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Abstract—More than one billion people lack access to safe are done at a laboratory. In many Developing Countries,
drinking water in the world. Providing a way to measure auto- monitoring procedures are currently entirely manual, base
matically water quality will help tackle this problem. This paper sampling and subsequent analyses in water laboratoriés. Th

presents the design of a water quality measuring system and ft iderable del in th itori
proposes a prototype implementation of a water quality wireless often causes considerable delays In the monitoring process

sensor network (WQWSN) as a solution to this challenging The quality of the monitoring process would benefit from at
problem. When applied to developing countries, the design and least some basic parameters being monitored in real time,

implementation of such a system must take into consideration in order to get early warnings that can trigger appropriate
the difficult environment in which it will operate. An application treatment

to water quality measurement in Malawi reveals the relevance of E . technologi b dt id lativel
using our novel solution to mitigate two challenging issues: energy merging technologies can be used 1o provide relauvely

consumption of the system and the inter-networking problem.  inexpensive, coordinated, intelligent networks allowangell-
coordinated and continuous monitoring of surface waters.

|. INTRODUCTION Environmental sensor networks are wireless sensor neswork

According to the United Nations in 2005, an estimated 1that may provide a key element for better understanding and
billion people worldwide lack clean drinking water and 2.8nanaging the water cycle. A typical wireless sensor network
billion lack access to basic sanitation [1]. Hence, 2005520 is composed of sensor nodes often referred to as motes which
was designated the International Decade for Action: "Whtter sense their environment and a wireless sensor base station
Life”. Clearly, the international community has recogrizbat that collects the information sensed by the motes for local
water distribution must be carefully monitored and comébl and/or remote processing. Such networks have been proposed
in terms of water quality and quantity. and/or are being developed for a variety of environmental

Water quality can be thought of as a measure of ttapplications [4], but their deployment to measure watetityua
suitability of water for a particular use based on selectesl still in its infancy.
physical, chemical, and biological characteristics [2).dEter- This paper proposes an integrated sensor network for water
mine water quality, scientists first measure and analyze chquality monitoring and describes its application to water
acteristics of the water such as temperature, dissolvedmalin quality monitoring in Malawi. In the newly proposed net-
content, and number of bacteria. Selected characteriatees work referred to ashater Quality Wireless Sensor Network
then compared to numeric standards and guidelines to ded{dQWSN), sensors become an integrated component of their
if the water is suitable for a particular use. Standards aadueous environment throughout data collection, and data
guidelines are established to protect water for designated are communicated between nodes and back to researchers
such as drinking, recreation or agricultural irrigatiortars remotely using wireless connections. In addition to dedog
dards for drinking-water quality ensure that public drimii the development of the system, we describe ongoing andsfutur
water supplies are as safe as possible. Some aspects of watsearch related to the challenging environment in whieh th
quality can be determined right in the stream or at the wetietwork is going to be installed. When designing a system to
The basic parameters to be measured include acidity (pHg deployed in a challenging environment like the Africae,on
dissolved oxygen, and turbidity (a measure of the clarity @ine has to carefully take into consideration local condgio
the water) [3]. Analyses of individual chemicals generallffhe two main contributions of this paper are:



Energy consumption. Although energy consumption is a
well-adressed issue for WSN nodes [5], water quality mea-
surement adds another dimension to this issue since one has t
take into account the contribution of the energy consumnyed b
the water quality sensors in the overall energy consumptfon
the water monitoring system. As low-power sensors for water
quality are not yet commercially availiable [6], we propose
an energy consumption minization strategy where a wake-up
mechnaism that triggers sleeping/wake-up modes is used to
reduce energy consumption. Furthermore, while most ctirren
development solutions assume that logging devices will en-
counter ideal scenarios in terms of power and connectivity,
this is not true in many Developing Countries where power
is not stable. We propose a low-power gateway node that can
save the measurements and make them available in a web
application. Fig. 2. The gateway

Inter-networking The gateway is the component that en-
ables the inter-networking between the 802.15.4 and ZigBee
protocols used in a WSN environment with different othesensor gateway layer, (2) a wireless sensor node layer and (3
protocols such as WiFl, WiMAX, MPLS, and others to allona water sensor board layer. Following is a description of the
the dissemination of the sensed information for further- prgingle layers.
cessing and/or decision making. A gateway that is intended t ,
be deployed in challenging environments such as those of five The Wireless sensor gateway layer
African continent should be appropriately designed to meetThe gateway is one of the most important components upon
stringent power, communication and reliability requinsentwhich the efficiency of the sensing activity of a WSN depends.
While PCs and laptops are currently being used as part oftacollects all the information received from the motes in a
gateway environment, we propose a flexible gateway solutidatabase and makes this information available usually via a
that builds upon an ALIX2 embedded Linux board from P@ireless network. A gateway must have enough computing
engines [7]. Our gateway is compact, lightweight, has higpower to be able to run a database, perform local calculation
performance and lower power and can be used as a wirelagsl communicate with an existing network, but should be low
Access Point, client or a mesh node in an OLSR based wirelgasver enough to run autonomously in the field.
network. If a gateway is to be used for WSNs in Developing Coun-

