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A B S T R A C T

Wireless sensor and actuator networks play a central role in the Internet of Things, and a lot of effort is devoted
to enable energy efficient and low latency communications. In the recent years, low power communications has
evolved towards multi-kilometer ranges and low bit-rate approaches such as LoRa™. However, the medium
access layer protocols rely on the well-known duty-cycling schemes, which require a trade-off between power
consumption and latency for message transfer from the gateway to the nodes. Domains such as industrial ap-
plications in which sensors and actuators are part of the control loop require predictable latency, as well as low
power consumption. Emerging ultra-low-power wake-up receivers enable pure-asynchronous communications,
allowing both low latency and low power consumption, but at the cost of a lower sensitivity and lower range
than traditional wireless receivers and LoRa™. In this work, we propose an energy efficient architecture that
combines long-range communication with ultra low-power short-range wake-up receivers to achieve both energy
efficient and low latency communication in heterogeneous long-short range networks. A hardware architecture
as well as a protocol is proposed to exploit the benefits of these two communication schemes. Experimental
measurements and analytical comparisons show that the proposed approach remove the need for a trade-off
between power consumption and latency.

1. Introduction

Wireless Sensor and Actuator Networks (WSANs) form a key enabler
technology of the Internet of Things (IoT), by allowing novel applica-
tions in the industrial, military, and civil domains [1]. The goal of a
WSAN is to perform measurements (e.g. vibration, humidity, radia-
tion,...), process the so obtained data and send them to a remote host.
Moreover, nodes can also perform some actions in their environment
using actuators. The most widely-used communication scheme for
WSANs is the IEEE 802.15.4 standard, which provides both physical
layer and Media Access Control (MAC) layer specifications. This stan-
dard enables low-cost and low power transceivers, but suffers from a
range of only a few tens of meters. In recent years, a handful of wireless
technologies enabling Long Range (LR) communication of several
kilometers with power consumption similar to usual WSAN nodes
transceivers [2] have emerged. An example of such a technology in use
is LoRa™ [3], by the LoRa™ Alliance. LoRa™ operates in the 868/
915MHz ISM bands, allows a theoretical range up to a few tens of

kilometers, and a bit-rate in the range between 0.37 and 46.9 kbps [4].
Using LoRa™, uplink communication, i.e. from the nodes to the
gateway, is done with low latency, as the gateway is always listening to
the channel. On the other hand, downlink communication, i.e. from the
gateway to the nodes, requires a trade-off between the latency and the
power consumption of the nodes [5]. However, some applications, such
as industrial machine health monitoring, require both low latency and
low power consumption [6,7], which motivates the network archi-
tecture proposed in this work.

An alternative and promising technology for energy efficient wire-
less communication targeting WSAN applications is Ultra-Low Power
(ULP) Wake-up Receivers (WuRx). ULP WuRx allows continuous
channel monitoring while consuming orders of magnitude less power
than traditional transceivers [8] (in the order of micro-watts). These
devices wake up the node micro-controller (MCU) or other sleeping
subsystems using interrupts only when a specific signal, called Wake-up
Beacon (WuB), is received. One of the main benefits of WuRx is to
enable “pure” asynchronous communication that can significantly
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increase the energy efficiency of communications by reducing the ac-
tivity of the main power hungry radio [8–14]. Typically, only the ULP
WuRx is always-on listening to the channel, while the other components
are in power saving states.

Recent ULP WuRx provide computational capabilities consuming
few micro-watts of power [15,16], which allows novel ULP WuRx to
process data embedded in WuBs and to take decisions, without the
requirement of waking up other subsystems of the node. As a result, it is
possible to perform address matching directly on the ULP WuRx, but
also to activate a node sub-system or to change the sensor sampling
rate, according to the received WuB, and with a significant amount of
energy saved [14]. ULP WuRx are typically characterized by lower
sensitivities and lower bandwidth compared with traditional WSAN
transceivers [8,15,16], which is the cost of ultra low power consump-
tion. Therefore, they are suitable for Short Range (SR) communications,
i.e. tens of meters.

As one can notice, ULP WuRx and LoRa™ provide orthogonal fea-
tures that are often required together in WSANs applications. Moreover,
many application scenarios are comprised by many nodes clustered in
short range areas, but with the need to communicate with remote hosts
which can be several kilometers apart. In this work, we propose to
combine the LoRa™ communication scheme with ULP WuRx in a net-
work architecture, which exploits radio diversity to achieve energy
efficiency and low latency in both uplink and downlink communica-
tions [17]. The nodes that form the network embed a communication
module that is able to handle LoRa™ as well as the well-known GFSK
and OOK modulation schemes, in combination with ULP WuRx. The
proposed network architecture achieves uplink communication by
using only the LoRa™ scheme, while downlink communication is done
using the LoRa™ stack to transmit the message to one of the sensors
nodes designated as the Central Node gateway, which then forwards the
message to the addressee nodes by first waking them up using their ULP
WuRx, and then transmitting the message using standard GFSK mod-
ulation. WuBs are sent using OOK modulation. The LoRa™ commu-
nication protocol has been analytically modeled as well as the proposed
approach to evaluate the power consumption and latency. The designed
architecture was experimentally evaluated in terms of power con-
sumption and latency and compared to the three LoRa™ standard
schemes. If LoRa™ schemes can achieve either low power consumption
or low latency, results show that the proposed scheme removes the
required trade-off between power consumption and latency that is re-
quired when using LoRa™ standard schemes. The main contributions of
this paper are:

