiming at developing effective fleet management systems as well as improving its
economic feasibility [31]. This is of prominent importance for achieving a coherent fleet organization
and distribution but also for providing customers with a service cloud-platform to enable reservations
or provide real-time traffic analytics, among other useful services.

Digitalizing private vehicles also opens a range of valuable applications for owners,
public authorities and citizens, in general. The first that comes to mind is security. Thousands
of bikes and scooters are stolen every day in cities worldwide. Connectivity solutions can strengthen
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the classic mechanical lock, not only by enabling their real-time tracking as mentioned above, but also
by using the OBU as a smart-lock managing vehicle’s electronics. These e-lock capabilities can make
the device unusable if manipulated, hence making the vehicle less attractive in the reselling market.
In addition, continuous vehicle monitoring permits to be in contact with the retailer or technical service
by anticipating device failures or receiving advice or alerts from them.

Generalizing information collection from these vehicles, a plethora of new services in the area of
traffic efficiency, environmental preservation, and citizen well-being can be fed with data harvested
in Internet of Vehicle (IoV) scenarios. Sensory OBUs can monitor air pollution, sun radiation, noise,
or navigation data, to analyze moving patterns, detect unhealthy areas, and recommend green
itineraries or balance roads, cycle lanes and walking areas to reach a trade-off among all citizens.

Finally, the synergy of sustainable personal mobility with social media platforms is also highly
interesting as it permits creating a sense of community. Through these services, users can share ideas,
recommendations, or tips aligned with eco-efficient lifestyles. Fitness-tracking social tools are also
included in this rich ecosystem to inform users about their daily workout and performance, and to
find others with similar sportive interests. In addition, following the infotainment perspective of
IoV, these platforms can also provide multimedia applications with the aim of improving the riding
experience with music, tourist guides, audiobooks, etc.

3.2. Gap Analysis

As seen, the range of novel services from which personal vehicles will benefit is extensive.
Therefore, we are facing a new scenario in which the integration of this range of personal mobility
devices within smart cities and C-ITS ecosystems becomes a real demand from the society. However,
research on communications and telematics in personal vehicles is notably limited so far. Previous
works usually put two-wheelers at the same level of pedestrians, with the requirement differences
and clear consequences that this implies [32]. Some papers have proposed the use of the cellular
infrastructure for exchanging data with servers that emit safety warnings in case of potential collision
with vulnerable road users [33]. Given the latency introduced by this technology, other proposals have
adopted WiFi to reduce the system response time. However, due to the high power consumption of
these technologies, some works have suggested the use of Zigbee [18] or Bluetooth [19], although the
short communication range of these technologies certainly limits its general application in widespread
vehicular scenarios. Finally, other authors bet on vehicular-specific communications, using IEEE OCB.
However, interference issues should be considered in highly-crowded scenarios such as the urban one,
together with strident battery constraints of personal mobility devices [34].

In the light of the previous discussion, an important set of challenges to be addressed is observed
to provide eco-efficient personal vehicles with appropriate communication capabilities:

• Lack of specific hardware/software designs for bicycles, scooters, and similar vehicles.
• Efforts are focused on cellular or IEEE 802.11 OCB technologies, but not on hybridizing different

communication technologies, adopting a Multi Radio Access Technology (multi-RAT) approach.
• The interconnection of these vehicles with IPv6 networks has not been addressed, which is crucial

for their full integration in the Future Internet.
• The use of standardized protocols is not generalized, which is of prominent importance given the

long-term life-cycles of the target vehicles.
• To the best of the authors’ knowledge, there are no works exploiting the use of LPWAN

technologies for personal vehicle monitoring, tracking, or eventual notification delivery.
• There are few proposals fostering transport intermodality and sustainable mobility options.
• Considering personal mobility devices as part of the future crowd-sensing ecosystem implies new

IoV capabilities and sensory OBU platforms not present at the moment.

In the following, we present a wide overview of the vehicular communication landscape,
discussing how some specific solutions can cover the identified gaps, as shown in Figure 2.
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Figure 2. Cloud services for personal mobility devices, radio access technologies, and protocols.