The remainder of this paper is as follows. Section 2 presenities, it is clear that the scenario requires a device design
the proposed WQWSN solution while the experimental rexround the following constraints: low-power consumptitm (
sults on power consumption and wireless sensor lifetime atn using solar panels or using batteries), high storagatibp
presented by section 3. Section 4 reports on an applicatities (to be able to store data for a long period of time, irecas
to water quality monitoring in Malawi. Our conclusions andf remote deployments), flexible connectivity (to be able to
future work are presented in section 5. connect to the network via wired or wireless connectiongisin

different topologies), low-cost (to be suitable for deptmnts
Il. THE WQWSN DESIGN in Developing Countries) and web-based design (to allowsuse

For the initial deployment of the system, we are interested visualize the data from the WSN without installing specific
in studying fluctuations in pH, dissolved oxygen, tempe®tu software).
and dissolved oxygen. Sensor data need to be gatheredrat inteTo develop our gateway we selecetd an ALIX 2 embedded
vals of one hour, and data collection has to be automated dridux board [7] built by PC engines as depicted by Figure 2. It
the data easily retrievable at the end of the observatioiogher is based on the 500 MHz AMD Geode processor with 256MB
The rest of this section describes the system architected uof DRAM, has two USB ports, one Compact Flash socket, two
to meet these requirements and the different componentsnahiPCI slots and two Ethernet ports. It is powerful enough
the water quality monitoring system. to run a database and a web server. We decided to use a

The ultimate purpose of the WQWSN is to automate thBG CF memory card, capable enough to store the OS and
monitoring of drinking water quality. The general work flofv 0 sampled data. It is compact, lightweight, has high-pertoroe
the system to be designed consists of (1) taking water gual#&nd low power consumption. It can be used as a wireless
samples at a pre-defined time of the day, (2) sending aAdcess Point, Client or mesh node. Using one wireless card,
storing sampled data in the gateway station, (3) going tepsleit consumes 4.4 W. This value is low enough to be able to
afterwards and (4) waking up and repeating the previousstepse a 20W solar panel and a 14 AH battery to make the
These four steps may be mapped into a three-layer systgateway autonomous. With a 1G Compact Flash card, it can
architecture depicted by Figure 1 which includes (1) a wsel store months of measurements.

Fig. 1. WQWSN system architecture




B. The wireless sensor node layer

The wireless sensor nodes were assembled from comercially
available SunSPOT motes [8] with an additional board. What
distinguishes the Sun SPOT from comparable devices is that
it runs a Java Micro Edition Virtual Machine directly on
the processor without an operating system. The Sun SPOT
system uses JavaTM technology to up-level programming. Fig. 3. eSerial board
Each device comes with a 180 MHz 32-bit ARM920T core,
512K RAM, 4M non-volatile Flash memory, 802.15.4 radio
and a USB interface. Six analog-to-digital converter isput
and five general purpose I/O pins can be used to add custom
sensors and devices. The internal battery is a 3.7V 720maH
rechargeable lithium-ion prismatic cell. The battery haer-
nal protection circuit to guard against over discharge,eand
voltage and overcharge conditions. The Sun SPOT drops 'HR measurement. It would be a good practice to calibrate the

a power saving mode ("shallow ;Ieep) to reduce pow evice on weekly bases to get correct results.
consumption and extend battery life whenever all threads

become idle. Considerable power can be saved during shallow . THE WQWSN IMPLEMENTATION
sleep even though it is still necessary to power much of the

a

Fig. 4. 90-FLT sensor

Sun SPOT hardware. Hence, the Sun SPOT can resume frBr;ll;.he main actor in the system is the wireless sensor node.

shallow sleep without any latency and as soon as any thre(iigi ing a measurement, it 1) wakes up, 2) fetches the latest

becomes ready to run. The shallow sleep power consumption from the 90-FLT and 3) passes the data to the SunSPOT
. y " : PP P Pase station. Fetching data is the process of communicating
mode is about 28ma with the radio off.

