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Abstract— Recent years have witnessed much interest in Low
Power Wide Area (LPWA) technologies, which are gaining
unprecedented momentum and commercial interest towards
the realisation of the Internet of Things (IoT). Long Range
(LoRa), as a representative LPWA technology, has the potential
to satisfy the growing demand for the longer range and larger
amount connectivities in vehicular communication networks.
In this paper, LoRa is firstly applied into two typical vehicular
networks, namely Vehicle-to-Infrastructure (V2I) and Vehicle-
to-Vehicle (V2V), and performance of LoRa schemes with
different parameter configurations are evaluated and compared.
Further, Monte Carlo simulations indicate that the schemes
equipped with higher bandwidth or lower spreading factor
exhibit significant advantages in combating the fast fading
caused by Doppler effect in V2X networks.

I. INTRODUCTION

Internet of Vehicles (IoV), as an indispensable part of IoT,
is expected to be the next frontier for automotive revolution
and the key of the evolution of next generation intelligent
transportation systems (ITS) [1]. V2X communications, as
a significant component of IoV, is envisioned to empower
the ITS by helping “extend a vehicle’s field of vision”
[2], [3]. Today’s intelligent vehicles rely on a mass of
sensors to obtain the information of surroundings, and are
expected to evolve to be “PArallel VEhicles” [4], which
enables real-time interaction and optimization of the physical
vehicles and the artificial ones. This helps to significantly
improve driving safety and reduce single vehicle’s cost [5]–
[9]. With the sharp increase in the number of vehicles,
V2X communications urgently call for a new paradigm to
fulfill its growing requirements for connectivity, mainly with
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regards to supporting for a massive number of devices, low
deployment cost, extended coverage, low device cost and
long battery life.

Therefore, low power wide area networks (LPWANs) have
attracted much attention from both academia and industry
due to their key performance metrics that are energy efficien-
cy, scalability and coverage. They are continuously gaining
momentum as fundamental enablers of the IoT paradigm.
There are many candidates that have been pushed into global
markets by several competing technology providers, such as
LoRa [10], Sigfox [11], Narrowband IoT (NB-IoT) [12],
and Ingenu [13], etc. LPWANs are ideal for many IoT
applications, such as smart cities [14], smart grid [15], and
smart wearables [16], etc. Among these LPWA technologies,
LoRa has a relatively faster pace in technological develop-
ment and commercialization. Hence in this paper, LoRa, as
the representative LPWA technology, is applied into V2X
communication networks.

LoRa is one of the most promising wide-area IoT tech-
nologies patented by Semtech and further promoted by the
LoRa Alliance [10]. LoRa is based on chirp spread spectrum
(CSS) modulation and is able to provide adaptive data
rate and wide communication coverage but with low power
consumption. Since the chirp pulse is relatively broadband,
LoRa is good at resisting against multipath fading and
Doppler shift. This helps to make LoRa ideal for mobile data
communications, where multipath fading and Doppler shift
coexist [17]. Semtech states that LoRa is able to support
many applications of ITS [18], such as fleet management,
asset tracking, fleet tracking, and smart parking, and etc.

Current traditional communication technologies in ITS
[19] usually include Radio Frequency Identification (RFID),
Bluetooth, ZigBee, WiFi, WAVE DSRC, 2G/3G/4G cellular
networks, and etc. Compared with these communication
technologies, LoRa is able to support a larger amount of de-
vices up to millions per cell and cover longer communication
range up to 10 km on the ground [20]. Unlike the traditional
ITS communication technologies, usually mesh or ad-hoc
topology, LoRa is based on the star topology where end
nodes are directly connected to a gateway that relays data to a
LoRa server. This significantly simplifies the network design
allowing for higher scalability and greater controllability. Up
to now, there have been some literatures study using LoRa
for some ITS applications. In [21], the authors conducted an
experimental study to evaluate LPWAN in both indoor and
outdoor mobile environments. In [22], a vehicle monitoring
system based on the LoRa technology was introduced. In
[23], the authors proposed a LoRa-based LPWAN vehicle
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diagnostic system named i-car system to improve the driving
safety. Nevertheless, despite the increasing popularity of
research in LoRa, little is known about the performance of
LoRa operated in V2X communication scenarios.

