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Executive summary  
The deliverable 1.2 “Requirements analysis” of project PROTEUS intends to extract requirements 
from the use cases analysis done in D1.1 to feed the design phase of WP2. It has the challenging 
mission to make a trade-off between expected technological advances, business relevance and 
project resources to provide a set of requirements to be used as inputs for the project design phase. 

The first part (sections 1-3) of this document describes the methodology used to extract the project 
requirements. It is based on usual requirement engineering practices developed in the software 
domain for the classification of requirements into several levels: MUST, SHOULD, MAY. The typology 
of requirements has been built to take into account the “smart-system integration (SSI)” orientation of 
the project which belongs to the group of projects funded under this SSI program by the European 
commission1.  

The sections 4-6 then provide the requirements following the agreed-upon typology: 

x Functional Requirements (FR): functional requirements are extracted from scenarios 
derived from the use cases. PROTEUS system should be able to adapt to various usage 
scenarios and thus to their respective requirements. The functional requirements thus need to 
be independent from the scenarios so as to reflect the adaptive nature of the PROTEUS 
system:. Functional requirements include for example sensing parameters, updates 
frequencies, complex events detection, etc. 

x Physical Requirements (PR): physical requirements relate mostly to the PROTEUS node 
subsystem and include the following aspects 

o Power consumption & autonomy (PR-P): describes requirements for the 
PROTEUS node brought by constraints related on energy availability as well as 
autonomy requirements. 

o Safety & reliability (PR-S): describes the minimum requirements related to safety 
regulations and customer reliability (lifetime) requirements. 

o Casing (PR-C): describes requirements related to the casing of the PROTEUS node 
allowing its proper integration within the water network. Casing requirements include 
parameters such as dimensions, weight, water circulation and protection, etc. An 
exception to use case neutrality of the requirements can be done for the casing as the 
PROTEUS node could be fitted in several housings, each satisfying needs of the 
different use cases. 

o Robustness (PR-R): describe operational constraints (temperature variations, 
vibrations, shock, etc.) that the PROTEUS system should withstand. 

x Software Requirements (SR): Most of the software functionalities are described within the 
functional requirements section. This section focuses on software specificities such as 
standardised data models to be used for exchange of information. 

x Lifecycle Requirements (LR): lifecycle requirement includes aspects related to device 
logistic management and long-term operations. Aspects include: 

                                                      

 

1 ‘Smart Systems Integration’ European commission website 

https://ec.europa.eu/dgs/connect/en/content/electronic-components-and-systems-nanoelectronics-smart-systems-embedded-systems-joint
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o Component supply chain requirement (LR-S): requirements related to provisioning 
and management of PROTEUS nodes and registration within the PROTEUS cloud 

o Certification & Calibration (LR-C): requirements related to device calibration and 
possibly regulation based certification 

o Maintenance (LR-M): requirements related to long term management and 
maintenance of the system, including both software upgrade and parts replacement. 

o Monitoring & self-test (LR-T): describes requirement related to on-operation 
monitoring of devices health, possibly including self-test. 

Industrial and business requirements have been identified within the typology but treated within 
deliverable D1.3. 

Finally, latest sections discuss design options and constraints in relation with energy management as 
well as communications. Its purpose is to guide the launch of WP2 activities. 
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1 Introduction 
The PROTEUS project contract contains 3 operational objectives 

1. To provide a monolithic multifunctional sensing chip for water monitoring through 3D 
heterogeneous integration of MEMS‐based physical sensors and carbon‐nanotubes‐network 
based chemical sensors with microfluidic channels for fluidic access to the sensors with a 
multifunctional CMOS system on chip including analogue front end, digital‐to‐analogue 
conversion, data processing, energy and communication management. 

2. To    provide a smarter system with energy autonomy and cognitive (predictive and reactive) 
capabilities to the smart system by implementing a hybrid analogue‐digital processing and 
control CMOS chip, a vibration based harvester and by ensuring efficient cooperation between 
the sensing chip and the processing part. 

3. To ensure manufacturability, reliability and cost‐effectiveness of the whole system for water 
monitoring applications, by way of detailed use case and business model analysis coupled 
with high level system design and top‐notch validation strategy (including model and real 
deployment).  

These operational objectives are supplemented with a number of quantified targets being the project 
Key Performance Indicators (KPIs). However, this information is more focused on outlining the 
technical solution than identifying the actual needs of the users. While these targets provide an overall 
target for PROTEUS work, they need to be tuned to PROTEUS use case analysis and turned into 
meaningful requirements for the project design phase. PROTEUS deliverable D1.2 stands logically in 
between: 

x D1.1 “Use-cases analysis”: description of the project use cases of interest for SMAS Almada, 
a water utility participating in the project as use case provider and field testbed. 

x D2.1 “First version of smart system co-design”: which provides the design specifications of the 
whole system including considerations from the monolithic, multifunctional sensor chip, the 
process & control part, the electronic board, the sensor housing and the energy harvester. 

And is supplied in parallel with deliverable D1.3 “Manufacturability plan” which investigates the 
requirements related to manufacturability of the component. 

 

Figure 1: positioning of PROTEUS D1.2 “Requirements analysis” within the project deliverables workflow. 
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This deliverable thus has the challenging mission to make a trade-off between expected 
technological advances, business relevance and project resources to provide a set of 
requirements to be used as inputs for the project design phase. 
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2 Methodology 
Requirements engineering is a critical steps within system development. It aims at expressing the 
requirements of the system users into unambiguous requests usable by the engineering team. It also 
builds the ground of the system traceability, allowing to validate the system against individual 
requirements (verification). Requirements engineering is used in most of the engineering fields and 
developed even more strongly within the software development sector and requirements engineering 
processes have been standardised. The IEEE Standards 610.12-1990 [1] proposes a definition for 
Requirements in software engineering: 

(1) A condition or capability needed by a user to solve a problem or achieve an 
objective.  

(2) A condition or capability that must be met or possessed by a system or 
system component to satisfy a contract, standard, specification, or other formally 
imposed documents.  

(3) A documented representation of a condition or capability as in (1) or (2) 

Figure 2: Requirements definition [1]. 

Which leads to a definition of Requirements Engineering, proposed by IREB the International 
Requirements Engineering Board: 

Requirements engineering is a systematic and disciplined approach to the 
specification and management of requirements with the following goals: 

- Knowing the relevant requirements, achieving a consensus among the 
stakeholders about these requirements, documenting them according to 
given standards, and managing them systematically. 

- Understanding and documenting the stakeholders’ desires and needs, then 
specifying and managing requirements to minimize the risks of delivering a 
system that does not meet the stakeholders’ desire and needs 

Figure 3: Requirements engineering definition [2]. 

PROTEUS project has several specificities which need to be highlighted before devising an 
appropriate methodology for requirements elicitation: 

x The PROTEUS system has to build upon 2 connected sub-systems (Figure 4). 
o The PROTEUS node, containing the PROTEUS hardware device, with embedded 

software providing limited processing and controlling capabilities, able to sense water-
related parameters, and send the measurements to an external service, along a set of 
defined scenarios 

o Back-end based processing capabilities providing management capabilities and 
supporting connectivity to the legacy system. 

While requirements elicitation usually requires considering the overall system as a black box, 
the strong specificities of each sub-system may force to separate their respective 
requirements, even if most of the design decisions should be taken at the design stage. 
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x PROTEUS is a research project and thus does not intend to deliver a market ready product. 
Trade-offs between technological demonstration and industrial relevance has to be made. 

x PROTEUS is a cooperative project involving people from different organisations, each having 
its working habits. For that reason, basic tools such as MSOffice, widely present, will be used 
for requirements management and methods for requirements management will be simplified in 
comparison with standard industry practices.  

 

Figure 4: PROTEUS system. 

2.1 Eliciting and documenting  
The PROTEUS consortium is made of people with different technical and domain expertises and it is 
thus of primary importance to involve all stakeholders within the requirements elicitation process. For 
that purpose, the usage scenarios have been discussed during a 2 days face to face workshop and 
allowed the stakeholders’ to express their views and collaboratively progress in identifying what could 
be the PROTEUS system. 

The present document aims at detailing these requirements in an unambiguous way and for that 
purpose suggests to express them in natural language but making use of standardised approaches 
and vocabularies aimed at limiting ambiguities. Firstly, priorities will be given among requirements 
through the use of the following verbs: 

x MUST -This word, or the terms “REQUIRED” or “SHALL”, means that 
the definition is an absolute requirement of the specification. 

x MUST NOT – This phrase, or the phrase “SHALL NOT”, means that the 
definition is an absolute prohibition of the specification. 

x SHOULD – This word, or the adjective “RECOMMENDED”, means that 
there may exist valid reasons in particular circumstances to ignore a 
particular item, but the full implications must be understood and carefully 
weighed before choosing a different course. 

x SHOULD NOT – This phrase, or the phrase “NOT RECOMMENDED” 
means that there may exist valid reasons in particular circumstances 
when the particular behaviour is acceptable or even useful, but the full 
implications should be understood and the case carefully weighed 
before implementing any behaviour described with this label. 
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x MAY – This word, or the adjective “OPTIONAL,” means that an item is 
truly discretionary. 

x FUTURE – This word means that objectives are provided as guidance or 
expectation and may or may not be accurate. 

Figure 5: Requirements levels [3]. 

Requirements are the encouraged to be expressed based on the following sentence template, as 
suggested by IREB (Figure 6). 

 

Figure 6: requirements description template [2]. 

A requirement could thus be expressed as “The PROTEUS system MUST PROVIDE the SCADA with 
THE ABILITY TO collect sensed data at periodic intervals. Intervals are listed in the table x”.  

