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Abstract — Sensor systems and smart networks devoted arrangements. Moreover, networked monitoring system
to environmental supervision have today assistedhé¢ dedicated to air pollutants ensure low-cost andicoaus
analysis of primal processes and they have also observation However, remote monitoring needs rugged
provided vital hazard early warnings. At the same and reliable sensor nodes to be integrated in fatn
time the use of environmental energy is now risingp  wide, disruptive and distributed environments. ol
as a potential energy source dedicated to embedded issues for the deployment of these wireless noslelsait
and wireless computing systems where manual they require high levels of power-efficiency for
recharging and/or replacement of hundreds or even autonomous, long and continuous operation, This is
thousands of batteries on a regular basis is not partly due to the battery replacement cost thay get
practical. This paper presents and illustrates SENR®  too prohibitive in case of long operation time indev
(SENsor NOde), a multi-parametric sensor node that deployment scenarios. This approach calls tosamvia
intelligently manages energy transfer for perpetual “set and forgétscenario. At first glance, batteries seem
operation without human intervention during air to guarantee an optimum source of energy for wseele
quality monitoring. The overall system design and sensor systems when commercial battery technolegees
experimental results are presented together with adopted, thus, giving aggregated, powerful energy
energy budget allocation. Preliminary results capacity in nearly small form-factors. Today, thaim
demonstrate that, after a tailored calibration proess, trend in battery technology is towards improvements
the presented platform could effectively report and higher energy densities. This approach has obvious
trace air quality levels in a sort of “set and forget” advantages for portable device in which increaghng
scenario. time between charges and high miniaturization ctesy
size is paramount. In any case, energy densityots n
. INTRODUCTION unquestionably, the critical issue for the choi€battery

) L L technology for a wireless sensor node in s®t“and
Recently, the design and fabrication of salisfyi@@ forget use. On the basis of this scenario, battery

monitoring systems have been emphasized in repérts characteristics such as self-discharge, or lifetiree
health diseases allied to poor atmospheric quaditgls reasonably more important than energy density or
[1-3]. Identifying pollutants in the air and defining capacity and size. The adoption of set' and forgét
polluted locations and adopting air monitoring eyss is approach in this wireless sensor platform defipite
paramount to the preliminary.process of sta.ndarEj A results in the energy accessible to the systemgbein
quality —improvement ~ techniques  (e.g., improvedy,nded by the starting energy capacity of theebatt
ventilation, air cleaning and air sanitatior#,5].  together with the unforeseeable lifetime charasties of
Advances in micro-electro-mechanical systems (MEMS) o battery. The above mentioned effort has dritren

electrochemical gas transducers and wireless sensggyelopment of methods to maximize wireless sensor
networks technologies have permitted the develmmmesystems- lifetime by minimizing energy consumption.

of highly-efficient, low-cost (and low-power) aiuglity  Ths js achieved by adopting ultra-low power electcs
monitoring systems (dedicated to pollutants detectind  j ¢ jra-low power microcontroller with sleep reent
analysis) and their deploy_mel_wt in real enyironme_{ﬁts_ around 100 nA). The use of virtually no-power-
14]. Moreover, the combination of an air monitoring consymption sensors  (e.g. electrochemical sensors

system with wireless sensor networks technology igonnected to signal conditioning electronics witipply
expected to reduce installation cost and thus @@bl . rent  around 1uA) coupled with  wireless
rapid and simple reshaping of the data acquisitmmttol
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communication that uses duty cycling based on lon§/loreover electrochemical sensors offer several
sleep times (i.e. the device remains in low poweadvantages for systems that detect or measure the
“SLEEP” mode for more than 95% of the time) helfs®a concentration of different toxic gases. All the sieg

to realize the above goal of maximizing sensdfiestime  elements are gas tailored and show resolutionsndrou

Hence The SenSOI’i_Zed node will be Operative Omyh:e one part per million (ppm) of gas Concentrationah'ﬂtg
time needed to achieve the operations of sensanwar,

sampling, data processing and wireless data trasgoni

; ; ; 433 MHZ On- 433 MHz
or communication. This paper addresses some dfdaie board . '
issues related to the delivery of autonomous pdieer \ ransmier
wireless sensor systems with the aim of develoging

multi-parametric  smart SENNO (SENsor NOde)
dedicated to air quality monitoring systems.

STH21
Temperature and
gimidity Sensors
2 Gas Sensor

Il.  THE SYSTEM CONFIGURATION ; ) S ditioning

The complete designed and manufactured syster
named SENNO (SENsor NOde) is depicted in Figures \
and 2 where the main blocks are indicated and wel '\B"aprtf’nleltfé
distinguishable (in green blocks related to power . .cire senson
harvesting). In the following paragraphs a brief

description of the different sections is reported.