3.3. Communication Technologies

Intelligent open spaces such as smart cities or smart university campuses aim at offering users a
range of continuous services that should be seamlessly provided even considering end-user mobility.
Without a doubt, the evolution of wireless communication technologies has enabled the development
of the C-ITS ecosystem during the last decade. The first advances in digital cellular networks (2.5G
and 3G) allowed the development of fleet management and monitoring applications for professional
transport such as trucks, taxis, or coach buses. These services have been enriched with more advanced
features, e.g., goods or driver tracking, with the arrival of 4G. Other services developed under this
umbrella are real-time traffic information, automatic emergency call, or infotainment applications,
among others. Therefore, it can be seen how cellular solutions have taken advantage for supporting
delay-tolerant applications [35]. In addition, they make use of an already deployed architecture
and the provided coverage in urban areas is usually enough for the offered services. Nevertheless,
some concerns arise regarding the scalability of these networks when supporting thousands of nodes
simultaneously connected to a single cell as well as the latency issues mentioned above. These problems
disable current cellular solutions to support critical services such as crash avoidance. However, it is
envisioned that the 5G technology will solve these issues with its guaranteed support to three types of
services: enhanced Mobile Broadband (eMBB), Ultra Reliable Low Latency Communications (URLLC),
and massive Machine Type Communications (mMTC) [36]. This promising technology is still in its
infancy and the years to come will show whether functional deployments meet expectations.

Therefore, in the plane of traffic safety and dedicated transmissions, the technology with a
greater level of maturity is IEEE OCB (formerly known as IEEE 802.11p), which is the main pillar
of protocols such as the ones within the IEEE Wireless Access in Vehicular Environments (WAVE)
and the general architecture defined by ISO/ETSI, as shown in Figure 2. Differently from the cellular
alternatives, IEEE OCB also supports V2V communications, which permits notably reducing latency of
communications with surrounding vehicles. In fact, the latest specification of 5G technology (release 15)
includes dedicated communications for vehicular scenarios, considering integrated cellular vehicle to
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everything (C-V2X) connectivity. As aforementioned, although IEEE OCB has received great attention,
specially from the Academia [37], its implantation has not been effective due to need for a fixed
infrastructure, which has a notable cost given the great number of RSUs needed for covering a city [34].
In addition, this technology is energy-consuming for power-constrained devices, and it is prone to
interferences and transmission collisions in highly crowded areas, which makes it unreliable for urgent
information exchanges or even IoV monitoring scenarios in urban settings.

If this landscape is not complex enough, the new wave of IoT-related communication solutions
has also come into play. The LPWAN paradigm promises long-range connectivity with limited
energy consumption at the expense of offering limited data rates. Hence, as can be seen in Figure 2,
the complementary use of LPWAN technologies arises as an interesting option for avoiding saturation
of IEEE OCB and regular cellular channels due to not-urgent messages. Examples of LPWAN
technologies are (i) NB-IoT, which is a solution integrated within the cellular ecosystem; (ii) LoRaWAN,
which permits manageable private large-scale deployments; or (iii) Sigfox, which is a proprietary
solution with an already deployed infrastructure in America and Europe [8].

Most of the services identified above for new-age personal vehicles may be supported by
LPWAN-based technologies. They do not require either great bandwidth or low latency to provide
a good Quality of Service (QoS). Tracking or monitoring applications usually make use of few small
packets per minute, which is perfectly assumable by these connectivity solutions. The same occurs for
security systems that just need a limited number of messages per transaction for locking or unlocking
a device. In addition, some applications that do not require real-time data visualization may adopt
data-aggregation strategies. For example, sensing applications that take environmental measurements
as a public service, e.g., pollution, temperature, noise-level, etc., may aggregate collected data until the
end of the ride and then send all the information to the cloud server by using few long transmissions.

As seen, LPWAN solutions are a firm alternative to provide personal vehicles with connectivity,
hence enabling a plethora of novel services without harming other more urgent communication
channels such as IEEE OCB or 5G, which should be devoted to critical applications.

4. Proposed Solution

4.1. Architecture

The conceptual design of the proposed OBU for sustainable personal vehicles is depicted in
Figure 3. As observed, it is equipped with two different LPWAN-based technologies, namely,
LoRaWAN and NB-IoT, which provide access to the Internet. Through these links, the device
establishes bidirectional connections with servers in the cloud for reporting data and receiving
information or commands. These servers can be accessed from personal mobile devices such as smart
phones or tablets, to offer functions like those described previously, i.e., environmental monitoring,
intelligent route guidance, security applications, etc.