2.2 Typology 
It is essential to capture the types of requirements we intend to capture. These typologies depend on 
the domain under investigation. In the case of PROTEUS, it has been decided to take inspiration from 
the practices used in the field of Embedded Systems [4] and adjust them to include specificities of 
both the PROTEUS node and the PROTEUS cloud. These requirements types are introduced 
hereafter:  

x Functional Requirements (FR): functional requirements are extracted from scenarios 
derived from the use cases. It is important to note that these functional requirements are at 
the end independent from the scenarios so to reflect the adaptive nature of the PROTEUS 
system. Functional requirements include for example sensing parameters, updates 
frequencies, complex events detection, etc. 

x Physical Requirements (PR): physical requirements are expected to relate mostly to the 
PROTEUS node subsystem and include the following aspects 

o Power consumption & autonomy (PR-P): describes requirements for the 
PROTEUS node brought by constraints related on energy availability as well as 
autonomy requirements. 

o Safety & reliability (PR-S): describe the minimum requirements related to safety 
regulations and customer reliability (lifetime) requirements. 

o Casing (PR-C): describe requirements related to the casing of the PROTEUS node 
allowing its proper integration within the water network. Casing requirements include 
parameters such as dimensions, weight, water circulation and protection, etc. An 
exception to use case neutrality of the requirements can be done for the casing as the 
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PROTEUS node could be fitted in several housings, each satisfying needs of the 
different use cases. 

o Robustness (PR-R): describe operational constraints (temperature variations, 
vibrations, shock, etc.) over which the PROTEUS system should maintain its 
characteristics. 

x Software Requirements (SR): Most of the software functionalities are expected to be 
described within the functional requirements section. The present section will focus on 
software specificities such as standardised data models to be used for exchange of 
information. 

x Lifecycle Requirements (LR): lifecycle requirement include aspects related to device logistic 
management and long-term operations. Aspects include: 

o Component supply chain requirement (LR-S): requirements related to provisioning 
and management of PROTEUS nodes and registration within the PROTEUS cloud 

o Certification & Calibration (LR-C): requirements related to device calibration and 
possibly regulation based certification 

o Maintenance (LR-M): requirements related to long term management and 
maintenance of the system, including both software upgrade and parts replacement. 

o Monitoring & self-test (LR-T): describes requirement related to on-operation 
monitoring of devices health, possibly including self-test. 

x Industrial / Business Requirements (BR): this section is made to discuss trade-offs 
between product robustness vs costs or design vs production costs, etc. It is made available 
within deliverable D1.3 of project PROTEUS: “manufacturability plan” 

Acronyms defined above will be used as a preamble for requirements numbering. 
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3 Project glossary  
It is likely that we will need to define/agree on definitions when working on the requirements and 
design.  

Table 1: project glossary 

EH : Energy Harvester 

LOS : Line-of-Sight 

MHT :    Micro Hydro Turbine 

PROTEUS node : Main device produced by the PROTEUS project which should be 
based on smart systems integration and include the following 
functionalities: sensing, electronic control, communication, energy 
harvesting 

PNODE : PROTEUS node 

PROTEUS Water 
Management Service 

(PWS) 

: Software services located out of the PNODE to benefit from extra 
processing capabilities and building upon connectivity to the SCADA 
system. 

PROTEUS System : Encompasses the PROTEUS node and the additional services 
deployed in the cloud with data exchange capabilities between both. 
The PROTEUS system connect to the utility legacy: water network on 
one side and SCADA (or any alternative water management system 
used on the utility side) 

Short range 
communications 

: Short-range refers to the network approach where a PNODE inside a 
visit box communicates with a gateway deployed on a nearby (e.g. a 
nearby lamp post). This approach requires a communication range up 
to few tens of meters. 

SSI : Smart System Integration 

Long range 
communications 

: Long-range is related to a network approach where a PNODE 
communicates with a gateway placed at a considerable distance, in 
strategic places (such as water towers, etc.). Each gateway is 
intended to communicate with several PNODES. Different 
communication ranges may be used (hundreds of meters or few 
kilometers).  

PV :  Photovoltaic 
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4 Functional requirements 
4.1 Sensing requirements 
Sensing requirements for the PNODE are summarized based on the use cases in Deliverable 1.1 [5], 
section 3.4 and expanded by integrating more largely market offers and needs that are further detailed 
within D1.3. The parameters to sense are separated into critical and non-critical parameters. Table 18 
in D1.1 shows the sensing requirements for the critical parameters, use case by use case. Table 2 
provides the corresponding requirements, parameter by parameter, for the critical parameters:  

Table 2 – Operating ranges and precision for critical parameters, independently from the use case 

Parameter Min Max 

Precision  
of read 
value 

(Range) 

Comments 

Criticality 

Temperature -5.00ºC 35.00ºC +/-0.30°C 

Temperature of 
water around 
zero in water 
networks in 

northern Europe 

For drink and 
waste water only 

Flowrate 0 L/s 

Drink and waste: 
300L/s  

 
Rain 

2200 L/s 

+/- 4L/s up 
to 200L/s 

 
10% above 

200L/s 

 

Drink, rain and 
waste water 

Pressure 0.10 bar 16.00 bar 

+/-0.05bar 
(0.10-1.00) 
5% (1.00-

16.00) 

 
Drink, rain and 

waste water 

pH 
Drink: 5,00 
Rain: 4,00 

Waste: 3,00 
10,00 +/-0.1pH 

NF EN ISO 
10523 

Range 2-12 
Deviation max 

0.03 at pH value 
of standard used 
Results  with one 

decimal 

Drink water only 

Chlorine 0,05 mg/L 5.00 mg/L 

+/-0.02 
(0.20-0.40) 
5%(0.40-

5.00) 

Upper limit of 
Range 5.00 

For over 
chlorined drinking 

water network 
 

Drink water only 

Table 3 provides the requirements for the non-critical parameters, independently from the use case. 
The PNODE may measure any of these parameters, preferentially with the proposed precision and 
over the proposed range.   
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Table 3 – Operating ranges and precision for non-critical parameters, independently from the use case 

Parameter Min Max Precision Comments Relevant use 
case 

Conductivity 100 
µS/cm 

10000 µS/cm +/-10µS/cm 

(100-200) 

5% (200-
10000) 

 Drink and waste 
water  

Dissolved 
oxygen 

0.00 12.0 mg/L O2 +/-0.2mg/L 
 Drink and waste 

water  

Nitrates 0.00 
mg/L 
NO3 

100.0 mg/L NO3 +/-0.2mg/L 
(0.00-4.00) 

5% (4.00-
100.0) 

 Drink and waste 
water  

Salinity 0 PSU 
Drink: 10 PSU 

Rain:    35 PSU 
- 

Linked to 
conductivity 

Drink and rain 
water  

Total dissolved 
solids 

0 500 mg/L - 
Linked to 
conductivity 

Drink and waste 
water  

Redox potential -200 mV 500 mV +/-10mV 

Negative 
values in 
biological tank 
in waste water 
treatment plant 

Drink and waste 
water  

Turbidity2 0 NTU 200 NTU +/-
0.1NTU(0.0-

2.0) 

5%(2.0-200) 

 Drink and waste 
water  

Chloride 10 mg/L 
Cl 

250 mg/L Cl 5%  Drink water  

Calcium 5 mg/L 
Ca 

100 mg/L Ca 5%  Drink water  

Magnesium1 3 mg/L 
Mg 

100 mg/L Mg 5%  Drink water  

Hardness 10 mg/L 
CaCO3 

400 mg/L CaCO3 5%  Drink water  

Based on the initial PROTEUS proposal, the system should measure 4 physical/rheological 
parameters and 5 chemical parameters. 

                                                      

 

2 Integration of a turbidity sensor within project PROTEUS is not considered. However, market interest 
for such sensors has been identified and information is kept in that table for future reference. 
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4.2 Management of sensors’ data 
4.2.1 Alert and alarm 
Each parameter, critical or not, is associated with alert and alarm levels. Low and high alarm and alert 
levels are listed in D1.1 (Tables 15-17, section 3.4.2) [5]. Entering alert or alarm levels triggers 
communication to the SCADA by the PROTEUS system and changes in the state of the PNODE. 
Hence, the PNODE must be able to detect by itself (without off-node processing) an alert or alarm 
based on sensors’ measurement.   

Alert and alarm levels are defined either by the observable passing a fixed threshold or by the 
observable passing the “average or trend of last measures, for an integration time of 5 minutes”. The 
PNODE must be able to carry out thresholding as well as averaging or trend detection over 5 minutes. 

4.2.2 Acquisition frequency 
When all the critical parameters are in their regular range of operation (between low and high alert 
levels), critical parameters must be acquired once per minute, non-critical parameters, once every 5 
minutes.  

When a single parameter (critical or not) enters a non-regular level (above or below alert level) all the 
critical parameters must be acquired once every 30s and the non-critical parameters should be 
acquired once every 2 min.  

4.2.3 Communication to the Water 
Management Service (WMS) 

All the collected data must be transmitted to the WMS once a day.  

If a critical or non-critical parameter passes alarm threshold for 4 consecutive measurements, the 
information must be transmitted immediately to the WMS.  

If a critical parameter remains above alert threshold for 10 consecutive measurements, the information 
must be transmitted immediately to the WMS.  

If a non-critical parameter remains above alert threshold for 15 consecutive measurements, the 
information must be transmitted immediately to the WMS. 

In case of alert/alarm transmission, the transmitted information should be the measurements of all 
parameters correlated to the one which created the alert (see Table 4), during the full alert/alarm 
period plus the last measurements before alert/alarm. As an example, any alert raised due to a 
change in conductivity should lead to the sending of Chloride, nitrate, calcium and magnesium to help 
identifying the root cause of changes in conductivity and possibly act as a pre-alert on the evolution of 
concentration of any of these chemical species.  
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Table 4: correlated parameters for alert/alarm detection 

Violating parameter Related parameter to be monitored Use case 

Conductivity Chloride, nitrate, calcium, 
magnesium 

Drink water 

Pressure Flow rate Waste, rain & drinking water 

Flow rate Pressure Waste, rain  & drinking water 
 

Table 5: Functional requirements 

Ref Description Comments 

FR-01  The system MUST measure the 5 critical parameters listed in Table 
2. 

 

FR-02  The system SHOULD measure one or more of the parameters listed 
in Table 3. 

 

FR-03  The system SHOULD cover the measurement range and precision 
of the parameters as expressed in tables 1 and 2. 

