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1 INTRODUCTION AND MOTIVATION 

Wireless sensor network (WSN) motes [1] are small 

networked embedded devices offering low-cost solu-

tions to various applications. Though WSNs offer 

diverse functionality and a range of platforms, pro-

tocols and optimizations for dependability and pow-

ering issues [2], several lessons have been learned 

for how WSN deployments may fail partly or com-

pletely when it comes to real world deployments and 

issues with dynamic environments. 

The Great Duck Island experience [3] is a promi-

nent example for problems being experienced due to 

misconceptions of how dependability issues and 

power dissipation may interact. More recent de-

ployments keep on experiencing different issues 

over and over again when it comes to mapping theo-

ry to deployments [4]. WSN deployments for envi-

ronmental monitoring have to cope with changing 

environmental conditions. A well-known example 

discussing WSN deployment issues is given by [5]. 

The majority of optimization techniques for 

WSNs boil down to either (i) reducing the average 

power dissipation per end-user performance, (ii) 

dealing with dependability issues, or (iii) to handle 

energy more efficiently from an electrical engineer-

ing point of view.  

Using energy harvesting systems (EHSs) is the 

state of the art approach of providing more energy 

and longer lifetime or even energy neutral operation 

(ENO) until technical breakdown. When designing 

EHS-enhanced WSNs, different types of optimiza-

tion (i)-(iii) need to be considered at the same time. 
However, conditions for developing EHSs turn 

out to be more complex [6] than designing WSN 
motes alone. First, this is due to more complex 
hardware and software. Second, when it comes to 
ENO dependability issues, all possible scenarios and 
faults that may occur need to be taken into account. 
Especially the power profiles of energy harvesting 
devices (EHDs) and their effects are not precisely 
predictable. Therefore, protocols and policies are 
difficult to validate with simulation-based approach-
es. Furthermore, EHS and EHD selection and design 
are subject to trading hardware system cost against 
robustness and computational complexity when pro-
filing and estimating EHD profiles and dealing with 
their effects. EHS design is concerned with introduc-
ing different kinds of thresholds for energy budgets, 
synchronization and back-off times while preserving 
end-user performance. The problem is that consider-

 
Designing Perpetual Energy Harvesting Systems explained with 
RiverMote: A Wireless Sensor Network Platform for River Monitoring 

Philipp Maria Glatz* 

Leander Bernd Hörmann 

Christian Steger 

Reinhold Weiss 
Institute for Technical Informatics, Graz University of Technology, Inffeldgasse 16/1, 8010 Graz, Austria 

*Corresponding author 
Email: Philipp.Glatz@TUGraz.at, Glatz.Philipp@GMail.com 

ABSTRACT: Wireless Sensor Network (WSN) motes are devices of small form factor. They are tailored to 
cost-effectiveness for monitoring and control applications. Different optimizations exist for the robust lifetime 
improvement of such devices, but the community still lacks a clear approach of how to achieve a robust sys-
tem design that is of low cost and implements low-power optimizations. In particular, it is a demanding task 
to efficiently utilize energy harvesting system (EHS) technology for WSNs. However, that is the only way for 
implementing battery-free mote devices for achieving perpetual operation of WSNs. We demonstrate the de-
sign methodology that let us implement RiverMote. RiverMote is a case study for designing a low cost hard-
ware system architecture combining low-power mote and a highly efficient EHS architecture. First, we pro-
vide a detailed explanation for how to deduce the prototype dimensioning parameters given the application 
requirements of an energy-autarkic river level monitoring system. Then we show how to select proper energy 
harvesting device (EHD) technologies and design all EHS stages for fitting the application-depending power 
state model of the integrated mote. Finally, we implement and evaluate tests of all stages for their energy effi-
ciency as well as RiverMote’s self-measurement accuracy which is crucial for robust perpetual designs. 



 
56 

ing all these aspects results in EHS-enhanced WSNs 
being designed for ENO, but suffering efficiency 
loss due to dependability protocol overhead or ener-
gy safety bounds. 