CcO
Sensor
NE4-CO

A. Air quality sensors

The primary target of our system is to build an air
quality-monitoring tool that measures the pollusanith
inexpensive compact sensors. Several types ofheff-t
shelf chemical gas transducers can be found in th
market. Each gas transducer has different operation
principles, size, accuracy and power consumptioging  the EPA requirements. They operate with very small
with sensor type. With the use of electrochemicabmounts of current, making them well-suited in self
technology, this type of sensor features both dlssie  powered wireless nodes. In our project we have &dop
and a fast response time. the following electrochemical sensors: NE4-CO Carbo

monoxide, Nitrogen dioxide NE4-NO2, NE4-NO
Nitrogen monoxide, NE4-H2S Hydrogen Sulphide and

eFlg 2. 3-D of SENNO PCB with blocks (bottom layer)

altr_a-IOW-pol\lNef (S NE44-NH3 Ammonia from NEMOTO (examples of the
real?;i%ock e e P4 sensors adopted integrated in the PCBs are repanted

calendar ” S':r?szor Figures 1 and 2). A temperature/humidity and a

NAP-550 barometric pressure sensor (Sensirion STH21 and
Freescale MPL3115A2) were also adopted in the senso
board. This is due to the fact that the sensed aofathe

gas transducer are susceptible to ambient temperatal
humidity.

B. Power management and energy harvesting methods

The integration of numerous sensors (i.e. gas sgnso
barometric pressure sensor, humidity sensor and
temperature sensor) and the 433 MHz data transmissi
into a single sensor board led to practical proklem
especially in terms of energy consumption and gnerg
management. In order to provide an autonomous sourc
of energy for the wireless sensor system SENNO cane

) . take into account scavenging energy from the
Fig. 1. 3-D of SENNO PCB with blocks (top layer) . environment with the aim to increase the battergrgy
storage (if battery is intended to be used in daegeable
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configuration) or indeed completely replace it. Thecurrent/voltage ratios under different illuminatidavels
sources of energy which have been identified (e.care:

working together in a concurrent energy recovering

functionalities) are: - 200 W/m2 (natural light): 7 mA @ 6 Vdc

i) a vibration energy harvester dedicated to the- 1000 W/m2 (natural light): 33 mA @ 6.5 Vdc.
conversion of otherwise waste energy from mechénica

vibrations into useable electric energy. With thendo  the highly integrated LTC 3109 AC/DC converter idea
best accomplish this the mechanical resonator heenb ¢,, harvesting surplus energy from extremely lowgtin

mounted in a tailored configuration tuning the nafu voltage sources has been used for the TEGs sedtimn.
frequency of Fhe harvester to. match the vibratiourses.' module is designed to use two small external spep-u
The mechanical resonator is based on PZT materialgansformers (adopted ratio is 1:100) to creatalaalow
(reference number V25W Volture series from Midé)lnc input voltage step-up DC/DC converter and power
Example of the power generated for differentyanager that can operate from input voltages dfegit
combination o_f resonance frequenC|es/se|sm|%O|arity_ This capability enables energy harvestirgn
masses/accelerations are given below: thermoelectric generators (TEGs) in applicationsngh
the temperature differential across the TEG mayobe
either (or unknown) polarity. This function covers
automatically, SENNO stacked to a window, for thee
where differences between external ambient temiesit
and indoor room temperature can serve as a sodrce o
energy harvesting. The energy converter manages the
- Frequency tuned to 180 Hz with acceleration = §.5 cha_rging and regulation of muItipI(_a outputs in ateyn in
and 0 g seismic mass: Power extracted = 0.6 mW: wh|_ch _the average power draw is very low, but where
periodic pulses of higher load current may be nexgli
i) six high-performance TEGs generators with highl This approch is crucial where the quiescent powawds
efficient thermoelectric effect (reference numb&1Z-  extremely low most of the time, except for 433 MHz
2.5-01L from Marlow Industries inc.). The transmit pulses when circuitry is powered up to enak
current/voltage ratios under different temperatureMeasurements and transmit data.
gradients are as reported below:

- Frequency tuned to 75 Hz with acceleration = §.and
16 g seismic mass: Power extracted = 2.3 mW

- Frequency tuned to 130 Hz with acceleration = §.5
and 2.5 g seismic mass: Power extracted = 0.8 mW

lll.  PRELIMINARY EXPERIMENTAL RESULTS

5 °C 1 ICC= 47 mA @ 75mV (power transferred toExperiments have been conducted to obtain and
SENNO, due to impedance mismatching = 0.5 mW)  ynderstand the basic characteristics of the
. environmentally-powered sensor node SENNO in two
15 °C : ICC= 127 mA @ 200mV (power transferred 10y qtotypes hardware. Each of the two complete SESINO
SENNO, due to impedance mismatching =3.8 MW), 155 heen equipped with the harvesting section
thermoelectric, photovoltaic and RF all loadingthé
ame time a 1 F SuperCap @ 5.5 Vdc) together wi¢h f
sensor array based on two gas sensors (CO any b2
temperature sensor, one humidity sensor (RH%) and a
barometric pressure transducer. The prototypes hees
iv) One indoor thin-film amorphous silicon solarlicas tested for 5 months deployed in three dedicatedies,

energy power source with power density of 0.035uWZm pOth in I_taI_y and' Doha (Qatar) in different comir'rt_i; (of
@ 200lux (reference number 12/096/048 from Soleml ht emission, vibration levels, temperature gesd$ and

