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ABSTRACT
Although LoRa modulation is known for its robustness allowing
devices to communicate kilometers away, it suffers from coverage
issues especially where density of gateways is low or in dense ur-
ban areas. However, a simple 2-hop LoRaWAN communication can
seamlessly extend the network coverage and even improve both
data extraction rate (DER) and energy consumption. Experiments
in this paper figure out cases under non line of sight (NLoS) condi-
tions where relaying performs better. Regarding the exponential
increase of airtime with the spreading factor (SF), as soon as a
2-hop SF7 link allows a better DER as a single hop SF8 link, it be-
comes more attractive to use a relay. Indeed, energy consumption is
linked to the airtime – or the amount of time to send a frame – ex-
plaining the energy efficiency with the 2-hop relaying protocol. To
verify this assert, LoRa network coverage with a testbed in urban
environmens is first compared. Then, simulations help to study
energy consumption according to the case study. Results prove
that relaying effectively gives better results under NLoS conditions,
particularly in dense areas, by improving the DER. It also highlights
the limits of LoRa in urban areas where the DER can be under 0.5
using SF12 and with less than a kilometer range.
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1 INTRODUCTION
In many environments, a LoRa-enabled gateway allows a network
coverage up to a few kilometers using the good parameters regard-
ing the throughput. In fact, it seems to be enough to cover a field
or a district town but this idea is often based on a log-distance path
model [9]. As discussed in [5], experiments presented in this paper
actually show that this model is not accurate in some realistic cases,
in particular in rough environments such as dense urban areas
which suffer from shadowing effects due to many obstacles. Under
these conditions, solutions have to be found in order to extend
the LoRa network coverage. Increasing the spreading factor (SF)
could be considered, however it leads to higher power consumption
and, as shown in experiments presented in this paper, it may be
not sufficient. Afterward, a common solution is to deploy more
gateways to extend the coverage of low SF and the global coverage
[4]. Alternatively, the nodes can be used as relays which seems
as simpler and cost-effective implementation while this does not
require neither network backhauling nor power line [4].

The presented work aims to tackle an issue observed in con-
strained environmentswhere the data extraction rate (DER) –which
is like a packet delivery ratio (PDR) in other networks – could be
much lower than expected even within a short range. Relaying in
LoRa seems to be a promising solution to improve the link quality
[6], however the tested environments and use cases are quite lim-
ited. Indeed in [7] and [8], energy consumption is not considered
whereas it is a key challenge in low-power wide area networks
(LPWAN). Similarly in [2] authors presented an experiment with
a power supplied relay node. Our comprehensive study demon-
strates how relaying can efficiently avoid obstacles and connect
isolated nodes while saving energy and without generating an over-
head in terms of implementation complexity. Relaying in urban
environment is experimented and a comparison of the network
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coverage with and without the presence of a relay is given. Finally,
results show an increase of both DER and coverage together with
an improvement of the energy consumption. Indeed, let us note
that airtime (transmission time) approximately doubles with SF
resulting on a higher energy consumption and a lower DER at a
constant amount of time.

At last, the contributions of this paper can be summarized as:
running an experimental campaign including two scenarios in a
urban environment; bringing the demonstration of the relevance of
relaying to improve DER, network coverage and energy consump-
tion in common real-life case.

The rest of the paper is organized as follows. Section 2 presents
a testbed setup and experiments guidelines. Section 3 shows results
and analyse and section 4 concludes the paper and draws some
directions for the future work.

2 EXPERIMENTAL DESIGN
To figure out cases where LoRa relaying seamlessly improves either
the network coverage or the DER compared to single hop commu-
nications, we set up experiments in two steps. First, we studied the
network coverage of a classical single hop LoRa network using SF7
and spotted a place for the relay node given the field properties.
Second, we added the relay node and studied again the network
coverage in particular in locations where the DER is low or in not
covered locations by the gateway. When using a relay, we assumed
using only SF7 as we aim to improve both energy consumption and
DER.

To get an accurate comparison between single hop and 2-hop
links, we also measured the DER using SF8 and SF12. By measur-
ing the DER with SF8, we know if relaying is more effective as a
single hop link with an equivalent energy consumption. SF12 is
an interesting benchmark as it should allow the maximum range
because of its robustness. Thus, this analytical approach is applied
in a constrained environment (see 2.1) to compare the performance
of relaying in terms of reliability, network range and energy con-
sumption.

