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in Smart Home Applications
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Abstract—This work discusses the impact of Wake-Up Radio
(WuR) technology to extend the battery life on sensor and
actuator nodes in a smart home scenario. The focus is on
nodes that harvest energy from light or a temperature gradient
and implement DASH7, an open-source low-power protocol
supporting both query-response and beaconing communication
models. A prototype WuR is used, with a quiescent current less
than 1 pA and a sensitivity of -38 dBm compatible with indoor
applications. Experimental data show that integrating WuR is
not convenient in nodes that need to send a message to the
network coordinator periodically, e.g. sensor nodes
implementing beaconing communication models. On the
contrary, in request-response mode, integrating the WuR, the
average actuator current consumption reduces from 35 pA
down to 6 pA during a reference period where no data or
commands are exchanged between the network coordinator
and the node. Thanks to the WuR, we find that an average
light intensity of 150 lux throughout daytime and less than 14
min of a temperature gradient of 10°C between the hot and
cold side of a thermoelectric generator are sufficient to turn
the actuator nodes for water flooding and smart heating
control into an energetically autonomous mode.

Keywords-energy harvesting; WSAN, Internet of Things,
low-power protocol; Wake-Up Radio

L INTRODUCTION

Wireless Sensor and Actuator Networks (WSAN) refer to
a group of sensors and actuators linked by a wireless
medium and providing services for the end user. They
perform distributed sensing and automate interactions with
the environment, and designers of WSAN must take into
account trade-offs between several different performance
indicators such as range, power consumption, latency [[1]]
data throughput and application functionalities.

A big challenge in this area of research is the limited
battery lifetime that affects the pervasiveness of the network,
not only because of battery costs but also for the high
maintenance costs. Various strategies and technologies are
used to achieve energy efficiency and a consequent increase
in battery life, such as using lightweight communication and
MAC protocols [[2]] adopting low power radio transceivers
or using energy harvesting devices [[4]] As the radio
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consumption is the largest contributor to a node power
budget, Wake-Up Radio (WuR) technology has recently
been proposed as a technique for turning off the main
transceiver while communication is not needed, see for
example [[5][61[7]] and [[8]] where an extensive survey of
WuR research activity is presented.

Purpose of this paper is to discuss the effectiveness of
WuR technology to extend the battery life of sensing and
actuating nodes in a Wireless Sensor and Actuator Network
for smart home application. To this aim, we designed a
prototype network implementing two tasks representative of
this application area: smart heating control and water
flooding control. The first application controls radiator-based
heat distribution through temperature sensor nodes and
motor actuator nodes that drive a brushed DC motor
connected to the radiator valve; the second application senses
water flooding and controls a motor actuator node driving a
brushed DC motor connected to the water supply system and
able to cut off the water flow. Energy is harvested from light
and from a temperature gradient. Connectivity between
nodes and a network coordinator is provided by DASH7, a
low-power open source communication protocol [TOJ[T1]]
Sensor and actuator nodes have different constraints in terms
of latency and data rate. To minimize the power
consumption of the proposed WSAN, two types of
communication methods are used and WuR is integrated in
the actuator nodes.

The paper proceeds as follows: Section II presents the
proposed WSAN system prototype and describes the node
architecture and the energy harvesting sources. The two
communication models made available by DASH7 protocol
are discussed in Section III, considering the most suitable
one for different types of nodes, while the integration of a
Wake-Up Radio in actuator nodes is described in Section IV.
Section V discusses the nodes’ energy balance and presents
the results in terms of system self-sustainability. Finally, in
Section VI some conclusions are drawn.

II.  DESCRIPTION OF THE PROPOSED WSAN

A. System Architecture
The proposed indoor WSAN (Fig. 1) consists of sensor
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nodes, actuator nodes, a coordinator and an IoT gateway to
connect the WSAN to Internet and the Cloud. The network
architecture has a star structure, where all the nodes
communicate with the coordinator. The WSAN implements
two tasks: smart heating control and water flooding control.
The first application is based on temperature sensor nodes
supplied by an indoor photovoltaic (PV) harvester and
actuator nodes, supplied by a thermoelectric generator (TEG)
harvester connected to the radiator hot pipe, that drive a
brushed DC motor connected to the radiator valve.
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Figure 1. System architecture of the indoor autonomous WSAN.