There are two fundamental elements composing the core of the unit: the main board and the
communication board. The former is an embedded single board computer that includes a regular
CPU or microcontroller, and memory, integrated in a System on Chip (SoC) fashion. In this case,
memory accounts for both RAM and flash memories. Both Inter-Integrated Circuit (I2C) and USB
buses are considered in order to communicate this board with external modules, i.e., sensors and
a communication concentrator. Some sensors could be also connected to direct digital or analog
input/output lines. Whereas sensors are simple devices including (i) an inertial unit, (ii) a radiation
detector, (iii) a noise meter, (iv) an environmental sensor (temperature, humidity and pressure),
and (v) a pollution monitor, the communication concentrator is the second principal element of
the OBU. It integrates a USB-to-serial adapter to enable communications by including chips such
as GPS and the respective transceivers for the two selected LPWAN technologies: LoRaWAN and
NB-IoT. These modules incorporate their corresponding external antennas to obtain better signal levels.
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The OBU is completed with an external display to show status messages and a battery unit to power
the whole set.

CPU+Memory

Battery

Display

Inertial
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Noise

Weather

Polution

USB

Main board
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Figure 3. Architecture of the connectivity solution for eco-efficient devices.

The implemented communication stack is also shown in Figure 3. In addition to the physical and
link levels provided by the LPWAN transceivers and their corresponding firmwares, IPv6 connectivity
has been integrated into the stack to enable the OBU’s interoperability with Future Internet services
and devices. For this to be done, an adaptation layer based on the Static Context Header Compression
(SCHC) scheme has been developed as described in [38]. In the upper layer, applications based on
Representational State Transfer (REST) over TCP/IP are supported, but the Constrained Application
Protocol (CoAP) for restricted IoT communications is also considered.

With this architecture, the running software is in charge of aggregating data from sensors, deciding
reporting interval, and choosing the most appropriate communication technology. For the case of
LoRaWAN packets, they reach a LoRaWAN gateway that forwards the messages to a LoRaWAN
server. The latter is in charge of extracting the data payload and sending it to the corresponding
cloud service by using standard IoT protocols such as Message Queuing Telemetry Transport (MQTT).
In turn, communications through the NB-IoT link are supported by the coverage provided by a cellular
service provider and involves a series of 3GPP protocols that are transparent for the OBU, as they are
already implemented in the NB-IoT transceiver. While LoRaWAN deployments are usually composed
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of private gateways and servers, NB-IoT ones depend on rigid telcos infrastructures and the traffic
flows should cross their premises.

4.2. Prototype

The implemented OBU prototype is illustrated in Figure 4. As described above, it is composed of
two principal components that are shown in Figure 4a. The main board is a Raspberry Pi Zero W, with a
1 GHz ARM CPU and 512 MB of RAM. In turn, the communication concentrator has been designed
from scratch to integrate the desired transceivers. This board mounts an FTDI FT4232H chip to interface
four serial ports from the USB interface provided by the Pi Zero. Therefore, the GPS receiver (Lantronix
A2235-H), the LoRaWAN transceiver (Murata CMWX1ZZABZ-093), and the NB-IoT modem (Quectel
BC95) are integrated into this board by using RS-232 ports. Typical 868 MHz and multiband LTE
stick antennas are attached to LoRaWAN and NB-IoT transceivers, respectively. An OLED display
(SparkFun LCD-14532) is connected as well for outputting debugging and status messages, as can be
seen in Figure 4b.

(a) (b)

Figure 4. Implemented OBU prototype. (a) Main board and communication concentrator, (b) Unit
installed in its case.

The prototype also includes a range of sensors attached to the Raspberry Pi Zero to enable
smart city and C-ITS tracking and monitoring applications: an infra-red thermal array sensor (CO2),
an environment (pressure, humidity, temperature and CO2) unit (CCS811 and BME280) and a 9 DOF
inertial sensor (LSM9DS1).