2.1 Case studies
In order to test how our relaying protocol behaves, we selected a
city center as a constrained area. The location of the urban area is
shown in figure 1. The area is globally dense with small buildings
and narrow streets. We believed this location would be interesting
to pointing out shadowing effect and the benefit of street canyon for
the relay location. Indeed, long, straight and narrow streets, known
for a beneficial signal propagation, may help extend the network
coverage but are also subject to shadowing. For this reason, we
first placed the relay node in location 𝑃7 which was the entrance
of a main straight street allowing LoS or alike conditions. As a
second scenario, we then considered location 𝑃8 as DER with SF7
was higher and because the presence of two squares let us expect a
field open enough for relaying.

2.2 Testbed setup
To carry out the experimental design, we set up a simple testbed
composed of: (i) a Mikrotik wAP LoRa8 kit with a 6.5𝑑𝐵𝑖 omnidirec-
tionnal outdoor antenna; (ii) a Raspberry Pi 3 B+; (iii) two Pycom
expansion boards equipped with LoPy4 modules.

On the Raspberry Pi, we installed Chirpstack network and ap-
plication servers and an InfluxDB time series database to record
frames generated during the experiment. Data visualization was
enabled by Grafana for a live watch of the received packets.

Programming language for Pycom boards was MicroPython, a
lightweight Python with embedded libraries for microcontrollers
[10]. The main advantage of MicroPython is the low memory it
consumes, however, as it embeds few libraries, the programming
possibilities are limited. For this reason, the experiments were based
on the LoRa-LoRaWAN relaying protocol as the function to decrypt
LoRaWAN frames is not available in those Pycom boards. LoPy4
modules support Wi-Fi, Bluetooth Low Energy (BLE), Sigfox and
LoRa (EU433, EU868 and US915). Given our location, we selected
the EU868 frequency plan.

Figure 1: City center of Toulouse, IRIT-ENSEEIHT, represen-
tative of dense urban environment.
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Figure 2: DER comparison between single hop communica-
tions and relaying. Relays are located at 𝑃7 and 𝑃8. 𝑃8 relays
𝑃6 and 𝑃3 while 𝑃7 relays the others.



SF SNR Sensitivity
7 -7.5 -126.5
8 -10 -127.25
9 -12.5 -131.25
10 -15 -132.75
11 -17.5 -133.25
12 -20 -134.5

Table 1: LoRa SNR and sensitivity thresholds for 125𝑘𝐻𝑧
bandwidth in dB.

3 RESULTS AND DISCUSSION
3.1 Reliability
As the DER is the ratio of received frames to the number of sent
frames, it can be considered as a metric to monitor the link quality.
It is also linked to energy consumption because of the retransmis-
sions needed for each lost frame. We also could have considered
additional metrics such as the received signal strength indicator
(RSSI) and the signal-to-noise ratio (SNR) but these are less relevant.
As we observed in the motivating example, a communication can
be characterized by a low DER with both RSSI and SNR beyond the
common thresholds given in table 1. Moreover, when RSSI and SNR
are below the thresholds either the system cannot receive the frame
or cannot decode it. In both cases, it causes a lost frame hence a
lower computed DER.

Figure 2 shows a poor global link quality considering the first
seven measurement sites. The maximum DER reached with SF7 for
𝑃1 to 𝑃7 is equal to 0.214 while most of them are under 0.1. This
first observation suggested we could expect low DER with SF8 and
a real benefit using a relay node. Looking at both single hop SF8
and 2-hop SF7 DER for each site, shows a significant improvement
of the DER in 𝑃2, 𝑃3, 𝑃4 and 𝑃6 while relaying with a value up to 8
times better than single hop SF8 communication. 𝑃6 is a relevant
example of relaying performance which may be explained by the
field properties. Indeed, this measurement site was located in an
open square, however it was surrounded by buildings so any con-
nected device, like for instance smart bins, would be affected in the
same way as the sensor device. Hence a significant improvement
while using a relay node as we placed it at the junction of the main
street and a narrow street as discussed in 2.1. 𝑃3 gives a similar
result. At 𝑃1, the distance between the end-node and the relay node
is quite important considering low gain antennas. For this reason,
the DER is lower with relaying than with single hop SF8.

3.2 Energy consumption
The DER is linked to energy consumption as each lost frame should
be retransmitted later. The retransmission mechanism can be im-
plemented either at the LoRaWAN level or at the application layer.
Here we considered a retransmission for each lost frame and we
compared energy consumption by computing airtime of transmis-
sions and restransmissions, according to the SF and the DER. Table 2
shows various airtimes according to the SF. Indeed, airtime depends
on the combination of payload size, SF, bandwidth and coding rate.
Thus we also considered a fixed payload size, a fixed bandwidth
and a fixed coding rate allowing to compute airtime according to

the SF only. Finally, energy consumption of a device is linked to the
amount of time with radio activity. This is why we chose of airtime
as the metric, besides the DER, for power consumption.