To fill this knowledge gap, in this paper we select several
LoRa schemes with different parameter configurations, and
then evaluate their bit error performance (BER) correspond-
ingly under six typical V2X communication scenarios. The
major contributions of this paper can be summarized on two
aspects: On the one hand, we are the first to apply LoRa
to V2X communications, then evaluate, analyze, and charac-
terize the performance of LoRa in six scenarios containing
both V2I and V2V situations with a wide range of Doppler
shifts. On the other hand, based on the simulation results
and analysis, some suggestions are derived about how to
select the parameter configurations of LoRa to obtain better
performance in mobile scenarios.

This paper is organized as follows. In Section II, we
present a brief review of the LoRa technology and introduce
the key parameters for customization of LoRa. In Section III,
the details of the channel model is presented, and a compar-
ison between the coherence time of six scenarios and the
symbol time of different LoRa schemes is demonstrated. In
Section IV, the simulation results and analysis are presented
and discussed. Finally, Section V concludes this paper.

II. LORA BASICS

LoRa is a proprietary spread spectrum modulation tech-
nique designed and patented by Semtech. Technically, LoRa
can commonly refer to two distinct layers: (i) a physical layer
using the CSS radio modulation technique; and (ii) a MAC
layer protocol (LoRaWAN), which is optimized specifically
for energy limited end devices [24].

A. The LoRa Modulation

LoRa is based on chirp spread spectrum scheme that uses
wideband linear frequency-modulated pulses whose frequen-
cy decreases or increases over a specific amount of time
based on the encoded information. Because of sufficiently
broadband chirps, the robustness against multipath fading
is improved. Radio signals of LoRa are able to resistant
against in-band and out-of-band interference with the help
of high-bandwidth-time production, which contributes to the
maximum link budget of about 157 dB and henceforth
provides good coverage [25].

A LoRa radio has four parameters for the customization
of the modulation: carrier frequency, spreading factor, band-
width and coding rate. The selection of these parameters
determines energy consumption, transmission range and re-
silience to noise.

Carrier frequency: Carrier frequency is the centre frequen-
cy used for the transmission band. LoRa operates in the lower
industrial, scientific, and medical (ISM) bands (EU: 868MHz
and 433 MHz, USA: 915MHz and 433 MHz). In this paper,
we address the operation in the EU ISM 868 MHz band.

Spreading factor (SF): The LoRa modulation employs
six orthogonal SFs ranging from 7 to 12 to implement

variable data rates and lengths in time. Modulated signals
at different spreading factors appear as noise to the target
receiver. This enables multiple different spread signals to
be transmitted at the same time and on the same frequency
channel without degrading the communication performance
and trading the on-air time for the communication range.
With this design, the spectral efficiency and the network
capacity are significantly improved.

Bandwidth (BW): The bandwidth is the most important
parameter of the LoRa modulation. A LoRa symbol is com-
posed of 2SF chirps, which cover the entire frequency band.
The different LoRa chip modules have different bandwidth
settings: The SX1272 has three programmable bandwidth
settings: 500 kHz, 250 kHz, and 125 kHz. The SX1276 can
be programmed in the range of 7.8 kHz to 500 kHz.

Code rate (CR): CR is the forward error correction (FEC)
rate used by the LoRa modem and offers protection against
bursts of interference. Decreasing the code rate helps to
reduce the Packet Error Rate (PER) in the presence of short
bursts of interference but increases time on air. The code
rate (CR) is calculated as 4/(4 + n), where n is the parity
bits and n ∈ {1, 2, 3, 4}. CR of the payload is stored in the
header of the packet, which is always encoded at 4/8.

The symbol rate of LoRa, Rs, is defined as

Rs =
BW

2SF
(1)

The symbol period Ts is the reciprocal of Rs, derived by

Ts =
1

Rs
=

2SF

BW
(2)

Taking the code rate into account, as well as the fact that SF
bits of information are transmitted per symbol, the nominal
bit rate Rb of the data signal can be defined as:

Rb = SF × BW

2SF
× CR (3)

From Eq. (1) to (3), a higher spreading factor increases
transmission duration and decreases the data rate. With a
given spreading factor, a doubling of the bandwidth can
effectively double the transmission rate and halve the time
on air, but lower the receiver sensitivity due to integration
of additional noise. In addition, reducing code rate helps
to decrease the PER in the presence of the short bursts of
interference.