The second consists of a water flood sensor node and an
actuator node driving a brushed DC motor connected to the
water supply system to cut off water flow, both supplied by
indoor photovoltaic (PV) harvesters.

Connectivity between nodes and the network gateway is
provided by DASH7 protocol that supports two
communication models: the pull model for a query-response
method (e.g. smart heating control) and the push model for
data transfer initiated from the nodes (e.g. sensor alarms).
The coordinator of the DASH7 network is externally
powered and connected to the Internet through an IoT
gateway which makes the nodes visible to a remote server
through HTTP messages@

B.  MNode Architecture

Sensor and actuator nodes share the same architecture: as
shown in Fig. 2, they consist of a low-power microcontroller
(STM32L, a sub-GHz radio for data communication
(SPIRIT1 and sensor devices and/or actuator devices.
The nodes include a Power Unit composed of a power
management system that interacts with indoor PV or TEG
transducers for energy harvesting, and a rechargeable battery

A real-time Operating System (OS) runs on an STM32L1
microcontroller (MCU) and manages the DASH7 protocol
stack, the radio activity and the sensor and actuator
operations. STM32L1 has various low-power states whose
current consumption is up to about 1.5 pA.

Radio
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Sensors
Actuators
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Figure 2. Sensor/actuator node architecture.
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The SPIRIT1 low-power RF transceiver operates in the
sub-GHz band and supports different modulation schemes;
the operating frequency can be programmed in the range
169-915 MHz. In the proposed network the frequency
adopted is 433 MHz. In the S$/égp state the current
consumption is about 1 pA.

STTS751 measures the ambient temperature at a
user-configurable resolution between 9 and 12 bits with a
sampling rate up to 32 conversions per second; its stand-by
current consumption is around 3 pA. The flooding sensor is
implemented through a custom circuit that measures
impedance changes between two electrodes in order to detect
the presence of water; its static current consumption is about
2 pA. In the actuator nodes, DRV8830 a device
especially designed for battery-powered and low-voltage
motion control applications, drives a low-voltage brushed
DC motor connected to the radiator valve or to the water
supply system, respectively. The current consumption of the
motor driver in the $/ggp state is about 1 pA.

The OS puts the microcontroller and the rest of the node
in a $/egp state when there are no operations to perform. As
shown in Fig. 1, each node in the proposed WSAN includes
only one sensor or one actuator. The current consumption of
the whole node in the §/gép state is roughly the same as for
the different types of node and is about 5 pA.

C. Power Unit

In the Power Unit, the power management system draws
off energy from the harvester sources and the rechargeable
battery to supply the node, and, if harvested power exceeds
demand, the remaining energy is used to recharge the
battery. The power management system integrates an ultra-
low power and high-efficiency energy harvester dc-dc
converter and battery charger (SPV1050 , which
implements a Fractional Open-Circuit Voltage (FOCV)
Maximum Power Point Tracking (MPPT) function to
optimize the power generated by the harvesting source and
integrates the switching elements of a buck-boost converter.

Only energy sources mainly available in an indoor
scenario and suitable for the proposed application are taken
into account. These are light, both artificial and natural, and
the temperature gradient. RF waves, despite being present in
the environment (WiFi, GSM, etc.), are not considered as
they provide less energy than the other sources and not
enough for the requirement of our application even
though recent prototypes for dedicated applications have

been presented[[19]]



We use indoor photovoltaic cells (two AM-1801 panels
in series) connected to the SPV1050 dc-dc converter; this
harvesting system provides, at the output of the converter, a
current of 18 pA up to 220 pA with a light intensity varying
from 115 lux to 1000 lux, as shown in Table I, which reports
some experimental results. The last column of Table I also
shows the charge supplied by the PV harvesting system
(Quarv pv) n a reference interval Tger= 60 s, calculated using
the following relation

Q[ej = 1[A] * Ts]. M

TABLE L. EXPERIMENTAL RESULTS OF CURRENTS AND CHARGES
GENERATED FROM THE PV HARVESTING SYSTEM
Light intensity (lux) | /#asvev(pA) Quarv_pv(MC)
115 18 1.08
150 25 1.5
200 40 2.4
300 60 3.6
400 75 4.5
500 120 7.2

700 150 9
900 200 12
1000 220 13.2

Fig. 3 shows the Power Unit board equipped with the
photovoltaic harvesting system. In Fig.4 an experimental
measurement of harvested current over time is shown under
changing indoor light intensity; values from 100 to 300 lux

Figure 3. Power Unit board equipped with the PV harvesting system.

are the average illuminance levels in a typical home
scenario.