) . with the 90-FLT sensor. It includes waking up the sensor by
A SunSPOT kit comes with two free-range Sun SPOT ur“}é\‘éénding a specific string via the serial connection, readatg

e B S i, oase Salon 1 1 ne sensor,an tring e sensr of b sensing ancte
y ’ y &ring. Passing data to the SunSPOT base station, on the othe

: : S
the free-range units and streams the data via a USB conn nd, includes assembling data in a more readable format
ending it via radio to the host station. The SunSPOT

tion. The SunSPOTs were selected for their ease of use %rh% S
base station is connected via USB to the gateway as depicted

available interfaces.
Figure 2. Data coming from the free-range SunSPOTs

Connected to the SunSPOT is an additional board call
eSerial. It is a stackable add-on board for the SunSPOT mo} Sch the SUNSPOT base station via a 805.14 wireless link
e java code running on the base station connects to the

providing a single RS232 connection. The board requires
2l&ySQL database that runs on the gateway and stores the

connector. It coptaips the identific.at.ion serial Flash MBMO yaceived data in the database. The SunSPOT base station is
RSZSZ_Ieng shift circuit, and activity LEDs. An eSerial Salso responsible for 1) sending the configuration files to the
shown in Figure xxx. free-range SunSPOTSs (containing the measurement timds) an
2) synchronizing the clocks. With the challenging African
environment in mind, we implemented the software to tackle
The 90-FLT series E sensor [9] purchased by TPS the two main problems encountered: energy consumption and
Australia made it possible to measure pH, conductivity, TD$ter-networking. Following are the mechanisms we devel-
dissolved oxygen, turbidity and temperature. All data cawped.
be saved and downloaded directly to a computer via the ]
standard RS232 port. Many instrument functions can also Be \Wake-up mechanism
controlled from the computer. The 90-FLT water quality €gns In order to prolong the system lifetime, we decided to turn
is composed of a main unit and some sensor probes: turbidiyf, the deviced we didn't use. We used the external eSerial
pH and dissolved oxygen. The probes are the parts to Ibeard to switch off the 90-FLT sensor when not reading data.
immersed in water, while the main unit must be outside. This was quite easy to turn on and off the 90-FLT. Sending a
device is big in size (230 x 140 x 100 mm) and the cost &pecial string via the serial port was enough to power it on
3400$ including sensors and cables. and off. Furthermore, we powered down the eSerial itselfrwhe
The 90-FLT device needs to be calibrated before making angt communicating with the 90-FLT. In this way, we powered
measurement. In a standard calibration the sensors aratput just the SunSPOT’s motherboard when in idle mode.
a sample solution of known standard values for PH, turhidit
conductivity and TDS and then the meter is calibrated. Wh
all the calibrations have been successfully performed then Based on Linux, the gateway we developed is flexible
sensors are ready to be put into any unknown solution to makeough to work in different scenarios and to provide a way to

C. The water sensor board layer

Inter-networ king



interconnect different networks. For example 802.11 wgsl
It could work as a client connected to an access point which is T 0P battry level
then connected to the Internet. Users could use a web browser g ™
to access the data via a web application. Given possible long
distances involved in the deployment, we think that the best
solution is to implement a mesh protocol such as OLSR [10]
in the gateway. In this way one deploys more gateways, each

connected to different SunSPOT networks, and the gateways U ewswnentsperdny
automatically form a network. One of the gateways is con-
nected to the internet, and traffic is automatically routed t
it by OLSR. Each gateway runs an instance of MySQL, and
the gateway connected to the internet hosts a database with ]
data coming from all the databases. This is doneMSQL oo
replication mechanism [11]. Replication is asynchronous by
default - the master gateway does not need to be connected
permanently to receive updates, which means that updates
can occur over long-distance connections and even temporar
solutions. Depending on the configuration, once can replica |
all databases, selected databases, or even selectedw#hlas Meas
a database. We tested this solution and it works perfeotsngi
the Open Source software used.
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TABLE |
IV. PERFORMANCE EVALUATION POWER CONSUMPTION FOROXY: OXYGEN, CON: CONDUCTIVITY, TUR:
Using four sensor motes and one gateway, we conducted TURBIDITY

different experiments to evaluate the performance of thdyne
proposed system and the impact of the wireless sensor detwar

Voltage(V) | Current(A) Power(W)

on water quality monitoring. We considered different perfo | '\one probe 14.3 0,03-0,04 ") 0,4-0,5
nace parameters. These include: (1) the power consumptiorf PrPes 14031 0,04-0,05 ) 0,5-0,7
and (2) the lifetime of the sensor network in different sagsi | ©Y*Con*Tur 13971 0,04-0,05 1 0,6 -0,7
scenarios. While the power consumption is a parameter that>Y*Con*TurpH 13971 0,040,051 0,6 -0,7