As shown in Figure 4b, the communication concentrator is placed over the main board and
the sensors are distributed around the principal elements. Finally, a lithium power bank (RS PRO
PB-A5200) with 5 Ah of capacity has been attached to the unit and placed below the boards. In our
experiments, we have obtained a battery life time of more than two days, working at 5V and reporting
data regularly. The dimensions of the whole set are 15 × 7 × 5 cm, and an adequate enclosure has
been designed and 3D-printed for its easy integration on-board a bike or moped, or using a personal
mobility device.

4.3. Validation Tests

In order to study the communication performance of our prototype, we have placed it aboard
an electric scooter and travelled around the Espinardo Campus at the University of Murcia (Spain).
These vehicles are a clear example of personal mobility device that can greatly improve urban mobility,
but lack an external energy source and proper C-ITS integration. Together with e-bikes, e-scooters are
flooding the urban landscape these days. In addition, the selected area for conducting our experiments
presents realistic and heterogeneous conditions due to the presence of communication obstacles such
as buildings, trees, etc.
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The data were retrieved from the OBU’s embedded sensors and transmitted to a Graphana cloud
server by using a developed Python script. For the data transmission, one or both of the available
LPWAN links established with (i) a private LoRaWAN gateway (Kerlink Wirnet Station) installed
in the campus or (ii) a cellular NB-IoT infrastructure deployed in the area by a telecommunications
company (Vodafone) were employed.

The received data were stored in a database and showed in real time to the user by means of
the dashboard presented in Figure 5. As observed, different temporal series are provided; hence,
the user may access this information by using her smart device or a regular computer to check the
current status or a historical record of the device parameters. In the specific example depicted in
Figure 5, different plots representing network metrics such as throughput or packet loss can be seen,
in this case extracted from the NB-IoT link. This information is relevant to evaluate the performance
of the communications and detect disconnections or low coverage areas. Data extracted from some
of the equipped sensors and transmitted over the LoRaWAN connection are also shown, namely,
a plot representing the scooter’s speed and another one showing the evolution of the detected level of
CO2 during a ride. In this case, the unit was suddenly exposed to the exhaust pipe of a combustion
motorbike to check the good operation of the sensor. In addition, other parameters such as GPS
position, inertial sensor measurements, etc. are also transmitted to the cloud. All these raw data are
stored in the server, so they are available to be employed by final services involving data processing
or analytics. In this line, several applications like those identified in Section 3 may be developed.
For example, we are currently working on an online vehicle tracking service to avoid thefts and the use
of Machine Learning (ML) techniques for the detection of falling events by analyzing accelerometer
data [39].

Figure 5. Data dashboard with results from validation tests.
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4.4. Evaluation Tests

Once we validated the functionality of our OBU prototype, we conducted a series of experimental
tests in which we evaluated the performance of the two LPWAN technologies integrated into the unit.
Concretely, we made some rides around the university campus ring to measure the Signal-to-Noise
Ratio (SNR) obtained for both communication alternatives as well as additional network performance
metrics such as Packet Delivery Ratio (PDR) and Round Trip Time (RTT).

Figure 6 presents two heat-maps indicating the real-time position of the device and the quality of
the connection in each point in terms of Signal-to-Noise Ratio (SNR) for the LoRaWAN and NB-IoT
links. Regarding the LoRaWAN experiment, a decay in the link quality in the southwest area of
the campus can be noticed, due to some buildings that blocked the signal from the base station.
This is proven by low SNR values and some noticeable packet losses (long gaps between consecutive
successful transmissions). As mentioned above, our unit just connected to the unique LoRaWAN
gateway installed by us in our facilities. On the other hand, in the case of NB-IoT, we could not control
the base-station that the device was connected to, as this is an internal and automatic process managed
by the communication interface. At the time of performing these tests, our NB-IoT service provider
(Vodafone) had some base stations active surrounding the university campus. Even so, some lacks
of coverage are also evidenced in the north and south areas. We expect this situation to improve by
deploying additional gateways/base stations in the surrounding areas.

(a) LoRaWAN (b) NB-IoT

Figure 6. SNR obtained in one test ride around the campus ring.