The Power Unit with its photovoltaic harvesting system,
as shown in Fig. 3, is used for the temperature sensor node
in the smart heating control application and for both the
flooding sensor node and the motor actuator node in the
water flooding control application.

The actuator node in the smart heating control application is
connected, through a brushed DC motor, to a radiator valve
to tune the flow of hot water; a TEG from Micropelt[[20]]
connected to the hot pipe of the radiator is used as the
harvesting system. Fig. 5 shows the hardware of the actuator

node with the radiator valve and the harvesting board
including the TEG; Fig. 6 shows the experimental
measurement of the current generated from the harvester.
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Figure 4. Experimental measurement of the photovoltaic harvested current
over time under changing light intensity (top), and typical indoor light
intensities (bottom).

The TEG is placed in contact with the hot pipe of the
radiator and, with a temperature difference of about 8-10 °C
between the hot and cold side of the TEG, a current
Inary 7e6 of about 220 A is measured, which corresponds to
a charge Quapy 7e6 = 13.2 mC supplied to the load in a
reference period 7ger = 60 s (1). Current acquisition was
performed only at the specified temperature difference
because the TEG placed in contact with the radiator hot pipe
represents the real case in which the system has to work.

The negative peaks in the current waveforms of Fig. 4
and Fig. 6 correspond to periodic readings of the transducer
open-circuit voltage (l/pg) implemented by the FOCV
MPPT algorithm to track variations in operating conditions.
During these phases the dc-dc converter does not supply
current to the load.
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Figure 5. Actuator node connected to the radiator valve with TEG
harvesting system.
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Figure 6. Experimental measurement of current generated from the TEG
harvester placed in contact with the radiator hot pipe.



III. COMMUNICATION PROTOCOL: PUSH AND PULL
MODELS

Wireless connectivity is what most heavily affects total
power consumption and different low-power radio
technologies and protocols (e.g. LoRaWAN, Sigfox, BLE,
ZigBee) have been proposed to face this problem.

We use DASH7 communication protocol on
STMicroelectronics SPIRIT1 sub-GHz radio. DASH7
[10]]11]]is an open source WSAN protocol which operates in
the 433 MHz, 868 MHz and 915 MHz unlicensed ISM band.
It can achieve a data rate of 200 kbps and an outdoor range
up to 2 km and is based on the ISO/IEC 18000-7 standard for
RFID devices. A key feature of this open source protocol is
that it supports two communication models: a pu// model for
a query method (réquest-response) and a push model for data
transfer initiated from the nodes (beaconing). The two modes
can coexist in the same network and in the same node and
allow us to use different communication methods in order to
obtain optimum energy efficiency and response latency,
depending on the node operation.

In request-response mode (or pull model) the
communication between the nodes and the coordinator is
bidirectional though the nodes can send data only after a
coordinator request. This communication model thus allows
the coordinator to acquire data from sensor nodes on request
or to require execution of commands in actuator nodes (for
example to drive a DC motor connected to a valve).

With reference to Fig. 7[[9]] the DASH7 coordinator,
before sending the request (Foreground or FG packet),
transmits a sequence of short packets (Background or BG
packets) to notify the listening nodes that a request will be
sent with a specified delay; Trio0p is the duration of the BG
packets sent by the coordinator, whose payload is the
decreasing time left before the scheduled request packet.
DASH?7 nodes periodically scan the air (BG scan) at Tscan
intervals looking for BG packets, alternating scans and sleep
periods (Stand-by phase in Fig. 7); the nodes need to capture
one BG packet to know that the coordinator is about to send
a request and begin a data communication phase. In order to
ensure this synchronization, it is mandatory to program 7scan
< Troop. In this way the coordinator and the nodes
synchronize through an adjustable message scheduling
technique and the nodes are able to capture each coordinator
request

Coordinator

BG packets FG packet

|

\
|
Trioon |

Stand-by phase Data communication phase

Node
Figure 7. Scheme, not in scale, of the DASH7 request-response
communication method.