 

FR-04  The system SHOULD measure 4 physical/rheological   parameters 
and 5 chemical parameters 

As mentioned in the project 
DoA 

FR-05  The PNODE MUST be able to detect itself (without off-node 
processing) an alert or alarm based on sensors’ measurements.  

 

FR-06  The PNODE MUST be able to carry out thresholding as well as 
averaging or trend detection over 5 data points. 

For alarm or alert detection 

FR-07  In their regular range of operation, critical parameters MUST be 
acquired once per minute, non-critical parameters, once per 5 
minutes  

 

FR-08  When a single parameter enters a non-regular level (above or below 
alert level) all the correlated parameters MUST be acquired once 
every 30s, and the non-critical parameters SHOULD be acquired 
once every 2 min 

 

FR-09  All the collected data MUST be transmitted to the WMS at least 
once a day 

 

FR-10  The time of sending data to the WMS SHOULD be defined within 
the configuration 

 

FR-11  The PROTEUS node MUST have enough memory to store all the 
sensor measurements made between communications  

PROTEUS needs to have the 
capacity to store all the 
measurements made between 
communication cycles in order 
to not lose any data  

FR-12  If a critical or non-critical parameter passes alarm threshold for 4 
consecutive measurements, the information MUST be transmitted 
immediately to the SCADA 

 

FR-13  If a critical parameter remains above alert threshold for 10 
consecutive measurements, the information MUST be transmitted 
immediately to the SCADA.  

 

FR-14  If a non-critical parameter remains above alert threshold for 15 
consecutive measurements, the information MUST be transmitted 
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immediately to the SCADA. 

FR-15  In case of alert/alarm transmission, the transmitted 
information SHOULD be the measurements of all correlated 
parameters (Table 4), during the full alert/alarm period plus 
the last measurements before alert/alarm. 
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5 Physical requirements 
5.1 Power consumption/autonomy 
One of the key requirements for the PROTEUS Node (PNODE) is related with its power consumption 
profile. Accounting for the limited quantity of energy collected by the harvesters and the limited 
capacity of the energy storage unit, the PNODE must operate under an advanced power management 
strategy.  

The total amount of energy spent by the PNODE is determined by the voltage, current supply and 
timing profile of the operation, resulting in the generic and well known equation given by, 

𝐸𝑛𝑒𝑟𝑔𝑦 =  ∫ 𝑝(𝑡)𝑑𝑡 =  ∫ 𝑣(𝑡)𝑖(𝑡)𝑑𝑡
𝑡2

𝑡1
       [1]

𝑡2

𝑡1
 

where p(t) represents the electrical power consumption, in watt, of the PNODE. An analysis of 
equation [1] reveals that an effective power reduction can be achieved not only by optimizing the 
voltage-current product but also by reducing the time that the PNODE is effectively in a full operation. 
Initial calculation yields an estimate of the energy requirement at maximum 1Wh per day for the 
PNODE as a whole. Therefore, the design must integrate a range of techniques applied both at circuit 
and system levels, including: 

� reducing the voltage power supply, designing circuits able to operate under 1 volt supply, 
� designing low power circuits by using less current, 
� defining the minimum number of operations needed for each state, to reduce the total current, 
� optimizing the timing profile through an extensive use of duty cycling. This aspect is of crucial 

importance since it involves not only the PNODE per se but also the WMS application 
algorithm profile, 

� optimizing the software code in terms of its energy efficiency, being aware of the available 
energy. 

To understand the impact of power consumption on requirements, it is helpful to check a typical 
PNODE architecture at this stage (a more detailed description based on actual design is included in 
deliverable D2.1), depicted in Figure 7Figure 7: the power management of the PNODE also includes 
duty cycling. The analogue front end (AFE) is used for the sensor-interfacing step and it also performs 
the analogue signal conditioning before the digitization done by the analog-to-digital converter (ADC). 
The resulting digital data is further (if needed) processed by the digital part, which may include a direct 
memory access (DMA) scheme, a digital hardware accelerator (ACC) and the microcontroller (MCU). 
The latter is responsible for the operation of the PNODE, including the control of the power duty 
cycling strategy and algorithm, through the energy and power management unit (EPMU). The energy 
for the device operation is collected by the harvesters units, as analysed in section 9.1, and eventually 
stored in a short-term energy buffer (supercapacitor) and/or long-term energy storage (battery). 
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Figure 7: the power management of the PNODE also includes duty cycling. 

Based on this typical architecture, we propose the following power requirements  

Table 6: Power Requirements  

Ref Description Comments 

PR-P-01  The Proteus Node MUST be able to operate without connection to a power 
supply network 

 

PR-P-02  The PNODE MUST have an autonomy at least two years, between battery 
changes 

Ideally five years in 
regular mode. 

PR-P-03  The PNODE MUST include an energy harvesting system integrated with a 
temporary energy storage device (either short or long term storage such 
as battery or ultra-capacitor) for enabling self-powering capability.  

Based on the 
Description of Action, 
the device is expected 
to harvest energy from 
its environment, collect 
it into a temporary 
energy storage and 
then delivered to the 
PNODE through the 
energy management 
module  

PR-P-04  The energy harvesting system SHOULD support the use of more than one 
type of local energy sources 

To facilitate the 
installation in distinct 
environments 

PR-P-05  The Proteus Node device operation MUST monitor the available energy Knowing the available 
energy improves the 
selection of the 
appropriate operational 
node state in each 
moment  

PR-P-06  The Proteus Node MUST provide at least three modes of power 
consumption: Nominal, Reduced and Panic mode  

To allow global energy 
management  

PR-P-07  The Sleep mode SHOULD be ultra-low power To increase duration of 
operation 
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PR-P-08  The PROTEUS node MUST warn the WMS in the event of low power and 
send the last critical data after moving to the lowest energy consumption 
state (Panic mode) 

 

 

5.2 Safety/Reliability  
Table 7: Safety and Reliability requirements 

Ref Description Comments 

PR-S-01  The system MUST be compliant to safety 
standards  

x EMC – ERM compatibility: Electromagnetic 
compatibility and radio spectrum matters (ERM) 
for radio equipment using an integral antenna 
transmitting signals 

x Council Directive 98/83/EC of 3 November 
1998 on the quality of water intended for human 
consumption 

PR-S-02  The PNODE SHOULD have 2 year life time  

PR-S-03  The PNODE body MUST comply to European 
regulation  

Only the body of the probe is concerned. The active 
part of a sensor is out of scope. 
Several agreements are imposed in Europe :  
- ACS (Attestation de Conformité Sanitaire) in 

France. One of the strictest worldwide.  
- KTW (Kunstsoffe und Trinkwasser) in Germany : 

only with platic materials 
- WRAS (Water Regulations Advisory Scheme) in 

UK. 
In the USA, the equivalent of the ACS is the 
NSF/ANSI standard 61  

PR-S-04  The PROTEUS Node SHOULD operate 24/7   

 

5.3 Casing: physical size and weight 
Table 8: casing related requirements 

Ref Description Comments 

PR-C-01  The PROTEUS Node MUST feature a target size of 1/10 of 
the state of the art comparable market devices.  

This was a requirement from the 
project call. It corresponds to a 
diameter of 35mm as identified in 
D1.3. 

PR-C-02  In the visit chamber, the PNODE MUST NOT be directly in 
the flow axis 

To prevent occlusion caused by the 
sensor. 

PR-C-03  The geometry of the sensor housing MUST be designed in 
order to prevent occlusion in the pipe 

 

PR-C-04  The system in waste and rain water MUST be in contact 
with water 

The water do not usually fill the 
whole pipe.  
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PR-C-05  The parts of the PNODE body in contact with drinking water 
MUST be in materials approved for contact with this type of 
water 

KIWA regulations 

PR-C-06  The parts of the system  inside the visit chamber of waste 
water MAY be approved for ATEX certification 

 

PR-C-07  In-pipe installation of sensors MAY be acceptable when no 
occlusion risk exist and installation is compatible with the 
pipe diameter, age and material. 

The first goal is to place the sensor 
in many points of drinking water 
network. Consequently, the size of 
the sensor must be in accordance 
with paddle clamp size installed on 
pipes. A full port valve connected to 
the paddle clamp allows the 
introduction of the sensor in the full 
water circuit. 
Optimal size : 1” (25.4mm) 
Upper limit size : 35mm 
The lower limit of pipe diameter 
should be DN 63. 

PR-C-08  The specific gravity of the sensor MUST be over one.  Expected over 1.03. In order to 
facilitate the immersion in water 
with high saline density in tanks for 
waste water treatment plant. 

PR-C-09  The sensor SHOULD be defined in two parts. The sensor 
cap which is the spare part active for sensing. The node 
which is the major electronic part. The two housings MUST 
be linked by a watertight connection. 

Elements of the sensor: The global 
life time of the active part of the 
sensor is not currently known. The 
components of the studied fluid may 
reduce significantly the life time due 
to chemical leaching, abrasion, 
mechanical shocks or vibrations 
and water hammer. 

 

5.4 Robustness  
Table 9: robustness related requirements. 

Ref Description Comments 

PR-R-01  The PNODE MUST be water resistant IP68 The larger scale of pressure 
defined in D1.1 for drinking water 
network is 0-16 bars. 
Consequently, the product must 
complied the specification for 
degrees of protection provided by 
enclosure  : IP68 code ; Protected 
against permanent immersion, until 
20 bars. 

PR-R-02  The system to waste water MUST resist to corrosive 
environment 

The product must overcome 
aggressive environmental 
conditions and chemicals. For 
example, in drinking water, the 
maximum residual disinfectant level 
is 5mg/l.  
No known standards and target 
have been identified. 
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PR-R-03  When mounted into a visit chamber or a drink water pipe, 
the PNODE and its mounting in the pipe/chamber MUST be 
able to withstand mechanically the maximum flow rate and 
pressure likely to occur in the system.  

No part of the device should 
disassemble under the high 
pressure within the pipe 

PR-R-04  The part of the PNODE not exposed to water MUST 
withstand exposure to H2S 

For waste water 

PR-R-05  The storage temperature range MUST be extended from -5 
to 60°C. 