Although EHS technology is in the process of 
maturing and several important aspects have been 
considered and optimized, the authors of this article 
could not find design methodologies for robust and 
efficient EHS-enhanced WSN platforms. Here, we 
contribute with describing the design methodology 
of a highly efficient EHS and a robust low-power 
mote platform. 

1.1 Contribution Claim 

We state that there is a lack of self-contained design 

methodologies for EHS architectures for WSNs. 

Therefore, we present such a methodology combin-

ing the definition of application requirements, power 

estimation and power state models (PSMs), EHS de-

sign and EHD selection as well as designing energy 

storage requirements for achieving ENO. Tests will 

be run given worst case settings that are known to be 

challenging for existing EHS technology. Further-

more, the integration of accurate self-measurement 

as well as safety bounds and fallback mechanisms 

into RiverMote will be explained in detail. Hardware 

components have been selected such that the overall 

system cost (including water proof and UV resistant 

housing and all hardware) is similar to state of the 

art motes like TelosB [7] and Mica2 [8] platforms 

with a sensor-board attached. 
RiverMote is a perpetual energy autarkic battery-

free design and can be deployed with empty energy 
reservoirs. A robust design is established through us-
ing a dual DLC architecture with a balancing circuit. 
Efficient load matching is implemented with no need 
for maximum power point tracking (MPPT). It out-
performs state of the art approaches in terms of input 
to output energy efficiency. Accurate characteriza-
tion of efficiency plus accurate on-board measure-
ment circuitry allows for intelligent behaviour. The 
approach is complete, extensible and easy to use. 

2 RELATED WORK 

Different EHSs have been developed so far with dif-
ferent issues and end-user performance in mind. For 
achieving an EHS design tailored to an application 
at hand, it is important to set up a proper PSM or to 
have a profiling tool of suitable accuracy available. 
Therefore, we present in-situ measurements and 
tools for characterization and simulation that are of 
similar accuracy as well. Finally, we will give a 
brief overview on EHD pattern prediction and ENO 
modelling. 

2.1 EHS Enhanced WSNs 

Different types of EHDs [9] can be used and dif-
ferent kind of EHS architectures can be implement-
ed. Starting with Heliomote [10] different EHSs 
have made use of solar energy [11], [12], [13], [14]. 
It is the most convenient energy source for environ-
mental monitoring applications [15]. While Helio-
mote uses batteries for its energy storage, there are 
prominent examples of EHS architectures using 
DLCs like Everlast [16] and AmbiMax [17] and 
even specific approaches exploring different DLC 
storage architectures [18]. 

Designing an EHS consists of two main tasks. 
First, the load’s energy demands are modelled with a 
mote PSM with regard to application requirements 
Second, possible EHS designs have to be evaluated 
using an expressive EHS efficiency model (EEM). 
Accurately measured PSM and EEM parameters are 
discussed in [19]. Furthermore, offline analysis re-
sults (usually by simulation) need to be validated by 
runtime measurements. 

Different techniques impact the EEM usually 
trading energy efficiency for measurement accuracy 
or hardware cost and robustness. As an example, the 
simple trade-off of whether a shunt-based measure-
ment system should be implemented in the supply 
path or at ground side is discussed for an embedded 
energy monitor [20]. A number of decisions of dif-
ferent complexity need to be made when designing 
an EHS and tuning an EEM. 

When designing an EHS, a substantial trade-off is 
whether MPPT should be implemented or not. It 
may improve system efficiency, but it leads to more 
complex hardware or software and will increase 
platform cost. Everlast and AmbiMax both imple-
ment MPPT, where [16] uses CPU intervention and 
[17] implements a hardware mechanism. MPPT 
might be used if EHS efficiency is increased at rea-
sonable hardware cost leading to more end-user per-
formance while achieving ENO. MPPT need not be 
used if load-matching can be implemented efficient-
ly by other means. 

2.2 Runtime Power Dissipation Measurement 

Different direct and indirect debugging and pro-
filing techniques exist. While passive software based 
approaches exist – consider passive network inspec-
tion in [21] – we will concentrate on more direct and 
hardware-related approaches for power profiling. 