One may program the Tsgav and Trpop intervals to obtain
the best trade-off in terms of current consumption and
responsiveness, since a high value of T7scay implies a
reduction in the average $fand-by phase current of the node
and an increase in latency (equal to 7Tr00p), and vice versa.
The best trade-off between the average current and the
request latency is application-dependent and in the proposed
application 7scav=4s and Trpop= 15 s were chosen because
the trade-off between a latency of 5 s between the request
and motor actuation and the average Stand-by phase current
of the actuator nodes is reasonable both for a smart heating
application and for water flooding control.

Fig. 8 shows the measured current in orange whereas red
indicates the power supply of an actuator node using the
request-responseé communication mode. The measured
current includes the contribution of all the devices in Fig. 2,
with the motor off.

DASH7 actuator node — request-response mode
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Figure 8. Experimental measurement of the current consumption of the
DASHY7 actuator node in réquest-responsé mode.

It can be seen how the node periodically wakes-up from
the s/egp state to perform receiving scan phases (BG scan)
needed for node-coordinator synchronization (Sfand-by
phase), according to Fig. 7. In the S/ggp stafe the current
consumption of the node is about 5 pA, as reported in
Section II-B. The current peaks corresponding to BG scans
are about 15 mA. In the measured setup, the scan interval
Tscan is 4 s. In the green circle a data communication phase
is shown, consisting of a synchronization packet reception
(BG packet), a data packet reception (FG packet - request
and the response transmission. The node average current
consumption, in a period 7Tzer = 60 s with only one daifa
communication phase, is 200 pA whereas the average
current consumption without data communication (only
stand-by phases) is 35 pA (Table II).

In beaconing mode (or push model) the node periodically
initiates communication sending a message to the
coordinator at a programmable frequency, while for the rest
of the time it remains in a §/egp sfafe. This involves lower
average current consumption than the request-response
method, but the communication is unidirectional (from node
to coordinator) which is not suitable for applications that
need data or commands sent on request, as is the case with
actuator nodes driving the brushed DC motor connected to



the water supply system to cut off the water flow. By
contrast, this beaconing communication model is necessary
for sending alarm (e.g. flooding sensor nodes), or periodic
“alive” messages.

Fig. 9 shows the measured current, in orange, of a node
which uses the beaconing communication mode. It can be
seen how the node periodically wakes-up from a S/ggp state

DASH7 sensor node — Beaconing mode

Beacon A

. Sleep state ™ 5 uA transmission

<

E 15 =
- ‘ —t 25 =
3 E
E _—
) &
- ]
; g
= >
3 Toeacon =10

0.0054 >

t

Figure 9. Experimental measurement of the current consumption of a
DASH?7 sensor node in bgaconing mode; the current peaks here are message
transmissions every 10 s.

to transmit sensor data. In the measured setup the interval
between 7geacon transmissions is 10 s and the node average
current consumption, in TgeF= 60 s, is 14 pA (Table II).

TABLE II. COMPARISON OF THE NODE AVERAGE CURRENT
CONSUMPTION AT AN INTERVAL 7zer= 60 S DEPENDING ON THE
COMMUNICATION MODE WITH AND WITHOUT WAKE-UP RADIO

Node Average Current Consumption
request- request- )
response response (Tﬁ‘eacon_/,% ’
(Tscan =48) | with WuR BEACON =
Stand-by phases
with only one data
communication 200 pA 160 pA
phase in Trer 14 A
Only stana-by
phases in Trer 35uA 6 nA

IV.  WAKE-UP RADIO IN ACTUATOR NODES

Wake-Up Radio (WuR) technology overcomes the
trade-off between power consumption and responsiveness of
request-response protocol by adding an ultra-low power
radio receiver to the IoT node (Fig. 10), which monitors the
communication channel while the node either stays in s/ggp
mode or is disconnected from the power supply. Thus we
get rid of the main radio activity required to maintain
network synchronization (BG scans described in Section
I1I), since a wake-up call sent by the coordinator before each
data communication is detected by the always-on WuR that
in turn activates the entire node: the normal request-

response mechanism occurs and at the end the node returns

to s/eep state.
A Wake-Up Radio [[21][22]] developed by

STMicroelectronics was used. Configured in activé mode,
the device has a current consumption of about 1 pA with a
response time lower than 0.5 s and a radio sensitivity of -38
dBm, which, in free-space, allows one to turn on a WuR
node from a distance ranging between 30 m and 50 m, with a
transmitted power of 27 dBm, compatible with indoor

applications.
) |’

-E—
E{w) §

Sensors
Node Actuators

Figure 10. Node scheme with WuR.