Temperature durability of material: 
In D1.1, the temperature inside the 
visit boxes and surface near the 
cover, where the devices are likely 
to be placed, may vary between 
5ºC and 50ºC. In a larger scale of 
use and countries 
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6 Software requirements 
Table 10: software requirements 

Ref Description Comments 

SR-01  The PROTEUS node MUST offer hybrid processing 
capabilities with predictive, reactive and cognitive capabilities 
spanning across analog domain, dedicated logic-digital circuit 
and MCUs 

Objective part of the DoA. 

SR-02  The PROTEUS system MUST provide a trade-off between 
energy consumption and communication overhead (also 
affecting energy) when selecting processing mode 

Software code must be energy 
optimized in order to reduce the 
processing time and consumption 

SR-03  The PNODE MUST provide the PROTEUS system with the 
ability to support several operation modes of the PNODE 
through an operational system software (state machine 
implementation) running in an ultra-low power microcontroller 
(MCU) 

 

SR-04  The PROTEUS system MUST be able to run smart application 
software algorithms (e.g. value or pattern extrapolation) 

 

SR-05  The PROTEUS system MUST provide the PNODE with the 
ability to adapt the monitoring profile of each critical and non-
critical parameter in terms of measurement frequency and 
data transmission time  

According to situation encountered e.g. 
existence of alerts/alarms (based on 
received measurements) 

SR-06  The PNODE MUST execute each processing function in the 
domain where its “power usage footprint” is lower 

 

SR-07  The PNODE MUST adjust its operation mode based on its 
energy state 

Energy consuming functions such as 
averaging and trending detection of 
critical parameters may be redirected 
from the PNODE to the WMS in order to 
save power 

SR-08  The PNODE MUST be able to feed the processing units with 
decoupled signals based on the commands of these units to 
the sensor elements 

The signal coming from each sensor can 
be routed and independently  processed 

SR-09  The PROTEUS system MAY provide filtering means to reduce 
the noise from measurements 

 

SR-10  The PROTEUS system MUST BE ABLE TO handle the 
{Name, Criticality, Minimum, Maximum, CurrentValue, 
Precision, MinAlarm, MinAlert, MaxAlert, MaxAlarm, 
MeasurementFrequency, TimeToTransmit} of each 
measurable parameter based on the current use case 

 

SR-11  The PROTEUS system MUST offer bidirectional 
communication between PNODE and the WMS 

So as to enable a) pull measurements 
from PROTEUS node and to issue keep 
alive signals, b) to configure the 
PROTEUS node through over-the-air 
parameterization and c) to update the 
PROTEUS node code through over-the-
air programming 

SR-12  The PNODE SHOULD offer bidirectional communication RS 
485, Modbus RTU  protocol  

To configurate/calibrate in factory 

SR-13  The PROTEUS system MUST be able to change the 
Monitoring Profile of each parameter independently in case of  

Implementation of this requirement 
should still satisfy FR-08 and FR-15. 
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Alert or Alarm event 

SR-14  The PROTEUS system MUST extrapolate sensing data for at 
least one parameter (the more critical one) upon user or 
system request 

i.e. a) investigation if an alert is likely to 
be raised in the short (5 to 15min) term 
and then if there are the required (e.g. 
for sensing and communication) energy 
resources, b) no reading (malfunction?) 
or irregular (out of defined range) data is 
received from sensor, c) large variation 
or large noise in measurements, and d) 
large rate of change of a detectable 
Parameter, so as to issue a warning for 
an emergency 

SR-15  The PROTEUS system MAY provide short term (time) 
extrapolation in PNODE and long term (time and space) and 
more precise in the WMS 

 

SR-16  The PROTEUS system MAY PROVIDE the WMS with the 
ability to train the smart application software algorithms for 
extrapolation and then to send to PNODE their 
parameterization 

 

SR-17  An Analog Front-end API MUST be provided to PROTEUS 
nodes for abstraction of the complexity of the Analog Front-
end 

Analog Front-end API must hide some of 
the technologic complexity. For instance, 
when a programer specifies a filter 
function, the number of filters and 
amplifiers used, as well as the routing of 
analog signals is hidden. 

SR-18  Communication APIs MUST be defined to specify the 
communications between the  PNODEs, the PROTEUS WMS 

A communication protocol and 
communication messages must be 
defined 

SR-19  A data model MUST be defined to specify how data 
(measurement data and corresponding metadata e.g. 
parameter name, timestamp, etc.) is stored and read in 
PNODE. 

 

SR-20  The PROTEUS node MUST be able to generate all the 
signals to configure the Analog Front-end without the need for 
external tools  

The Analog Front-end must be 
parameterized using internal signals of 
the PNODE 

SR-21  The Analog Front-end MUST be re-configurable in runtime Proteus node must be able to change 
the configuration of the Analog Front-
end at any time 
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7 Lifecycle requirements 
7.1 Supply chain management 

Table 11: supply chain management related requirements 

Ref Description Comments 

LR-S-01  The WMS MUST produce data in modbus/profibus The 2 main communication 
protocols of probes on the 
instrumentation market for water 
quality are : 
- Modbus RS485 (Europe and 

Asia) 
- 4-20 mA (USA) 

SMAS SCADA connectivity is 
RS233/modbus 
Protocol transfer is expected to take 
place at WMS level to allow for low 
power transmission between 
PNODEs and WMS 

LR-S-02  The system MUST support connectivity to SCADA  SCADA are usually deployed in 
utilities command center 

LR-S-03  Each PNODE sensor part MUST be replaceable easily and 
independently from the rest of the PNODE  

Sensor part may accidentally be 
damaged especially in hard 
conditions. Relates to PR-C-09 

 

7.2 Certification & calibration 
Table 12: certification and calibration requirements 

Ref Description Comments 

LR-C-01  The system MUST be factory-calibrated. Standards to be followed: 
- ISO 17025 and ISO 15839 : Standard 

methods for tests and calibrations 
(Accuracy and data analysis method) 

- ISO-7888 : conductivity 
- ISO-7393 : Chlorine 
- ISO-10523 : pH 
- ETSI EN 301 489 – 7, ETSI EN 301511 and 

EN 60950-1 : EMC – ERM compatibility 
- FCC Class B products (US Market) 
- BS EN 60529: 1992 : Specifications for 

degrees of protection (IP68) 
 

LR-C-02  The system MUST compensate for pH and 
temperature variations.  
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LR-C-03  The drift of the system during PNODE lifetime 
MUST be known and compensated.  

 

LR-C-04  The PNODE should not require frequent calibration Calibration frequency not higher than twice a 
year 

LR-C-05  The calibrations SHOULD be friendly and in situ On-site calibration is wished whenever 
possible, even by exchanging sensor head 
with a calibrated one. Except with standards 
solutions like pH buffers, reliable conditions of 
calibration are not easy to carry out for the 
customer in basic laboratory or in the field.  

LR-C-06  The PNODE SHOULD provide a RS485 modbus 
RTU cabled access 

For Offline calibration or functional control of 
the sensor node, the operator must locally 
have a handheld device directly plugged to 
the node in order to initiate a master-slave 
communication (RS485 modbus RTU) and 
view the current value of each parameter. 

7.3 Maintenance 
Table 13: maintenance related requirements 

Ref Description Comments 

LR-M-01  PNODE SHOULD NOT need maintenance at a frequency 
higher than once a year 

 

LR-M-02  The battery replacement MUST not decrease the IP 
protection 

In case of super-capacitor as 
temporary energy storage in place 
of a battery, the replacement is not 
needed. 

LR-M-03  The PNODE MUST be easy to withdraw from a pipe under 
pressure 

See PR-C-07. 

7.4 Monitoring & self-test  
Ref Description Comments 

LR-T-01  An electronic auto-test SHOULD be implemented in the 
node to check each parameter in a specific mode. 

 

LR-T-02  It SHOULD be possible to specify the order of the 
parameters test sequence 
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8 Implications to system co-
design 

8.1 Operational node states 
Deliverable D1.1 [5] identifies 3 different use cases for project PROTEUS associated with the 
monitoring of: 

x Drinking water distribution network 
x Waste water collection network 
x Rain & storm water evacuation network 

These use cases, associated with PROTEUS system requirements, have been discussed during a 
project workshop and have led to the identification of 6 scenarios for the PROTEUS system, 
representing proposed modes of operation for the PROTEUS node: 

1. Regular Measurement mode: regular measurements are taken from primary sensors. Values 
can be taken/memorized will minimal processing. However it can also perform more 
elaborated (smart algorithmic based) processing, for example, to aggregate data, detect 
alerts, etc. 

2. Alert Measurement mode: when in alert mode, measurements are taken from primary 
sensors with increased frequency, while secondary sensors may be also activated, and data 
is prepared to be sent more frequently. The Alert state comprises 2 substates, i.e. Alert and 
Alarm, which have different Monitoring Profiles as described in D1.1 and recapped in section 
4 of this deliverable in terms of functional requirements, and 1 additional substate, i.e. 
Extrapolation. 

o Alert substate is evoked when at least one measurement is between the alert and the 
alarm thresholds. 

o Alarm substate is evoked when at least one measurement passes the alarm 
threshold. 

o Extrapolation substate is evoked when there is need for predicting the current or 
future value e.g. due to malfunction or irregular (out of range) measurement, large 
variation or large noise or unexpected rate of change, the latter cases leading to more 
smart processing and need to communicate with PROTEUS Water Management 
Service. 

3. Control/signalling mode: when in control/signalling mode, the PROTEUS node receives 
configuration messages from the PROTEUS Water Management Service (based on SCADA) 
comprising e.g. parameterization 

4. Communication mode: in this mode, the PROTEUS node is transmitting data (keep alive 
signals and sensing data). An ACK is received from the PROTEUS Water Management 
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Service. The PROTEUS Water Management Service may be able to use this ACK to send a 
control command to the device.  

5. Sleep mode: the device enters into this mode every time it does not have anything to do. No 
measurements/processing/transmission, but waiting for control commands. This state is 
essential to extend the autonomy. 

6. Panic state: running out of energy “very soon”. The device must proceed with data 
transmission and transition to Sleep mode. 