Here, we aimed to determine if a 2-hop SF7 communication
would consume less than a single hop communication with an
equivalent SF in terms of airtime and DER.

SF LoRa airtime LoRaWAN airtime
7 29 52
8 58 93
9 116 186
10 232 330
11 463 660
12 926 1319

Table 2:Measured LoRa and LoRaWANairtime inms accord-
ing to SF with BW = 125𝑘𝐻𝑧, CR = 4/8, 1 − 𝑏𝑦𝑡𝑒 payload

To show how energy efficient is the proposed solution, we com-
puted how much energy is consumed by every node in the bench-
mark network. As it was not possible for us to precisely measure
the LoPy’s voltage, we used electrical characteristics given by the
LoPy datasheet (table 3) and the simulator LoRaSim [1]. In this
approach, we first generated the same topology as in the testbed.
We then simulated emissions of 500.000 frames in order to have
little confidence intervals.

Every message had a probability to be correctly transmitted
according to the node’s DER. If it did not succeed, the node tried to
retransmit it. When relaying, both node and relay DER were taken
into account. We also took into account the energy used by the relay
for listening and sending the data. Adding up every transmission,
retransmissions and relaying costs gave us the total energy spent
to communicate.

LoPy Mode Intensity in Ampere
Supply current in transmitter mode 20𝑚𝐴

Supply current in receiver 11.5𝑚𝐴

Table 3: "LoRa electrical characteristics" from LoPy4
Datasheet V1.1 page 19 [11].

Figure 3 plots a communication at different SF. It also shows
the total energy consumed when relaying. The selected node is
based on a perfect example where relaying drastically improved
DER. When so – as shown by the simulations – the energy saving
is impressive. Indeed, relaying consumed, respectively, a half and
34% of the energy consumed using, respectively, SF7 and SF8.
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Figure 3: Energy consumed by the node at P6 (cf. fig. 1) in
Joules.

3.3 Conclusive remarks
To summarize, by considering the significant improvement of the
DER while relaying compared to single hop SF8 as shown in 3.2, we
demonstrated the relevance of a 2-hops relaying protocol. Indeed,
in urban environment the DER is improved within five cases out
of six. More importantly, relaying outperforms an SF12 single hop
link which is a significant improvement as it has the worst energy
consumption.

It is also worth noting that, the use of lowest spreading fac-
tors significantly enhances the channel utilization as the airtime
tremendously varies between SF7 and SF12 (as shown in fig. 2). In
other words, there is a linear relation between energy consumption
and channel utilization as both are based on the airtime. Thus, the
presented ratios in section 3.2 between the energy consumption
of single and 2-hops communications are similar if we consider
channel utilization.

Finally, adding new gateways to the network in order to improve
both network coverage and reliability requires a power-line and
network backhauling which is not practically sustainable. Moreover,
it adds complexity in the network with mechanisms as routing, load
balancing, and gateway selection [3]. Precisely, under deployment
constraints as mentioned above, relaying is undoubtedly relevant
as it outperforms even SF12 single hop communication links.

4 CONCLUSION
In this paper, we have proposed a relaying protocol which aims to
improve the reliability and the energy efficiency of data-collection
in LoRaWAN networks. We have introduced and implemented new
relaying mechanisms such as synchronization, end-node identity
preservation, and buffering which allows to tackle down-link issues
by guaranteeing its effectiveness. Through extensive experimental
study, we have proved the relevance of relaying to improve the
data extraction rate compared to single hop SF8 communication. In
addition, we have improved a simulation framework by our exper-
imental measurements in order to evaluate the energy-efficiency
of our design in large-scale networks. Undoubtedly, relaying in

LoRa networks can significantly improve the link quality and the
reliability while maximizing the network lifetime.

This work is not the last chapter on relaying in LoRaWAN. In-
deed, there is room to extend the performance evaluation before a
potential democratization of relaying over private and operated Lo-
RaWANnetworks. This extension spans across multiple dimensions,
including, but not limited to, testing in more diverse environment
densities, testing a balanced selection of relay nodes, proving how
avoiding SF12 one-hop communication can significantly reduce
interference and collisions by relaying through low Time-On-Air
SF7 communications.
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