Oxy+Con+Tur+Redox 13.97 0,04 —-0,05 | 0,6 —0,7
Con+Tur 14.05 0,04 —-0,05 | 0,5—0,7
Tur 14 0,04 —0,05 | 0,5—0,7

measures the power utility of a wireless sensor device, a
wireless sensor network lifetime is expressed by the hatter
levels of its components. A lower power consuming wireless

; ; T Oxy 1424 | 0,03—0,04 | 0,4—0,5
sensor network is preferable to a highly power consuming con 145 0.03-004 | 0.4—05
v_wreless sensor network. A wireless sensor network v_wtlg lon Oxy+Con 14.33 0.03-0.04 | 0.4-05
life batteries would be preferred to a short lived battesiese Oxy+Tur 1406 | 004—0.05 | 0.5-0.7
it provides a higher lifetime for the system monitored. Con+Tur 1399 | 0.04—005 | 05_07

A. Determining the lifetime of the WQWSN system.

We conducted a first set of experiments to determine the
lifetime of the WQWSN by comparing the lifetime of therately or together. The results prese_nted by Table | reveal
SUN SPOT and 90-FLT device to evaluate their impact on teUniform pattern where when (1) using each of the probes
lifetime of the system: the lifetime of the system will obugly @lone consumes less power than when two or more probes
depend on the lifetime of the shortest lived of the two device®r® used (2) some of the probes such as Oxy and Con require
Figure 5 and 6 report on the relationship between the battdfgher voltage 14.24,14.25 V) than others such as Tut{ V)
lifetime of the 90-FLT device and the free-range Sun SPOT R{it using higher current0(03 — 0,04 A) and consuming
number of days and number of measurements per day. ThE¥J€ power(,5 — 0,7 W compared to0,4 — 0,5 W) and
Figures show that the 90-FTL device has much longer lifé) the combinations qf two or more probes lead to different
than the free-range Sun SPOT. So the system life dependsP§formance patterns in terms of voltage, current and power
Fhe Iife_ of free-range Suq SF?OT.'The usual sample frequensy Extending the lifetime of the WQWSN using a wake-up
is 24 times per day. In this situation, the Sun SPOT can Woﬁliachanism.

for 14 days. L . .
The wake-up mechanism is designed for saving energy. We

B. Determining the power consumption of different water conducted a second set of experiments with and without wake-
probes, up mechanism to evaluate the energy savings resulting from

We conducted another experiment to determine the enetg wake-up mechanism in a system setting where the level
consumed by the system when using different probes sepanverter is powered by the free-range Sun SPOT while the



basestation Sun SPOTs power is supplied by the computer so
that only the power consumption of the 90-FLT meter and the
free-range Sun SPOT are taken into account. The experiments
were run by having the system firstly runing without the wake-
up mechanism for 4 days by taking 60 measurements per day
and thereafter having the same system runing with wake-up
mechanism for another 4 days also by taking 60 measurements i
per day. For the experiment using wake-up mechanism, the
free-range Sun SPOT and 90-FLT woke up for 50 seconds in
each measurement in order to transfer the latest measuiemen
via serial connection. In each of the two experiments, ttseba
station was used to record the 90-FLT battery level and the
free-range Sun SPOT battery capacity for each measurement.
The results are depicted by Figures 7 and 8 which show the
battery life of the free-range Sun SPOT and 90-FLT meter with
and without wake-up mechanism in both of the experiments. :
From this figure, it is obvious that the wake-up mechanism R s
results in a lot of energy savings.

Fig. 7. Impact of wakeup mechanism on SunSPOT

The free-range Sun SPOT can operate in two energy modes Fig. 8. Impact of wakeup mechanism on 90-FLT
referred to as wake-up and deep-sleep phases. Assume that
) i TABLE I
WPC is the power consumption per second of the free- DISTANCE VS POWER CONSUMPTION. MAXIMUM POWER
range Sun SPOT in wake-up phase and SPC is the power
consumption persecond of the free-range Sun SPOT in deep-| Distance (m) 0 20 40 60

sleep phase. According to the experimental results, WPC is | 50000 packets
0.021627 mA/s, and SPC is 0.000308 mA/s. Assuming that N | Broadcast (mA)|| 12,5764 | 12,4254 | 12,3494 | 12,5623
is the number of measurements per day, the power consump-| Unicast (mA) 17,7225 | 17,8313 | 17,8194 | 17,7995
tion per day isWPC # 50« N + SPC * (86400 — 50 * N) = 100000 packets
1.06593 N +26.6112 mA. As the fully charged battery capacity Broadcast (mA) || 25,0977 | 24,8324 | 24,9410| 24,8964
of the Sun SPOT is 720mAh, the free-range Sun SPOT can | Unicast (mA) 35,6845 | 35,5227 35,7539 | 35,7750
work for gezariiss sz days.