B. LoRaWAN

The second component is the LoRaWAN network proto-
col which is optimized specifically for energy limited end
devices. LoRaWAN networks are operated using ALOHA in
a star configuration. The end devices communicating with
base stations called gateways or concentrators. Data are then
conveyed to a network server before connected to end-user
applications and servers. The star topology enables LoRa
to transmit over very long distances. The MAC layer also
defines three options for scheduling the receive window slots
for downlink communication, which are named as classes A,
B, and C, in which class A must be supported by the end
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(1) V2V - Expressway Oncoming (3) V2V - Urban Canyon Oncoming

(6) R2V - Suburban Street(4) R2V – Expressway

(2) V2V - Expressway Same Direction with Wall

(5) R2V - Urban Canyon

Fig. 1. Six time-and frequency-selective empirical channel models for V2X communications.

TABLE I
CHANNEL PARAMETERS

Scenario Velocity (km/h) Doppler Shift (Hz)
Scenario 1 104 1000-1200
Scenario 2 32-48 300
Scenario 3 104 900-1150
Scenario 4 104 600-700
Scenario 5 32-48 400-500
Scenario 6 32-48 300-500

devices. The details about the LoRaWAN protocol can be
found in [24].

III. CHANNEL MODEL AND ANALYSIS

In the simulations of this paper, we use the channel model
proposed in [26] [27], which is typically regarded as a
standard V2X channel model dedicated for IEEE 802.11p
standard. The measurement campaign was carried out in the
metropolitan Atlanta, Georgia area including six scenarios
[28], as shown in Fig. 1, which are

- Scenario 1: V2V Expressway Oncoming;
- Scenario 2: V2V Expressway Same Direction with

Wall;
- Scenario 3: V2V Urban Canyon Oncoming;
- Scenario 4: Roadside-to-vehicle (R2V) Expressway;
- Scenario 5: R2V Urban Canyon Oncoming;
- Scenario 6: R2V Suburban Street.

The channel parameters for these six scenarios are listed in
Table I. We can see that the Scenarios 1-6 cover both V2V
and R2V channels and a wide range of Doppler shifts.

By the nature of LoRa physical layer design using the lin-
earity of chirp pulses, frequency offsets between the receiver
and the transmitter are equivalent to timing offsets, easily
eliminated in the decoder, which makes LoRa equipped with
the ability of resisting against the Doppler effect [29]. In
next subsection, this ability is further explored and analyzed
when faced with various V2X scenarios.
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Fig. 2. The comparison between coherence time Tc of six scenarios and
symbol time Ts of LoRa with all specifications.

A. Doppler Effect

Doppler shift in mobile channels causes a small frequency
shift in LoRa pulse and introduces a shift in the time axis of
the baseband signal. To inspect the Doppler effect on LoRa
when transmitted in V2X channels, the channel coherence
time (Tc) and symbol time (Ts) should be compared.

Coherence time is inversely proportional to Doppler shift
as

Tc =
1

fD
(4)

The symbol time of LoRa is shown in (2). From (2),
we can see that Ts increases as SF increases or BW
decreases. When the symbol time of LoRa is larger than the
coherence time, i.e. Ts > Tc, the amplitude and phase change
are imposed by the channel varies considerably during the
transmission. This is the phenomenon of fast fading, which
makes accurately estimate or equalize the channel become
very difficult [30].

1109



TABLE II
SYSTEM PARAMETERS

Parameter Value
Spreading Factor 7, 10
Signal Bandwidth 125kHz, 500 kHz
Carrier Frequency 870 MHz
Sample Interval 8µs, 2 µs

Code Rate 1

In order to clearly see when the fast fading occurs in
our simulation, the comparison between the symbol time
with different SF and BW and the coherence time of six
scenarios are shown in Fig. 2.

From Fig. 2, we observe that when SF = 7, Tc of six
scenarios are all larger than Ts with all shown BW s. As SF
increases, Ts raises exponentially. Only partial scenarios Tc

are larger than Ts with specific BW s, e.g., when SF = 9,
only for scenarios 2, 5, and 6, Tc of these scenarios are larger
than Ts with BW = 250 and 500 kHz. When SF is larger
than 10, Tc of six scenarios are all smaller than Ts with
all BW specifications, in which the fast fading occurs and
induces the signal distortion. In order to avoid fast fading,
when BW = 500 kHz, SF of LoRa should be set to be less
than 9 so that Tc is larger than Ts. When BW = 250 kHz,
SF should be set less than 8 and when BW = 125 kHz,
SF should be set less than 7.

In order to clearly see how the Doppler effect acts on the
performance of LoRa, in next section we carry out Monte
Carlo simulation to analyze the performance of LoRa ap-
plied in aforementioned six V2X communication scenarios.
The performance of LoRa schemes with various parameter
specifications are also evaluated.