PowerBench [22], SPOT [20] and the energy 
measurement board in [23] are well-known exam-
ples for sandwich-on in-situ measurement boards. 
These systems are meant to be used for WSN motes 
that are of similar form factor as RiverMote is in-
tended to be. SPOT is designed with subject to meet-
ing accuracy requirements similar to what River-
Mote current measurements need to accomplish. 
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They define a power dissipation spectrum that needs 
to be measured with a given accuracy. However, 
what is missing is a clear definition of the maximum 
error that is still acceptable. The sum of the integral 
of weighted power states’ errors could be upper 
bounded and tested for worst case examples. That is 
what will be done for RiverMote. A given power 
state measurement’s error impact on the final appli-
cation and its Duty Cycle (DC) will be considered. 

A neat approach for deducing the worst case error 
as presented in [19] helps in identifying and in opti-
mizing single sources of error. With integrating the 
information into suitable simulation environments, 
[24] allows to model the maximum error that may 
occur when measuring energy from the EHDs and 
supplying it to the mote. Combining this information 
with the maximum variation of EHDs’ patterns that 
can be expected and PSM error bounds allows intro-
ducing overall thresholds and single stages’ safety 
bounds for not violating the ENO condition. 

2.3 ENO and Energy Thresholds 

The most common type of modelling ENO for EHS-
enhanced WSNs is  / -modelling as introduced 
and discussed for this type of technology in [25] and 
[26]. However, an evaluation on hardware in [6] 
shows sensitivity of such systems to variable EHD 
patterns. This may quickly lead to an unstable net-
work given the fact that hardware is being designed 
to be cost efficient combined with changing envi-
ronments and inherently unstable embedded devices’ 
wireless communication. Summing up the power 
loss at different stages of the EHS - and adding er-
rors of EEM and PSM runtime measurements where 
necessary – as well as introducing suitable thresh-
olds for worst case solar irradiation given long-term 
meteorological data of the deployment region has 
not been done so far. 

From a conceptual point of view the approach 
presented by HydroWatch [27] is similar to what is 
presented here. We neatly describe the methodology 
behind designing and testing RiverMote. The 
RiverMote target application will be similar to [28], 
but measurements will be performed with in-situ 
techniques placed directly into the water with com-
ponents that are lightweight in terms of hardware 
cost and power consumption. This allows designing 
a more efficient architecture still being capable of 
ENO at less cost compared to allowing power dissi-
pation of up to 3W in [28]. 

3 RIVERMOTE DESIGN 

The design phase starts with determining the appli-
cation requirements and outlining possible sensor 
technologies. Then, the PSD and EEM requirements 

can be deduced and the system can be designed ac-
cording to their characteristics. 

3.1 Application Requirements and Sensor Choices 

RiverMote shall be capable of real-time river level 
monitoring. The required accuracy of the water level 
measurements depends on the specific application. 
Three possibilities for measuring the level are con-
sidered important: using a pressure transducer, GPS 
leveling and ultrasonic transceivers. All three are 
outlined briefly. The latter two are integrated and 
tested with RiverMote and hardware interfaces are 
implemented for the first. Firstly, with a pressure 
transducer one can get very accurate results, but ac-
curate waterproof sensors are quite expensive. Fur-
thermore, the sensor needs to be placed on ground of 
the river which may be problematic. Secondly, using 
a GPS receiver offers a solution where cost of the 
GPS device and complexity of the correction algo-
rithm can be traded for accuracy improvements. It 
also has the advantage that it can be placed inside 
the mote’s housing and can be used for a number of 
other application scenarios as well. Thirdly, ultra-
sonic transceivers can be attached to the mote’s 
housing and are easy to use. Though they deliver in-
herently noisy measurements, the sensor readings 
can be post processed which can give accurate 
measurements with cheap hardware. A related pro-
ject in [29] shows how embedded ranging technolo-
gies can be optimized with expressive simulations so 
that results hold for deployments as well. 