Transitions from one mode to the other is triggered by commands (imposed by PROTEUS Water 
Management Service) or events (either node-related or environment-related).  

The PROTEUS Node must be able to respond to 4 commands (Start, Send, Update, GoToSleep): 

1. Start: The PROTEUS Water Management Service sends this command in order to set the 
PROTEUS node from the Sleep state to the Regular state. 

2. Send: The PROTEUS Water Management Service sends this command in order to set the 
PROTEUS node to the Communication state, so that the PROTEUS node transmits on 
demand the last data from all sensor elements that are relevant to the defined use case. 

3. Update: The PROTEUS Water Management Service sends this command in order to set the 
PROTEUS node to the control/signalling state in order to process a configuration message 
from the PROTEUS Water Management Service comprising e.g. parameterization of the 
software. 

4. GoToSleep: The PROTEUS Water Management Service sends this command in order to set 
the PROTEUS node to the Sleep state. 

The system and more specifically the PROTEUS node must respond to 6 basic trigger events 
(AlertLevelReached, TimeToTransmit, UpdateCompleted, TransmissionCompleted, NoAlertAfterX, 
NoEnergy), plus to one composite, more complex, event (Malfunction| LargeVariation| LargeNoise| 
UnexpectedRate) the latter leading to more smart processing. These act as inputs to the states 
provoking the transition from a state to another, while having additional effects (outputs of the 
transition). Detailed description of the triggers:  

1. AlertLevelReached: This trigger event is true when either at least one measurement is 
between the alert and the alarm thresholds (AlertThresholdBypassed) or at least one 
measurement passes the alarm threshold (AlarmThresholdBypassed). 

2. TimeToTransmit: This trigger event is true when it is time for either a transmission in regular 
or alert state or for a keep alive signal. 

3. UpdateCompleted: This trigger event is true when the PROTEUS node has completed the 
updates that are instructed by the previously received “Update” command. 

4. TransmissionCompleted: This trigger event is true when the PROTEUS node has completed 
the transmission of either measurements in a regular or alert state or a keep alive signal. 

5. NoAlertAfterX: This trigger event is true when all measurements (from the parameters that 
are relevant to the defined use case) are not passing the alert or alarm thresholds, having an 
observation window in time of X. 

6. NoEnergy: This trigger event is true when the energy level of the PROTEUS node reaches 
the lowest level. 
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7. ExtrapolationRequired: This trigger event is true when there is need for predicting the 
current or future value e.g. due to malfunction or irregular (out of range) measurement, large 
variation or large noise or unexpected rate of change.  

8. ExtrapolationNotRequired: This trigger event is true when there is no further need for 
predicting the current or future value. 

Below we provide the state transmission table for the system. In Command or event column and in 
quotes, we consider a command received by the PROTEUS node from the PROTEUS Water 
Management Service (based on SCADA). 

Table 14: PNODE state transmission table 

Modes of 
operation Command or event Next modes of 

operation 
Output (action the node must 

carry out) 

Sleep “Start” Regular Activate primary sensors 

Regular “GoToSleep” Sleep 
Deactivate primary sensors 

Put the sensor in sleep mode 

Regular TimeToTransmit Communication 
Keep alive signals 
Data sent to WMS  

Regular AlertLevelReached Alert 

Increase measurement 
frequency 

Change TimeToTransmit 
(communication periodicity) 

May activate secondary 
sensors if requested by use 
case and/or possible with 

energy budget 

Regular 

ExtrapolationRequired Alert May predict next expected 
measurements 
May/Must go to 

Communication mode to send 
warning  

Alert ExtrapolationNotRequired Regular - 

Alert NoAlertAfterX Regular 

Decrease measurement 
frequency 

Deactivate secondary sensors 
in case of previous activation 

Alert “GoToSleep” Sleep 
Deactivate primary sensors 

Deactivate secondary sensors 
in case of previous activation 

Alert TimeToTransmit Communication Data sent to WMS 
immediately 

Node control UpdateCompleted 
Previous state 

(Sleep, Regular, 
Alert) 

Return to previous state 

Communication TransmissionCompleted 
Previous state 

(Sleep, Regular, 
Alert) 

Return to previous state 
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Communication TransmissionCompleted and 
previous state is Panic Sleep Go to Sleep to charge 

Sleep 
Regular 

Alert 
“Update” Node control 

Over the air parameterization 
(define threshold, alert levels) 

Over the air programming 

Sleep 
Regular 

Alert 
“Send” Communication Data sent to WMS 

immediately 

Regular 
Alert 

Communication 
Node control 

NoEnergy (Energy runs out) Panic 
Go to Communication mode to 

send warning (and data) to 
WMS 

Next figure displays the corresponding state diagram of the PROTEUS system (and essentially of the 
PROTEUS node) is presented, depicting the aforementioned modes as states and the transition 
among the states. 

 

Figure 8: PROTEUS system state diagram 

In the figure that follows, we zoom in the Alert state to highlight the internal substates. 
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Figure 9: Substates of the alert state 
8.2 Scenarios of power usage 
Requirements show that several power usages should be available for the PNODE. The present 
section proposes a possible description of power modes, as well as cases when each type should be 
applied depending on energy state of the PNODE. This is summarized in Table 15.  

x The “Nominal Power” represents the case when the harvester and/or energy storage do not 
impose extra restriction to the microsystem operation. However, the circuits should maintain 
their power optimized during operation. Each PNODE state determines its own “Nominal 
Power” level, reflecting the loaded configuration. The supply current should not exceed 100 
mA, which corresponds to a maximum power of 0.1W at supply voltage of 1 V. 

x The second power state, named as “Reduced Power”, is applied whenever the harvesters 
and/or energy store cannot sustain enough energy for a long-term operation period. In this 
case the PNODE state shall determine the subtasks that can be stopped. More specifically, an 
extra reduction of power should be achieved by reinforcing the duty cycle, i.e. increasing the 
sleeping time, and/or reduce the number of primary sensors. The number and type of sensors 
to be disconnected should be reconfigurable. The specificities of the reduced power mode 
must be adjustable depending on the current mode of operation of the node. In terms of 
supply current. it should not exceed 10 mA which corresponds to a maximum energy power of 
0.01Wh at supply voltage of 1 V. 

x Finally, the Ultra-Low Power mode (ULP) is activated each time the PNODE enters into 
Sleep State.  In this mode the AFE is powered off, the MCU operates at a very low power 
level (namely by reducing its clock frequency) and also a low power Real Time Clock (RTC) is 
running to trigger the wake-up of the PNODE. The power management may be active to 
charge the energy storage elements. In terms of supply current, it should not exceed 10 µA 
which corresponds to a maximum energy power of 0.00001Wh at supply voltage of 1 V. 
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Table 15: Power consumption scenarios   (ULP – Ultra Low Power). 

 

  

State
State of stored 

energy | Available 
power

Regular Meas 
(RM)

Alert Meas 
(AM)

Control/signalling 
(CS)

Communication 
(COM) Panic Sleep

Full Nominal Pwr Nominal Pwr Nominal Pwr Nominal Pwr - ULP Harvester has 
enough power

Half Nominal Pwr Nominal Pwr Nominal Pwr Nominal Pwr - ULP Harvester has 
enough power

Empty Nominal Pwr Nominal Pwr Nominal Pwr Nominal Pwr - ULP Harvester has 
enough power

Full Nominal Pwr Nominal Pwr Nominal Pwr Nominal Pwr - ULP
Part of the 

energy from 
storage

Half
Reduced Pwr: 
reinforce duty 

cycle

Reduced Pwr: 
reinforce duty 

cycle

Reduced Pwr: 
reduce signalling, 

block some 
operations

Reduced Pwr: 
reinforce duty 

cycle, decrease 
TX power

- ULP
Part of the 

energy from 
storage

Empty go to panic go to panic - -

prepare node 
to sleep and 
send panic  

msg

ULP

Harvester is not 
enough to 

sustain node 
operation

Full Nominal Pwr Nominal Pwr Nominal Pwr Nominal Pwr - ULP Running from 
energy storage

Half
Reduced Pwr: 
reinforce duty 

cycle

Reduced Pwr: 
reinforce duty 

cycle

Reduced Pwr: 
reduce signalling, 

block some 
operations

Reduced Pwr: 
reinforce duty 

cycling, 
decrease TX 

power

- ULP Running from 
energy storage

Empty go to panic go to panic -

prepare node 
to sleep and 
send panic  

msg

ULP Running from 
energy storage

Inactive Discharging

Harvester
Energy storage Power consumption Modes (node states)

Observation

Active

Charging

Discharging
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8.3 Sub-functionalities to implement in 
the node  

After a careful analysis of the requirements described in Sections 5, 6 and 7, we have concluded to a 
number of primitive functionalities that should be implemented in the sensor node at least at first. They 
represent basic functionalities that will populate the main functional blocks of the node (sensors, 
conditioning, A/D, MCU, dedicated digital logic, memory, transmitter, etc. – see Figure 10), in order to 
enable (individually or cooperatively) the operation of these blocks/components. Measurement of the 
energy consumption of these functions will be achieved and published in D2.1, so as to compute the 
energy budget of the node operation in several indicative scenarios. 

 

Figure 10: Main functional blocks of the node and interfaces 

In the following part, we summarize the primitive functionalities together with the input parameters that 
determine their operation and energy consumption. 

1. Transducer function (conversion from sensor measurements to voltage). 

Input parameters: a) Type of sensor, b) Response time. 

2. Write function (storage from digital processing to memory). 

Input parameters: a) Number of bits (data going out of A/D - 12 max/adjustable), b) Type of 
memory, c) Time of storage. 

3. Data modulation function (preparing and conveying data into the signal to be transmitted). 

Input parameters: a) Array size (including overhead and payload – 8 bit/digit), b) Timestamp 
associated to data (and maybe other metadata). 
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4. Reading function (reading from memory to digital processing). 

Input parameters: a) Number of bits, b) Type of memory, c) Time of storage. 

5. Transmission function (transmitting data). 

Input parameters: a) Array size with data to be transmitted, b) Type of communication, c) Bit 
rate. 