By interfacing the WuR to the node, it is possible to keep
the node in the S/ggp state, removing the periodic scan
phases (BG scans), as shown in Fig. 11. When a wake-up
call is detected the data communication phase occurs
following the same behavior as shown in Fig. 8. Considering
the WuR measured current consumption of about 1 pA, the
total average consumption of the node, in a period of 60 s,
decreases from 200 pA to 160 pA when there is one dafa
communication phase whereas, with only stand-by phases, it
decreases from 35 pA to 6 pA (Table II). Network
synchronization is maintained thanks to the always-on WuR
that monitors the communication channel continuously.

DASH7 actuator node with Wake-Up Radio
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Figure 11. DASH7 actuator node behavior with WuR.

The introduction of WuR technology in the WSAN
described thus leads to a reduction by about 80 % in the
power consumption of the actuator node, considerably
increasing the battery life.



V. ENERGY BALANCE FOR SENSOR AND ACTUATOR
NODES

For a node to be autonomous or self-sustainable, the
average harvested energy £aynary must be greater than the
average energy consumed by the node £y sys:

Eananv> Eaysvs 2

The battery only acts as an energy buffer: all the charge
supplied to the node by the battery for an operation needs to
be harvested and supplied to the rechargeable battery.
Considering as the integration interval an integer /7 of the
reference period 7ger = 60 s, since the power management
system in the Power Unit (Fig. 2) keeps the supply voltage
constant, (2) can be expressed in terms of charge balance

Qavnarv> Qaysys (3)

where typical values of Qa,napy provided by the harvesters
in indoor environment are those given in Section II-C while
Qav,sys depends on the node functionality.

A. Sensor Nodes with PV Harvesting

Both the temperature sensor node for smart heating
control application and the flooding sensor node for water
flooding control application use the béaconing mode of the
DASH7 protocol and have roughly the same current
consumption of 14 pA with a Tgeacon = 10 s, as reported in
Table II. According to (1), the average charge consumption
at a Tger = 60 s of the sensor nodes is @aysvs = 0.84 mC.
Comparing that value with the average charge provided by
the PV transducer in Table I, it can be observed that (3) is
satisfied when the light intensity is larger than or equal to
115 lux, corresponding to home light (Fig. 4). Moreover, an
excess charge is available to keep the rechargeable battery at
maximum level.

To evaluate the self-sustainability of the nodes, let us
assume a dark period of 8 h, during which @a,#4ry= 0 and
the charge absorbed by the node, from (1), is Qaysvs04rk =
403.2 mC. The time required to fully recharge the battery by
the PV harvester with the excess charge during normal
operation depends on the environment light intensity:

Qavsyspark = N * (QayHarv— Qaysys) 4

where 71is the integer number of reference periods 7zer= 60
s. The recharge time varies from about 10 h (7= 610) when
the light intensity is 150 lux, 2.5 h (7= 146) with 300 lux
down to about half an hour (7= 32.6) with 1000 lux.

B. Actuator Node with PV Harvesting for Water Flooding
Control

In the water flooding control application, as described in
Section II-B, the brushed DC motor must close the valve
connected to the water supply system whenever a water
flooding alarm is sent by the flooding sensor nodes. The

actuator node therefore always operates in Sfand-by phase
except during a dala communication phaseé when the
command to close the valve is sent by the coordinator. As
previously discussed, the node uses a request-response
communication model with a Tscay of some seconds gauged
to provide good responsiveness for this specific application,
at the cost of power consumption in stand-by phase. The
trade-off between power and responsiveness is overcome by
the use of the Wake-Up Radio, as is clear if one compares
the experimental data in Table II.