Finally, one has to define the sampling frequency 
that is needed to fulfil the given task. Therefore we 
first define the radio to have a range in the order of 
several hundred meter. So a large scale deployment 
is still possible without the need for adding GSM or 
3G support which will in turn save costs. Further-
more, the water level measurement principles de-
mand for a fixed base station outside the water for 
differential measurements like changing barometric 
pressure anyway. This base station - which is more 
or less the same RiverMote hardware, but is sup-
plied via USB and not from a solar cell - allows 
reading out the measurement results from a River-
Mote network in range. For being able to capture 
river level effects with motes deployed 1km apart 
from each other a maximum sampling period of 
5−15min allows to accurately track river flood 
waves. Given these application characteristics, we 
design and dimension different stages of the mote 
and its EHS according to the resulting energy needs. 
We add energy thresholds where appropriate to 
achieve a robust design. In addition, we implement 
hardware fallback mechanisms that stabilizes a 
RiverMote’s energy budget in case erroneous appli-
cation behaviour or software or network policies 
drain the energy reservoir. 
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3.2 Power Supply 

The battery-less mote must harvest sufficient energy 
from the environment. It operates outside on the sur-
face of a river and is exposed to the daylight. There-
fore, a solar EHD is used to supply RiverMote. A lit-
tle generator using the flow of the river has been 
considered too, but the problem of a mechanical sys-
tem is that the generator has to be placed outside the 
housing and therefore is prone to errors. RiverMote 
is designed maintenance-free with solar cells. The 
needed size and consequently the output power de-
pend on the power consumption of the mote includ-
ing leakage and errors that occur when profiling 
power dissipation online. While explaining the pow-
er estimation process later we start with outlining the 
storage structure first. 

3.3 Energy Storage 

There are mainly two possibilities to store the elec-
trical energy. First, the energy can be stored in a re-
chargeable battery and second it can be stored in a 
DLC. Batteries have much more capacity compared 
to the DLCs, but the disadvantages of batteries are 
their much more limited lifetime and temperature 
dependencies. 

Neglecting temperature dependencies of embed-
ded systems may lead to hard-to-debug errors when 
the system is deployed. Therefore, we evaluate 
RiverMote during a Winter in Austria where hard-
ware temperature is measured to vary for approxi-
mately 50 degrees each day. 

A DLC has typically 500.000 charge-discharge 
cycles and a nominal lifetime of 10 years. In contrast 
to that, a NiMH battery has lifetime of only 500 
charge-discharge cycles before experiencing a ca-
pacity loss of down to 80% [10]. Energy harvested 
during day must be stored in the energy storage de-
vice for continuous monitoring during night as well. 
This is only a short time and can be bridged with a 
DLC which is not impacted by the high number of 
recharge cycles. The needed capacity depends on the 
power consumption of the overall hardware architec-
ture. Furthermore, a hysteresis is implemented in 
hardware that will only switch on the mote if enough 
energy can be offered for full hardware and network 
initialization. This results in a design, such that even 
completely wrong software configurations (activat-

ing all components all the time) do not drain River-
Mote below its lower energy threshold before a net-
work join and software reconfiguration is possible. 

The design is such that the time of being fully 
drained is lower bounded by the application DC pe-
riod and the maximum time for component initiali-
zation. For RiverMote, this bound clearly depends 
on the time for downloading an initial GPS configu-
ration and storing it persistently after a full reset. 
Designing RiverMote this way will also lead to a 
blackout sustainability of several weeks despite the 
fact that the design is battery-free. Although not ex-
plained in further detail, we mention here that the 
back-off energy reservoir easily fits into the energy 
reservoir of the storage architecture range that will 
be deduced. 

Back to dimensioning the storage architecture, 
the energy stored in capacitors can be calculated 
with: 
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The voltage U has a quadratic effect and DLCs usu-
ally have a very low nominal voltage. Therefore, 
two DLCs have been connected in series. The result-
ing capacity is only half the capacity of a single ca-
pacitor, but the nominal voltage doubles and this has 
a higher effect on the overall storable energy. 
Unfortunately, the gain in storable energy does not 
come for free. Additional hardware is needed to bal-
ance the DLCs and keep them from exceeding their 
operating voltage. So, each additional DLC can be 
traded for power lost and cost of a further balancing 
circuitry between each of the DLCs. It can be seen 
that the number of capacitors connected in series di-
rectly impacts the energy budget calculation and 
RiverMote’s system cost. 