6. Receive function (receiving data). 

Input parameters: a) Array size with configuration info, b) Type of communication, c) Bit rate. 

7. Wake up function (triggering measurements). 

Input parameters: a) Time of wake up, b) Type of controller (several sleeping modes may be 
considered). 

8. A/D conversion function (analog to digital conversion). 

Input parameters: a) Resolution, b) Number of expected bit (to be defined dynamically). 

9. D/A conversion function (digital to analog conversion). 

Input parameters: a) Number of expected bit (to be defined dynamically). 

10. Digital average function (averaging in digital domain). 

Input parameters: a) Number of digits, b) Number of samples. 

11. Analog average function (averaging in analog domain). 

Input parameters: a) Time of averaging. 

12. Digital threshold function (comparing with threshold in digital domain). 

Input parameters: a) Threshold value (always digital), b) Hysteresis window. 

13. Analog threshold function (comparing with threshold in analog domain). 

Input parameters: a) Threshold value (always digital), b) Hysteresis window. 

14. Compensation function. 

Input parameters: a) Type of measurement, b) Lookup table (hardcoded), c) Temperature. 

15. Aging compensation function. 

Input parameters: a) Lookup table, b) Sensor model. 

16. Switch function (between processing blocks – analog, digital, MCU, ARM). 

Input parameters: To be defined. 

17. Extrapolation function (predicting future value or pattern). 
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Input parameters: To be defined. 

18. Integral function. 

Input parameters: To be defined. 

19. Derivative function. 

Input parameters: To be defined. 

20. Fast Fourier Transform (FFT) function (for conductivity computation). 

Input parameters: To be defined. 

In the following figure, we attempt a first mapping of primitive functionalities to the node’s functional 
blocks. 

 

Figure 11: Mapping of primitive functionalities to the node’s functional blocks 
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9 Design constraints 
9.1 Energy budget 
9.1.1 Energy sources and harvesting systems 
The energy sources available in the environment of the water network (SMAS, Almada, Portugal) include mainly 

solar, kinetic energy from vibrations and traffic, water flux.  

Figure 12 shows schematics of a self-powering wireless sensor node integrated with a harvesting 
system and temporary energy storage. Thermal energy and electromagnetic energy at radio frequency 
(RF) are also present but in smaller amount. In fact, temperature differences located around the 
monitoring points, for instance inside and outside manholes, or between pipes, do not reach more 
than 40 degrees, on average, thermoelectric generators may not be efficient within this range3,4. On 
the other hand, electromagnetic waves from WIFI, GSM have very low density (Figure 13).  

 

 

Figure 12: Available energy sources and self-powering wireless sensor. 

 

                                                      

 

3 http://thermoelectric-generator.com/thermoelectric-power-generator-module-selection/ 
4 Harb, Adnan. "Energy harvesting: State-of-the-art." Renewable Energy 36.10 (2011): 2641-2654. 
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Figure 13  - Texas Instruments, Energy Harvesting – White paper 2009. 

Depending on the energy type, the electrical generator can be based on piezoelectric, 
electromagnetic, photovoltaic cell or micro hydroelectric turbine. As the power sources are variable in 
time, depends on the location and has different output characteristics (AC, DC), a temporary storage 
system that collects the generated electricity is strictly necessary. Once rectified, the electrical signal 
will recharge the storage system (for example, battery or super-capacitor) and then the power will flow 
from to the end user device (wireless node) when required. For these reasons, power electronics is 
required to interface one or more generators to the storage system and then to manage the delivery of 
the electrical energy to the sensor node. The use of a battery, both as stand-alone power system or 
temporary storage, presents the inherent problem of limited recharging cycles (typically 300 - 500). As 
it can be seen from Figure 14, after a couple of years, the battery power density and capacity is 
drastically reduced. For this reason, super-capacitors will be considered as valid alternative, even if at 
the cost of lower energy density5,6.   

 
Figure 14 - Power density of energy harvesting systems and batteries. S. Roundy et al. 7.  

In general, the energy required by the wireless node will depend on the use cases: sensor type and 
sampling frequency, transmission frequency and distance, remote intervention etc. Based on the 

                                                      

 

5  Van Voorden, Arjan M., et al. "The application of super capacitors to relieve battery-storage systems in autonomous 
renewable energy systems." Power Tech, 2007 IEEE Lausanne. IEEE, 2007. 
6 Chu, Andrew, and Paul Braatz. "Comparison of commercial supercapacitors and high-power lithium-ion batteries for power-
assist applications in hybrid electric vehicles: I. Initial characterization." Journal of power sources 112.1 (2002): 236-246. 
7 S. Roundy, P. K. Wright, and J. M. Rabay, “Energy Scavenging For Wireless Sensor Networks with special focus on 
Vibrations” Kluwer Academic Publisher, 2004. 
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characteristics of monitoring points and sensing functionality, one or a combination of more power 
sources will be implemented. The main criteria that will guide this choice will include: 

x energy reliability,   
x physical robustness,  
x device lifetime, 
x cost-effectiveness, 
x installation easyness 

 
In the following, we will show some reference examples of harvesting technology with comparable 
physical characteristics in order to provide a comparison based on the mentioned features. In 
particular, for each generator type, the produced energy is estimated over a time interval of 5 years. 
Within this period, the cost and lifetime cycles are taken into account.   

9.1.1.1 Vibrational Energy Harvesting 
Measurements of vibrational levels were taken by NiPS in collaboration with SMAS in critical points 
along the water network at 1st April 2015. In particular the accelerometers were placed on different 
pipes of drinkable water, on the stairs within manholes of waste and rain waters and onto their covers 
close to the roads (Figure 15). The detected vibrational signal is mainly noise and, in some cases, a 
wideband vibration with a peak amplitude around 370 Hz. However, the acceleration level resulted 
around 0.02 g RMS, well below the useful level we expected (at least 0.1 g), and which is needed for 
the actual state-of-art vibration energy harvester.  

The estimation of generated power is carried out with nonlinear electromagnetic VEHs prototypes 
developed at NiPS at University of Perugia (Italy) showed in Figure 17: (A) Halbach, (b) Nonlinear 
Buckled Beam and (c) Planar type. The calculations are based on the vibration signals taken at 
Almada passed to the Halbach generator which resulted the best one. The maximum output voltage 
results 5.3 mV, with current of 21 µA through an optimal resistive load of 2500 ohm. Hence, the 
generated power results 1.15 µW and the total energy produced results 27.6 µWh per day.  

 

 

Figure 15 - Vibration measurements in SMAS water network, Almada, taken on 1st of April 2015. 
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Figure 16 - (Top) vibrational acceleration along X, Y and Z direction (white, green and red respectively) and 
(bottom) RMS FFT of vibrations measurement taken on drinkable water pipe at SMAS, Almada, on 1st of April 

2015. The max RMS acceleration resulted 0.025 g for vertical direction at 372 Hz. 

 

 

Figure 17 - Photographs of electromagnetic vibration energy harvester developed at NiPS - UNIPG: (A) Halbach, 
(b) Nonlinear Buckled Beam and (c) Planar type.  

In conclusion, even with the detected max level of vibrations, the expected power would be not over 
few micro Watts. At NiPS we can design a demonstrator capable of harvesting vibrational energy at 
0.03 g RMS of acceleration level, but the generated power will not be competitive with other energy 
sources. We have also observed that vibrations induced by traffic are not well transferred to the 
manholes covers because of the presence of dust, asphalt damping and weak mechanical connection. 
Nevertheless, the location of manholes, which are close to the roads, suggested the exploitation of 
piezoelectric pavements for harvesting the energy of traffic, by the direct compressive force of passing 
cars and trucks.  
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9.1.1.2 Piezoelectric Pavement 
The traffic passing close to monitoring points (mainly manholes along the water network) offers a good 
source of energy that is available both at night and day. The force exerted by a vehicle onto the road 
surface is typically higher than 15 kN per wheel, and the tyre contact pressure can reach 700 kPa, 
depending on the type of vehicle (Figure 7 (a)). Piezoelectric material has the ability to convert stress 
into charges and present an elastic modulus E usually higher than asphalt. For example, for Lead 
Zirconate Titanate (PZT), Ep=69 GPa, whereas, typical asphalt pavement has Ea = 5 GPa. This means 
piezoelectric layer can be installed under the surface of 50mm of porous asphalt and vehicles do not 
lose kinetic energy by compression of the pavement. In fact, the stiffer is the pavement, the lower are 
the losses of mechanical energy, so that the energy accumulated in form of elastic potential energy 
will be returned to vehicles.  

As a reference for a rough estimation, we considered the prototype piezoelectric module developed 
by Virginia Tech in 2014 (Figure 7 (b)) 8 and data extracted by literature9. The 30 x 30 x 4 cm3 
prototype of the Virginia Tech demonstrated a signal impulse of 0.2 s of duration with an output 
voltage of 400 V and 350 µA of current. The electrical power associated to that impulse is therefore P 
= 0.14 W.  
   

 

Figure 18 - (a) Example of piezoelectric pavement under asphalt for traffic energy harvesting. (b) Drawing of 
active pavement with module prototype made by Virginia Tech. 

By assuming around 400 vehicles per day (that is 1 vehicle each 3.6 minute), the daily energy 
produced is 3.11 x 10-5 Wh/d per vehicle per module, and the total daily energy produce per module 
results 11.2 J or 1.24 x 10-2 Wh/d. In addition the total cost for the Virginia Tech prototype is around 30 
euros, which is quite high. However, in order to cover a larger piece of asphalt the module area can be 
extended to 100 x 30 cm2. We are also confident that the device cost can be lowered of factor 10 
through mass production, choice of piezoelectric materials, design optimization and, in case, the use 
of electromagnetic transducer in place of piezoelectric layer. Another advantage of an electro-active 
pavement with respect to photovoltaic is its immunity to dust and weather conditions.  