• A network architecture allowing low power and low latency LR
communications,

• Experimental evaluation of the proposed architecture on a new
platform introduced in [18] that embeds both a LoRa™ transceiver
and an ULP WuRx,

• Analytical comparisons of the power consumption and latency of the
proposed architecture to LoRa™ standard schemes.

The rest of this paper is organized as follows: Section 2 presents the
related work. Section 3 exposes the proposed network architecture, as
well as the MAC layer. In Section 4, an analytical model is derived to
compare the power consumption and latency of the proposed scheme to
the standard LoRa™ approaches. Section 5 presents the experimental
setup and the power consumption and sensitivity measurements results
of the LoRa™ scheme. Section 6 shows results of analytical comparisons
between standard LoRa™ schemes and the proposed architecture, and
finally, Section 7 concludes this paper.

2. Related work

This section starts by presenting the handful of LR communication
schemes that have recently emerged in the industry [4]. Next, a

description of ULP WuRx technologies is given, and finally, previous
works related to heterogeneous communication network is exposed.

2.1. Long-range communication standards

LR communication schemes can be grouped according to the spec-
trum use, i.e. (Ultra) Narrow Band ((U)NB) techniques, which aim to
minimize the bandwidth to reduce the probability of interference, or
spread spectrum schemes, which take advantage of spectral diversity.

The physical layer developed and patent by the french company
SigFox achieves UNB by broadcasting binary data using BPSK mod-
ulation at very low bitrate (100 bps), on a much larger band, typically
192 kHz in the 868MHz or 915MHz band. Frequency hopping inside
the band is supported to improve reliability, and medium access is done
using a modified Aloha scheme, where node access to the channel
randomly both in time and frequency domain.

Another NB physical layer is proposed by Weightless, an organiza-
tion which aims to provide wireless standards for internet of things
networks. Multiple standards, targeting different use cases, are pro-
posed. The Weightless-N standard, based on DBPSK modulation, is
unidirectional and allows a range of 5 km. Similarly to SigFox, fre-
quency hopping is used to counteract interference and fading. The
Weightless-P standard is based on the Weightless-N standard, but en-
ables bidirectional communication and acknowledgment. It uses FDMA
and TDMA to scale to a large number of devices, but reduces the range
to 2 km in urban environment. The last proposed standard, Weightless-
W is not NB, but is a spread spectrum scheme. It operates in TV white
space spectrum, and uses variable modulation modes coupled with
spreading codes, to enable 5 km range and bidirectional communica-
tion.

The scheme proposed by Ingenu differs from the other long-range
communication methods in that it operates in the 2.4 GHz ISM band. It
is a spread spectrum technique, called Random Phase Multiple Access
(RPMA), that enables a range of 10 km, using a typical channel band-
width of 1MHz. Both uplink and downlink transmission are allowed,
and performed in a half-duplex way with a downlink period of 2 s,
followed by an uplink period of 2 s. The spreading factor is dynamically
adapted based on the received power.

Another spread spectrum technique for long-range communication
was patented by Cycléo, and is based on Chirp Spread Spectrum (CSS).
Named LoRa™, this physical layer operates in the 868MHz or 915MHz
ISM bands, and enables a range up to a few tens of kilometers. In the
LoRa™ network architecture [5], all WSAN nodes communicate directly
with the gateway, which serves as a bridge between the nodes and a
network server. The gateway is always active listening to the channel,
while three types of classes are defined for end-devices: A, B and C.
Class A is the lowest power consuming class, as nodes only leave the
sleep state to send their data. Each uplink transmission is followed by
two short downlink receive windows. Class B devices open additional
receive windows at scheduled time in addition to class A receive win-
dows, and time synchronized beacons from the gateway are used to
allow the gateway to know when devices are listening. Finally, class C
devices are continuously listening, except when they are transmitting.
Therefore, using the LoRa™ network architecture, a trade-off must be
made between latency and energy consumption for downlink commu-
nications.

2.2. Wake up receivers

ULP WuRx designs present in the literature can be classified in two
categories: passive circuits, which are exclusively powered by the en-
ergy of the received signal, and drain no energy from the node power
supply, and active circuits, which require a supply power to operate.

Fully passive WuRx are attractive as they do not require a power
supply to operate. However, they are characterized by a very low ty-
pical sensitivity of − 25 dBm, which allows a range of a few
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