The self-sustainability analysis of this node is similar to
that described for sensor nodes with PV harvesting in the
previous section, considering that the average node current
consumption in Sfand-by phase is 6 uA instead of 14 uA
which corresponds to @ay,svs = 0.36 mC; what is more, (3) is
satisfied for any light intensity starting from 115 lux.
Considering the dark period of 8 h, self-sustainability of the
node is evaluated using (4) at Qaysyspark = 172.8 mC; the
resulting recharge time during the day varies from about 2.5
hours (/7= 151) when light intensity is 150 lux, less than one
hour (/7= 53) with 300 lux down to less than 14 min with
1000 lux.

From the data on current consumption in Table II, it is
important to note that, without WuR, @aysys=2.16 mC and
(3) would only be satisfied for light intensity greater than
150 lux. In addition, the time to recharge the battery after an
8 h dark period would increase from less than one hour to
more than 11 h with the excess charge provided by the PV
harvesting at a light of 300 lux.

C. Actuator Node with TEG Harvesting for Smart Heating
Control

The actuator nodes control a brushed DC motor and the
power to drive the motor has to be provided by the node;
therefore, the average charge absorbed by the node must
take into account not only the current consumption due to
communication with the coordinator, but also the current
consumption supplied to the motor (Qasysmor). In the
previous section discussing the water flooding control
application, this term was not considered since a single
motor action is required to react to an occasional alarm. In
the smart heating control application, the current
contribution of the motor cannot be ignored because the
motor has to be moved frequently to track the desired
temperature.

The limit of self-sustainability for the actuator node with
TEG harvesting for the smart heating control application is
imposed by the following relation:

n*Quarv 1e6 = (N— 1) Qayse + (Qav,comm + Qavsysmor) (5)

where 77 is the integer number of reference interval Tger
between two actuating requests, Quary reg¢ = 13.2 mC is the
charge generated by the TEG harvester, presumed constant
as discussed in Section II-C, Qays5=0.36 mC and Qav,comm
= 9.6 mC are respectively the charge consumption of the



node with WuR in Sfand-by phase and in dala
communication phase as calculated following (1) from
current values in Table II, while Qa,sysmor = 48 mC is the
charge consumed by the motor to perform a movement
equal to 10 % of the full valve range. Calculating /7 from
(5), the actuator node is self-sustainable if motor actuation is
performed at most every 5 min.

To evaluate the self-sustainability of the nodes let us
assume a period of 8 h in a day where Quarv 7e6 = 0 since
the water boiler is off and there is no temperature difference
between environment and the water in the heating system.
The charge absorbed by the node, from (1), is:

Qavsysror = Qavsg 60 *8 = 1728 mC. 6)

The time to fully recharge the battery required by the
TEG harvester using the excess charge during normal
operation, assuming a temperature difference of 8—10 °C, is:

Qavsystor = N * (Quarv 126 - Qavss) @)

where /1, as before, is the integer number of reference
intervals Tger = 60 s. The recharge time is 13.5 min,
whereas without WuR more than one and half hours is
needed (/7= 90).

VI. CONCLUSIONS

The paper discusses the impact of WuR technology to
extend the battery life on sensor and actuator nodes in a
prototype Wireless Sensor and Actuator Network (WSAN)
for smart home application. Experimental data show that
integrating WuR is not expedient when sensor nodes
implement the beaconing communication model since the
node functionality requires periodic messages to be sent to
the coordinator (e.g. in water flooding sensor nodes). On the
contrary, WuR technology overcomes the trade-off between
power consumption and responsiveness of nodes
implementing a requést-response protocol by adding an
ultra-low power radio receiver to the IoT node.
Experimental results show that on integration with the
WuR, the average actuator current consumption reduces
from 35 pA down to 6 pA during a reference period where
no data or commands are exchanged between the network
coordinator and the node. Thanks to the WuR, we find that
an average light intensity of 150 lux throughout the daytime
after eight hours of darkness, and less than 14 min of a
temperature gradient of 10°C between the hot and cold sides
of a thermoelectric generator, are sufficient after eight hours
with no energy harvested by the TEG to turn the actuator
nodes for water flooding and smart heating control into an
energetically autonomous mode.
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