                                                      

 

8 D. K. E. Sustainability, "Assesment of piezoelectric materials for roadway energy harvesting," Virginia Tech 2014. 
9 H. Zhao, Y. Tao, Y. Niu, and J. Ling, “Harvesting energy from asphalt pavement by piezoelectric generator,” J. Wuhan Univ. 
Technol. Sci. Ed., vol. 29, no. 50908177, pp. 933–937, 2014. 
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9.1.1.3 Photovoltaic  
Integrating small photovoltaic cells with manholes covers will allow catching solar energy to power 
wireless nodes. It is evident that the choice of the cell type, size and brand can span over a wide 
range of commercial products. Just as a reference, here we have chosen OEM small thin film 
photovoltaic cell by PowerFilm Solar Inc. In particular, the model SP4.2-37 sizes 3.6 x 8.4 cm2 of area 
and 0.22 cm of thickness, generates 4.2 V and 22 mA at 100% of sunlight, it is lightweight and suitable 
to be attached onto the covers. However, the efficiency of ground-located cells can be affected by 
dust, crushed by transportations or subjected to adverse weather conditions. There are also models 
suitable for outdoor operations, such as the PT15-75 which is designed to resist to weather attacks. It 
sizes 9 x 27 cm2 and produce an output voltage of 15.4 V and current of 50mA.  

Figure 19 shows photos of the products and Figure 20 the related (I-V) current-voltage characteristic.  

 

Figure 19 - PV cells of PowerFilm Solar Inc. (left) SP4.2-37 and (right) PT15-75. 

 

Figure 20 - I-V characteristic for SP4.2-37 and PT15-75 (http://www.powerfilmsolar.com/). 
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Figure 21 - Daily sun radiation power density in Lisbon 10,11,12. 

In order to make an estimation of the average daily energy generated by the PV cells, we 
normalized the peak power by the average solar radiation at Lisbon coordinates (latitude 38.7° N, 
longitude 9.13° W) during the month of June taken as in Figure 21. The resulted energy generated by 
is 0.97 Wh/d and 8.1 Wh/d with a cost of 3 €  and 7 € for the SP4.2-37 and PT15-75 respectively.  

9.1.1.4 Micro Hydro Turbine 
Figure 22 shows a photo and output characteristics of a commercial micro hydro turbine (MHT) with 
size of 8.4 x 6.4 x 8.1 cm3 available on the market (model POW109D3B, from 
http://www.seeedstudio.com). The price is about 30 euros. This micro turbine has an integrated 
rectifier and a 300mAh built-in Lithium rechargeable battery. The output is a stable 3.6V DC voltage 
and 300 mA of current in operating conditions of 3 L/min of flowrate and temperature between 4°C and 
80°C. The recommended working pressure is between 0.5 and 2 bar with a maximum pressure of 17 
bar. This interval is close to the recorded daily values from SMAS which oscillated between 3.5 and 
4.5 bar, showed in Figure 23. With a bypass and a valve for pressure reduction it should be easy to 
adapt the water flowrate to best operational conditions. The material is nylon/glass fiber and 
polyformaldehyde, which is designed to be compatible with water. However, security regulations for 
materials suitable for drinkable water should be considered.  

                                                      

 

10 http://pveducation.org/pvcdrom/properties-of-sunlight/calculation-of-solar-insolation 
11 http://re.jrc.ec.europa.eu/pvgis/apps4/pvest.php?lang=en&map=europe 
12 http://solargis.info/doc/free-solar-radiation-maps-DNI 

http://www.seeedstudio.com/
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Figure 22 - Daily values of water pressure within pipes provided by SMAS. 

 

Figure 23 - Specific characteristics of the Micro Hydro Turbine 

The main issue of this generator is the duration of the embedded battery that is guaranteed only for 
1 year, due to the loss of performance of recharging cycles (typically between 300 and 500). By 
assuming a continuous operation, the daily energy produced results 25.9 Wh/d that is quite high 
comparing to other sources. If the wireless sensor consumption is just a fraction of this amount, we 
suggest to bypass the problem of the energy storage by replacing or integrating the battery with a 
super-capacitor.     

9.1.1.5 Stand-alone battery 
Here, we do not intend to provide a comprehensive  analysis of the optimal battery among the wide 
variety of commercial ones to be used as unique power source for the scope of the project. We aim at 
just giving a reference to compare the use of a generic stand-alone battery operating for 5 years 
versus other energy harvesting systems. As an example, we consider the High Power Polymer Li-Ion 
Cell (model 9759156-10C from www.batteryspace.com) showed in Figure 13 with a capacity of 37 Wh, 
output voltage of 3.7V and cost of about 40 euros. The stated number of charging cycles is 500, but if 
we assume no recharging (free-maintenance) to compare with other power sources, the consumption 
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of 1 charge over 5 years gives a limit of 844 µW of continuous power, that is only 0.02 Wh/d. In 
addition, the typical self-discharge rate of a rechargeable Li-ion battery is 2% to 3% per month. Which 
means that after a couple of year the battery is completely empty with disposal issues. The use of a 
non rechargeable battery (lithium or alkaline) could lower the price but with small impact on the total 
energy available.  

 

 

Figure 24 - High Power Polymer Li-Ion Cell (model 9759156-10C from www.batteryspace.com). 

In conclusion, a stand-alone battery without energy harvesting for recharging clearly appears not a 
good solution for a maintenance-free sensing operation. Nevertheless, a small rechargeable battery or 
a supercapacitor will be needed in the apparatus, as the energy produced by other type of generators 
has to be rectified and stored, and, subsequently, delivered to the electrical device when required. The 
use of a supercapacitor appears preferable because of (1) reduced performance degradation during 
recharging cycles and especially (2) because of the lower environmental impact of the materials.  

9.1.1.6 Comparison and conclusions 
The following plots summarize the comparison of different energy sources in terms of power density, 
energy and a preliminary rough estimation of the cost per module and energy unit. Note that, the 
vibrational energy harvester show very low performance due to the very low acceleration level (0.02g) 
present onsite. In case of higher vibration amplitude (>0.1g), for example close to motorway, electrical 
motors, bridges, this technology would become competitive with respect to others. Among others, 
micro hydro turbine shows the highest value of energy per day 26 Wh/d followed by photovoltaic, 
battery and piezoelectric pavement. In terms of power density, the best choice results the solar cell 
with 1.39 x 104 µW/cm3. Its form factor makes this technology suitable to be places onto manhole 
covers. However, the weather conditions and dust could deteriorates their performance over time. On 
the other hand, hydro turbine is not suitable for all use cases, for example waste and rain water pipes. 
Piezoelectric pavement has also a form factor similar to PV cells, that is suitable for ground installation 
along roads. 

 

 

http://www.batteryspace.com/
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Figure 25 - (Top) Daily energy generated by different power sources. (Bottom) Power density per device volume.  

 

 

Figure 26 - (Top) Cost per single device module. (Bottom) Cost per Wh per day. 

The preliminary cost analysis reveals PV module as the most economic generator on the market 
(3$ per module), while, the lowest cost for Wh/d, over 5 years of usage, is given by the Micro Hydro 
Turbine, only 7 x 10-4 $ per Wh/d, followed by PV cell with 2 x 10-3 $.  

In conclusion, the results suggest a strategy which combines different generators with a storage 
system. In particular, PV cell, MHT and piezoelectric pavement integrated with a super-capacitor used 
as energy buffer.   

9.2 Constraints on communication 
There are two sources of potential constraints on communications that can be found in the network of 
SMAS Almada. The first source is related with the characteristics of the deployment sites where are 
included the constraints caused by the structure and the construction materials used – Structural 
Constraints. The second source is related with the characteristics of geographical location of the 
deployment sites and to the natural barriers that may hinder communications with some locations – 
Location Constraints. 
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9.2.1 Structural Constraints 
The main constraints on communications present in the use case scenarios are related with the 
conditions where the PROTEUS nodes will be deployed. The conditions for the drink water, 
wastewater and rainwater use cases are similar since most of the elements of the network are 
deployed underground. The access to the networks is made through visit box that consist in concrete 
made chambers where human operators can perform specific operations. The access to those 
chambers is typically made through manholes protected by cast iron covers compliant with the EN124 
standard. 

The construction materials used in the visit boxes are the source of communication constraints in the 
use cases. Concrete is known to absorb electromagnetic waves, producing attenuations on the 
communication signal, where the attenuation depends on the composition of the mix, the thickness of 
the walls and on the frequency of the waves [6]. Regarding to the manhole cover, it is made from a 
ferrous metal and therefore presents some degree of electromagnetic shielding behaviour [7], greatly 
reducing the power of the signal that “escapes” from the visit box. Since visit boxes are placed 
underground, a significant amount of electromagnetic energy will also be absorbed by the soil, 
blocking almost all of the waves that go through the sidewalls of the visit box. 

In the wastewater and rainwater use cases, there exists a factor that may produce more constraints on 
the communication: the visit box corresponds to an opening in the pipe where the water flows in 
contact with the air, as shown in Figure 27. In this scenario there are at least two more factors that may 
constrain communications. The first is the direct contact between water and air will increase the air 
humidity inside the visit box, which increases the absorption of the electromagnetic energy by the air. 
The second constraint is related with the fact that water reflects electromagnetic waves. 

  

Figure 27 - Wastewater manhole (image on the left) and rainwater drainage gutter (image on the right) 

Reflected waves may cause interference with the main waves, which may weaken or strengthen of the 
power of the waves depending on the reflected signal’s phase, i.e. depends on the difference between 
the length of the direct and reflected paths [8]. This behaviour is represented in Figure 28, where an 
antenna receives a signal through a direct path from the sender and receives a signal that was 
reflected on a reflecting surface. Water not only reflects electromagnetic waves but also absorbs them, 
where this absorption depends on the level of salt present in the water, the temperature of the water, 
and on the frequency of the electromagnetic wave. Therefore, the reflected wave will have 
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considerable less energy than the wave that followed the direct path [9]. This effect is more prone to 
affect PROTEUS nodes that are near these reflecting surfaces than the devices outside the manholes 
since most of reflected waves will be probably absorbed by the visit box sidewalls and soil, not 
reaching the outer devices.  