As the curve of 90-FLT battery level is not strictly linear,
the battery life of 90-FLT in the system cannot be estimatddnces to discover the power consumption of the Sun SPOT
directly from the data as it is the case for the Sun SPOUsing different output powers. Using a certain amount of
According to the 90-FLT manufacturer’s information [12]packets transmitted between two Sun SPOTSs, we tested both
when the battery is fully charged, the device provides thaicast and broadcast transmissions. Note that since sinica
capability to read data every half hour, continuously foerv transmission has an inherent ACK/retry mechanism, it could
40 days. The device is powered off between readings and oafgnsume more power. We conducted the experiment by having
powered on for three minutes whenever a reading is due. e received packet carrying the battery information of the
the device can keep working fai0 = 24 x 2 + 180 = 345600 transmitter in order to make the receiver able to calculate
seconds which is around 4 days. The experimental reste power consumption during transmission. We conducted a
depicted by Figure 8 show that after about 4 days, the battdirpt experiment to discover the effect of distance on power
level decreases to a warning level of 5.6 volts. This reveatonsumption. Theoretically, under same output power, the
that the data from the manufacturer's information is rdéab distance has no effect on power consumption. To prove this,
Assuming that N is the number of measurements per day, the same amount of packets were transmitted with maximum
device wakes up for 50 seconds each time, and the 90-FoWitput power under different distances (Om, 20m, 40m, 60m).
meter consumes zero energy when it is off. The device cHve decided to use the maximum power in order to reduce the
last for 215090 days. chance of packet loss. The results presented in Table Iisbelo

) o ] reveals that the Sun SPOT consume almost the same power at
D. Extending the lifetime of the WQWSN using power control  jifferent distances. .

Besides the wake-up mechanism, power control is anotheM/e condcuted another experiment to compare the power
mechanism that provides the potential to extend the lifetintonsumption for different output power. Based on the first
of a wireless sensor network. This may be done by eithexperiment, we conducted only the experiments urien
reducing the power transmission to reach less neigbouosenglistance. The results presented in Table Il below show that
or increasing the power transmission when needed to extdndreducing the transmission power, the power consumption
a sensor’s reach. We conducted another set of experimestseduced but not significantly. This is due to the Sun SPOT
using a power adjustment application under different digsthich consumes lots of power in normal operation. These




TABLE Il

POWER CONSUMPTION VS TRANSMISSION POWER Malawi Polytechnic, so a web server publishing the resslts i

a must. From the connectivity point of view, the Water Board
has an ADSL connection and we are going to use that to
connect to the Internet.

50000 packets
Transmission powe
-32

+31

100000 packets
Transmission power
-32

+31

Broadcast (mA)
12,3897
12,5764

Unicast (mA)
17,4098
17,7225

VI. CONCLUSIONS AND FUTURE WORK

This paper proposes the design of a water quality moni-
toring system and, building upon the SunSPOT technology,
a prototype implementation of a water quality wireless sens
network (WQWSN) as a solution to the water quality monitor-
ing problem. Using a three-layer architecture, we dischss t
main features of the newly implemented system and propose
include the power of running CPU, memory control, etdls application to water quality measurement in Malawi. The
But broadcast consumes much less power than unicast siggperimental results reveal the relevance of using ourlrsase
broadcast does not need MAC layer acknowledgement. Agion to mitigate two challenging issues: energy constuompt
a result, the power adjustment using power control did nof the system and the inter-networking problem.
result in any benefits for our system; the power used by theBesides Malawi, the deployment of the WQWSN to mea-
adjustment was much greater than the power saved. The ngtire water quality in the rural areas of South Africa, Mozam-
power saving technology in this system would result from tHgque , Tanzania and the DRC has been planned as an exten-
use of the shallow and deep sleep modes whenever possibien to this work. Its expansion into a WaterQualitySensesW
These modes can thus be used in a real life environment(f§QSW) is also a further step to the extensions of our
increase the lifetime of the WQWSN network. proposed WQWSN prototype.

Broadcast (mA)
24,6764mA
25,0977 mA

Unicast (mA)
35,0060
35,6845
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