S.A. France). The current/voltage ratios underedéht Tr'1: r?d'?t'?n dpower). We carrlleld out thdrefe ba&;:hetu h
illumination levels are: e first study was one week long and focused om ho

the five sensors array installed on the PCB board

iii) one RF power source @ 900 MHz based on th
Powercast P2110 harvester receiver that conveRgdR
DC. This module features high efficiency and uloav
power consumption

- 200 lux (artificial light): 33uA @ 4.8 Vdc responded to temperature variations in a thernradea
from +5 °C till to +50 °C in a controlled environmte
- 1000 lux (artificial light): 165uA @ 5.4 Vdc; The electrochemical sensors NEMOTO NE-CO (output

current of 65 nA per 1 ppm of carbon monoxide) and
v) one outdoor (through window) thin-film amorphousNEMOTO NE-NO2 (output current of 690 nA per 1 ppm
silicon solar cell as energy power source with powe of nitrogen dioxide) together with the PCB board &ne
density of 6 uW/mm2 @ 200W/m2 (reference numbearther sensors were placed in the PERANI UC150/70
12/096/072 from Solems S.A. France). Thelimatic chamber (fixed location), and the atmosphe

was controlled so that no substance could causetipol.
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A zero drift lower than 5 ppm has been obtainedtlfier
NEMOTO NE-CO while the NEMOTO NE-NO2
demonstrated a drift as low as 1 ppm.

The second study which consisted of the charaeti&wn

of CO and NQ@ sensors is summarised in Figures 4 a) and

b). Each of the studied gas sensors is separatelpyed

in a tailored test chamber as part of the Laboyatdr
Sensors at the University of Brescia (Italy). Teeels of
gas concentration in ppm are fixed using a mass flo
controller
concentration (e.g., 10 ppm NO Important parameters
such as temperature and humidity are measured theng
temperature and relative humidity sensors instatiad
board of the SENNOs nodes. Fixed values of tempesat
and relative humidity are imposed around 25°C (2Cb
and 50 £10% respectively.

SENNO 1

Magnetic supporting base

Photovoltaic
Cell for
Indoor Light

Exchangeble
heat sink for
TEGs modules

SENNO 2
PCB board with sensors

Fig. 3. SENNO 1 and SENNO 2 during the test .

The voltages obtained from SENNOs sensors’ channe
are received via 433 MHz wireless line in a regivi
node and stored in the main processing and coutiol
(desk PC) that performs the data processing and di
logging. The data have been also published throagh
LabVIEW Web server which collects an historical
evolution of the air quality in the monitored gdsmmber
areas and to evaluate air quality trends.

The third study was dedicated to a first evaluatibn
the SENNO power consumption Vs perpetue
functionality in an indoor application where the
harvesting sections were fixed to a window as regbin
Table 1 (see Figure 3). The Total energy harvestad
the environment exceeded the total energy requined
SENNO by almost a factor of four if we only conside
internal artificial light, RF and thermoelectric fexft
(while the factor moves to 50 considering exteligdit)
and thus envisioning a perpetual operation withot
human intervention for battery replacement. A syste
operating cycle of once in every 20 min is consder

connected to gas bottles with standard
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Table 1. Energy allocation per day under different

conditions

Operation

Energy per day (J)

Sensors Warm-up (60 seconds every 20 nunutes)

Sensor Measurement (2 seconds every 20 nunutes)

Data Processing and Storage (1.0 seconds every 20 minutes)
Data Transmission (0.6 seconds every 20 minutes)
Sleep Mode (19 nunutes every 20 minutes)

Tofal System Energy Budget
Required by SENNO proiotype per day

Toral Energy Recovered per Day Under

the Following Conditions:

1- Energy from External Low Sunlight (average: 4 hrs 100
W.-'mz, 3 Irs 50 Wi’ 10 brs night 0 W-'mg)

2- Energy from Internal Artificial Light (office average: 8
hrs 200 lux)

3- Energy from Temperature Difference Throught the
Window : 10 hrs with 5 *C and 14 Hrs with 0°C {(non-
operative)

4- RF Energy (@ 900 MHz: 3 W EIRP (trasnutted) with
SENNO positioned at 5 m (24 hrs operative)

5- Energy from Vibrations: none
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