From a network performance perspective, Table 1 shows a comparison between both LPWAN
communication technologies, attending to SNR, PDR, RTT, and power consumption measurements.
It can be observed that, although the average SNR attained for LoRaWAN is better than that
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obtained for NB-IoT, the evaluated network metrics demonstrate a superior performance of the
latter. Focusing on the PDR, the packet loss recovery mechanisms implemented by NB-IoT permits to
retransmit lost packets, allowing it to reach almost 100% of PDR. On the other hand, LoRaWAN does
not implement any similar loss recovery scheme; hence, lower PDR values are obtained, although it is
close to a notable figure of 80%. The greatest difference between both technologies is evidenced in the
measured RTTs. The shorter RTT achieved by NB-IoT is justified by its faster transmission data rate
on the order of kilo bits per second (kbps), which is not heavily impacted by a longer network path
through the operator’ network. In turn, the conservative configuration selected in our experiments
for LoRaWAN (Spreading Factor (SF) = 12) permits to establish more robust links at the expense of
dramatically reducing the transmission rate down to just a few bits per second (bps). For this reason,
the time-on-air taken by the transmitted packets (data payload of 50 bytes) is more than two seconds
in each trip. Therefore, it can be concluded that, from a networking perspective, NB-IoT offers superior
performance to LoRaWAN for this type of mobile setting.

Observing the energy consumption of both interfaces, it can be seen that the instant current
requirements of NB-IoT are higher than the ones of LoRaWAN (data extracted from the specification
sheet of each modem). This fact is even more exacerbated given the operational mechanisms of each
technology. While NB-IoT requires a regular synchronization of the end-device with the infrastructure
by means of the exchange of multiple control messages, LoRaWAN does not need such mechanism,
so the number of transmissions and receptions are notably lower in this case. Therefore, it is evidenced
that the superior communication capabilities provided by NB-IoT are achieved at the expense of
greater power consumption. This is a key factor to be considered when designing OBUs devoted
to battery-powered devices intended to operate during long time periods without external power
supply. From our trials, consisting in rides of about 1 h, we have measured a power consumption of
approximately 300 mAh for the whole prototype using both communication interfaces. Therefore,
a typical powerbank of 10,000 mAh would imply an OBU working time over 33 h, which gives
room for a more intensive use of the unit. In addition, powerbanks of this capacity just add an extra
payload of about 250 g, which is a negligible figure for current personal mobility vehicles. The low
power consumption of the OBU, together with the enabled communication and processing capabilities,
pave the way for the development of a new range of services involving eco-efficient vehicles integrated
within future smart city environments.

Table 1. Network performance results.

Metric LoRaWAN NB-IoT

SNR (dB) −8.86 ± 1.37 −10.45 ± 0.15

PDR (%) 78.01 ± 3.11 99.3 ± 0.38

RTT (ms) 460.21 ± 5.31 294.17 ± 14.49

Consumption
TX: 106 mA
RX: 22 mA

Sleep: 1.65 µA

TX: 250 mA
RX: 50 mA

Sleep: 2 mA

5. Conclusions

Urban mobility is experiencing a great change nowadays. City inhabitants are becoming more
conscious about their carbon footprint so they are adopting more sustainable mobility options.
Personal vehicles such as electric scooters, shared bikes, segways, etc. are massively populating
our streets. However, these elements do not yet form part of the C-ITS and smart city ecosystems.
Thus, in this paper, we have discussed the potential benefits and challenges to be tackled regarding the
integration of these elements in future hyper-connected spaces. In addition, a novel OBU prototype
for providing personal vehicles with connectivity has been presented. The attained results prove the
validity of the proposal for the desired digitalization of this new wave of eco-efficient personal vehicles,
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given the communication capabilities provided by the developed OBU, which also presents a notably
reduced power consumption. Communication performances are evaluated attending to the LPWAN
technology used, obtaining interesting results that indicate that the communication solution should be
carefully selected attending to the characteristics of the application to be implemented.

Within our own research lines, it is planned to widen the scope of the work by evaluating network
performances using additional communication technologies, e.g., 5G, integrating big data analytics,
and developing new services such as fall detection or advanced vehicle diagnosis, to improve urban
mobility and safety as well as environmental preservation. In general, connectivity of personal
mobility vehicles and mobile urban sensing open a research niche to be further explored in the
upcoming years—from communication technologies to network protocols and from the integration
of electronics considering power constraints to services exploiting data gathered. What is clear is
the potential benefit expected from the proliferation of these connected electric vehicles for reducing
carbon emissions and improving citizens’ quality of life.
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