IV. SIMULATION RESULTS

In this section, we carry out Monte Carlo simulations to
analyze the BER performance of LoRa versus the signal-to-
noise ratio (SNR). The simulations are carried out at the link
level. All of the simulation parameters are selected according
to the LoRa specifications. In order to learn about which pa-
rameter configurations of LoRa show better performance in
V2X channels, we select three LoRa configuration schemes
to examine their BER performance, as follows:

• Scheme 1: SF = 7, BW = 500 kHz;
• Scheme 2: SF = 7, BW = 125 kHz;
• Scheme 3: SF = 10, BW = 500 kHz.

The carrier frequency is operated in European ISM 863-870
MHz band. For simplicity, the channel coding is omitted and
CR is set to be 1. The simulation system parameters are listed
in Table II.

In our simulations, the channel estimation is performed
based on the preamble, which is located prior to each data
symbol and comprises an entire symbol known by both the
transmitter and the receiver. Then, the channel estimates
are used for the equalization and demodulation of the data
symbol. The channel equalization algorithm is zero-forcing.
We detect the received LoRa symbols by a cyclic correlator
receiver, which is described in detail in the patent [31].
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Fig. 3. The comparison between Scheme 1 and Scheme 2 under six V2X
scenarios.

Fig. 3 shows the performance comparison between
Scheme 1 and Scheme 2 under six V2X scenarios. From
Fig. 3, scenario 1 shows the worst BER performance than
other scenarios due to the highest Doppler shift. It also can be
observed that Scheme 1 outperforms Scheme 2 for both V2V
and R2V scenarios. When SNR = 0, BERs of Scheme 1 with
most of scenarios exhibit around 10−2. As SNR increases,
BERs of Scheme 1 exhibits lower than 10−3. As for Scheme
2, the BER performance exhibits error floor in the entire
SNR region under most of scenarios. The reason is that
the larger BW of Scheme 1 contributes to a much smaller
symbol time than Scheme 2, which is lower than coherence
time of channels (see in Fig. 2). Thus, the possibility of the
Doppler-induced signal distortion occured on Scheme 1 is
much smaller than that of Scheme 2. For Scheme 2, the fast
fading caused by Doppler shift as well as the intersymbol
interference (ISI) signals caused by delay spread both exert
pressures on Scheme 2, which in turn seriously deteriorate
its performance.

The performance comparison between Scheme 1 and
Scheme 3 is given in Fig. 4. In this figure, Scheme 3
with higher SF of 10 shows worse BER performance than
Scheme 1 and exhibits error floor in the entire SNR region
even in scenario 6 that is equipped with the lowest velocity
and Doppler shift. This happens because according to Eq. (2),
with given BW , each increase in SF doubles transmission
duration, thus the transmission duration of Scheme 3 is triple
to Scheme 1 and comparable to the coherence time (see in
Fig. 2), which triggers the fast fading.

Remarks: In order to combat fast fading caused by
Doppler shift, the most direct way is to reduce the symbol
time until it is lower than the coherence time of channel.
By this way, the amplitude and phase change imposed by
the channel can be considered roughly constant over the
period of transmission. As a result, it is suggested that
LoRa schemes with higher BW and lower SF parameter
specifications should be selected to obtain better performance
when applied in V2X communication scenarios. However,

1110



0 2 4 6 8 10 12 14 16 18 20

SNR (dB)

10
-4

10
-3

10
-2

10
-1

10
0

B
E

R

Scheme 1

Scheme 3

Scenario = 1

Scenario = 2

Scenario = 3

Scenario = 4

Scenario = 5

Scenario = 6

Fig. 4. The comparison between Scheme 1 and Scheme 3 under six V2X
scenarios.

LoRa schemes with higher SF may loss their superiority
in communication coverage [20]. Channel coding and inter-
leaving techniques are also alternative approaches for LoRa
to conflict the time-selective fading in mobile scenarios.

V. CONCLUSIONS

In this paper, we applied LoRa in V2X communications
and evaluated the BER performance of LoRa schemes with
different parameter specifications under six V2X scenarios
including both V2I and V2V channels. Simulation results
showed that LoRa schemes with the longer symbol time
exhibit worse BER performance and even error floor under
most of scenarios due to the impact of the fast fading.
Consequently, it is suggested that higher BW and lower SF
parameter configurations should be selected to resist against
the fast fading caused by Doppler effect when LoRa was
applied in V2X communications.
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