 

Figure 28 – A plan view showing two possible routes for the signal to travel from transmitter to receiver: a direct 
route and via a single reflection [8] 

Regarding to the drink water use case, water flows through pipes inside the visit box, having no 
contact with the exterior environment, as shown in Figure 29. These pipes may also reflect 
electromagnetic waves depending of the material used to make the pipes. Nevertheless, the reflecting 
surface area exposed to electromagnetic waves will be smaller than in wastewater and rainwater use 
cases. Moreover, the cylindrical shape of the pipes will produce scattered reflected waves, which 
results in the dispersion of the reflected energy. 

  

Figure 29 –Drinking water visit boxes 

The humidity inside visit boxes varies with the weather conditions. For instance, the humidity inside 
visit boxes is expected to be higher in winter than in summer. As humidity increases the absorption of 
electromagnetic energy by the air, it is expected that the absorption of electromagnetic energy will 
vary during the year, increasing during winter and decreasing during summer. 

There are situations where some visit boxes are placed near other ones as represented in Figure 30, 
where three visit boxes were placed near each other. If PROTEUS nodes are deployed in each in one 
of those boxes, then a communication issue may arise if some of them try to communicate in the 
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same instant. In such situations, some communications may produce interferences with the others and 
no message can be successfully delivered. However, such places may also provide an opportunity to 
apply some communication strategies may optimise the communication and the power consumption. 
For instance, PROTEUS nodes may coordinate themselves and the device with more power available 
can collect data from the nearby devices using a short-range communication mechanism, aggregate it 
to its own data and send it using a long-range communication mechanism. 

 

Figure 30 – Multiple visit boxes placed at short distance from each other 

9.2.2 Location Constraints 
There are others potential constraints that must be considered in order to properly identify power 
efficient and scalable communications approaches. This requires an understanding of the 
geographical location of the deployment sites and of its characteristics. In Figure 31 is shown a map 
with the location of water towers managed by SMAS Almada and possible locations for the 
deployment of PROTEUS nodes spread through an area of 72 km2. All of the proposed locations 
represented in this map corresponds to the drinking water use case, being it network end points, 
pressure reduction and suction points, and measurement and control zones (ZMCs). 

Not all of the locations presented will be used to deploy PROTEUS nodes, only a subset will be 
chosen from the most suitable: the selection process will depend on the acess to energy sources, on 
the easiness of the access to the deployment locations and on constraints on communication that 
characterise each deployment location. The final subset will include 5 ZMCs, 10 end points, and 5 
pressure reduction and suction points. Possible deployment locations for wastewater and rainwater 
use cases are not represented in the map because visit boxes belonging to these networks can be 
found in any street, usually at each 50 meters. Due to the large amount of visit boxes available in 
these use cases, locations and amounts of PROTEUS deployment locations will be chosen as 
needed. 
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Figure 31 – Location of End Points, Pressure Reduction and Suction Points, Water Towers, and ZMCs 

PROTEUS nodes inside visit boxes need to communicate with the outside world using scalable 
approaches, having in consideration the energy consumption. The visit boxes are most of the times 
located in urban environments where communications are hindered by the existence of a large 
amount of buildings that absorb electromagnetic waves. In these conditions line-of-sight (LOS) 
communications are difficult to attain unless one of the communication devices is located on higher 
grounds (higher than the surrounding buildings). The water distribution use cases have some 
structures that are suitable for the deployment of devices for the collection of messages from 
PROTEUS nodes – Water Towers. A Water tower is a tall structure that supports a water tank at the 
top of the structure in order to allow the distribution of water relying on the hydrostatic pressure 
produced by the elevation of water. As identified in Figure 31, SMAS Almada is responsible for 
managing five water towers: Cassapo, Estrelinha, Feijó, Lazarim, and Raposo. 

In the use case of SMAS Almada the water towers are taller than the majority of the buildings in the 
municipality, which results in an unobstructed view from the top of the tower with the extension of 
several kilometres. This fact makes water towers a potential location for the deployment of devices 
intended to communicate with several PROTEUS nodes when using long-range wireless 
communications. Photographs were taken from selected waters towers in order to assess the actual 
LOS conditions. Three water towers were selected for this LOS evaluation due to its location and 
acessibility: Raposo, Feijó and Cassapo. The LOS distance was determinated for each tower 
identified, corresponding to the direct distance, coincident to the LOS path. 
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9.2.2.1 Raposo 
The Raposo water tower is located near the Tagus River, west of Almada. This water tower is placed 
in top of a hill, which provides a height advantage over the surrounding buildings. Figure 32, Figure 
33, and Figure 34 correspond photographs taken form the top of Raposo water tower. Other water 
towers and relevant landmarks were identified in order to better identify the view range and to provide 
an understanding of the distances to this water tower. The photographs are taken from the top of the 
tower (above the water reservoir). 

 

Figure 32 – View from the top of Raposo Water Tower where can be identified three other water towers: Lazarim, 
Cassapo, and Estrelinha 

The photograph in Figure 32 represents was taken in the south direction. In this photograph it is 
possible to identify three other water towers: Lazarim, Estrelinha and Cassapo, which are located and 
2.9, 3.8 and 5.4 Km of LOS distance respectively.  

 

Name:�Cassapo�
LOS�Distance:�Aproxi.�5.4�Km�

Name:�Estrelinha�
LOS�Distance:�Aproxi.�3.8�Km�

Name:�Lazarim�
LOS�Distance:�Aproxi.�2.9�Km�

Name:�Cristo-Rei�Landmark�
LOS�Distance:�Aproxi.�2.1�Km�
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Figure 33 - View from the top of Raposo Water Tower where two landmarks can be identified: the 25 de Abril 
bridge and the “Cristo-Rei” 

Figure 33 corresponds to a photograph taken towards east, capturing large portion of Almada city, and 
the Cristo-Rei Landmark which is at aproximately at 2.1 Km of LOS distance from Raposo water 
tower. In this picture are also visible the 25 de Abril bridge and Lisbon at the other side of the tagus 
River. 

 

Figure 34 - View from the top of Raposo Water Tower where can be identified two other water towers: Laranjeiro 
and Feijó 

The photograph shown in Figure 34 was taken towards southeast, where can be identified two water 
towers: Feijó at 3 Km of LOS distance and Laranjeiro at 3.5 km of LOS distance. 

9.2.2.2 Feijó 
The Feijó water tower is located in zone with higher population density than the Raposo water tower. 
The highest point accessible by the internal stairs is some meters bellow the top of the tower (below 
the water reservoir), which reduces the height advantage over the surrounding buildings. Two 
photographs, represented in Figure 35 and Figure 36, were taken from this point. 

Name:�Laranjeiro�
LOS�Distance:�Aproxi.�3.5�Km�

Name:�Feijó�
LOS�Distance:�Aproxi.�3.0�Km�
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Figure 35 - View from the top of Feijó Water Tower where can be identified two other water towers (Raposo  and 
Laranjeiro) and one landmark (Cristo-Rei) 

Figure 35 corresponds to a photograph taken towards northeast, in direction to Almada city. In this 
photograph two water towers (Laranjeiro and Raposo) and the Cristo-Rei landmark were identified. 
Laranjeiro is a nearest water tower located at 1.1 Km of LOS distance and Raposo water tower is 
located at 3.0 Km LOS distance, while the Cristo-Rei landmark is at 2.6 Km of LOS distance. 

 

Figure 36 - View from the top of Feijó Water Tower where can be identified two other water towers: Cassapo and 
Lazarim 

Feijó�

Name:�Raposo�
LOS�Distance:�Aproxi.�3.0�Km�

Name:�Laranjeiro�
LOS�Distance:�Aproxi.�1.1�Km�

Name:�Cristo-Rei�Landmark�
LOS�Distance:�Aproxi.�2.6�Km�

Name:�Cassapo�
LOS�Distance:�Aproxi.�4.6�Km�

Name:�Lazarim�
LOS�Distance:�Aproxi.�2.9�Km�
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In Figure 36 is shown a photograph taken towards west, where two water tower are identified: Lazarim 
(at 2.9 km of LOS distance) and Cassapo (at 4.6 Km of LOS distance). 

9.2.2.3 Cassapo 
Cassapo is the water tower located further south in Almada municipality. The photographs shown in 
Figure 37 are taken from the top of this tower (above the water reservoir). The photographs were 
taken towards northeast allowing the identification of all water towers: Lazarim at 2.6 Km, Estrelinha at 
2.8 Km, Feijó at 4.6 Km, Raposo at 5.4 Km, and Laranjeiro at 5.7 Km. 

 

 

Figure 37 - View from the top of Cassapo Water Tower where can be identified all the other water towers and the 
Cristo-Rei Landmarks 

Despite the fact that the height of water towers reduce the electromagnetic attenuation caused by the 
buildings it will not completely eliminate this source of attenuations and some building may still block 
most of the communications. Moreover, PROTEUS nodes are intended to be deployed underground 
where the soil and underground structures will produce a considerable amount of attenuation. This 
attenuations will limit the maximum distance between the water towers and the measurement points, 
where this distance will depend on the communication technologies and on power used on 
communications. Nevertheless water towers provide a large potential for communications, proven by 
the amount of communication antennas deployed in the referred water towers by telecommunication 
companies. 

 

Name:�Feijó
LOS�Distance:�Aproxi.�4.6�Km

Name:�Laranjeiro
LOS�Distance:�Aproxi.�5.7�Km

Name:�Estrelinha
LOS�Distance:�Aproxi.�2.8�Km

Name:�Lazarim
LOS�Distance:�Aproxi.�2.6�Km

Name:�Cristo-Rei Landmark
LOS�Distance:�Aproxi.�6.7�Km

Name:�Raposo
LOS�Distance:�Aproxi.�5.4�Km
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10 Conclusions  
The PROTEUS requirements elicitation process enabled to identify a total of 78 requirements fairly 
split over the 4 main categories (Functional, Software, Physical and Lifecycle). 

 

Figure 38: PROTEUS requirements repartition over categories. 

Each requirement has one unique identifier associated to it to allow for traceability of the requirements 
from the design phase to the final validation one. 

WP5 validation plans will build upon these requirements list. 
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