Table 1. The MSP430F1611 MCU has been selected for Ti-

nyOS compatibility reasons. The MRF24J40MB has been se-

lected as the ZigBee radio due to its range and versatile capa-

bilities including printed antenna. The pressure transducer and 

the ultrasonic sensor will be switched off completely. There-

fore, they have a power consumption of zero during sleep state. 

An activation interval of 15min is assumed here. A GPS 

Fastrax UP300 has been chosen due to its internal backup ca-

pabilities for its initially found configuration. 

Component  ta [s]  Pa [mW] Psl [mW]  Pavg [mW] 

MCU    30   5.0   0.1    0.60 

Send     2   429.0  0.0    0.95 

Receive    28   82.5   0.0    2.57 

RxTx Sleep  30   0.0   0.1    0.10 

GPS     30   120.0  0.1    4.10 

Pressure   1   250.0  0.0    0.28 

Ultrasonic   1   10.0   0.0    0.01 

Other HW   30   30.0   0.1    1.10 

Total Ptot               9.70 

 

Figure 1. Calculation methodology of the DLC capacitance and 

the size of the solar cell. 
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3.4 Power Estimation and Energy Storage Device 

Table 1 shows a list of RiverMote’s components and 

their expected power dissipation for implementing 

the application scenario. Their values make up a 

coarse grain PSM that is used for the calculations 

shown in Figure 1. The components are active for ta 

seconds during each period time T which leads to a 

DC and average power dissipation of 9.7 mW. 
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For further calculation a higher value of 12mW will 

be used. The maximum current that the EHS must be 

capable of supplying can be calculated from sum-

ming up all power dissipation over supply voltage. 
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Now, one can design the energy storage structure 
according to the longest night during midwinter. 
Austria is south of the 49th latitude. The longest 
night lasts for about 15 h and 40 min. Here, we as-
sume 16 h: 

JhmW
night

t
tot

P
blackout

E 2.6911612   (4) 

The energy stored in the capacitor must be converted 

to supply the mote. For lossy conversion an efficien-

cy of 80% is assumed. Now, the energy that must be 

stored in the capacitor can be calculated: 

J
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As mentioned before, it is better to connect capaci-

tors in series to increase the storable energy. In this 

project, two capacitors will be connected in series. A 

typical nominal voltage of a DLC is 2.5V. There-

fore, the resulting nominal voltage is Un = 5V. Using 

a converter operating from 1.8V capacity gives: 
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In this project, two Boostcap® DLCs with a nominal 

voltage of 2.5V and a capacity of 310F are used. 

Connected in series they provide a usable energy of 
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and a maximum power consumption of the mote of 
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h

J
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The maximum DLC leakage current is 0.45mA. 

mWVmA
n

U
leakage

I
leakage

P 25.2545.0 

 (9) 

The highest tractable mote power dissipation is. 

mW
leakage

PP
tot

P 17.2125.242.23
maxmax,

  (10) 

In theory, RiverMote can easily be supplied by the 

structure. Detailed practical evaluation will be given. 

3.5 Solar Cell Calculation 

Finally, the power needed and consequently the size 

of the solar cell will be calculated. Storing energy 

from the EHD is not lossless. With 80% input effi-

ciency the total energy needed per day is 1036.8J. 
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Adding leakage, input and conversion efficiencies 
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the total solar power can be calculated with: 

mW
h

J
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t
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E

solar
P 69.64

8
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 (14) 

This power must be provided by the solar cell also 

during days with bad weather conditions. A month-

ly-averaged horizontal daily extra-terrestrial irradia-

tion of PD,avg = 2120W/m² at a latitude of 50° in De-

cember is mentioned in [30]. The converting 

coefficient of solar light into electrical power is 

about 10%. Therefore, the needed solar radiation 

and solar cell size can be calculated with: 

mW
mW

day

solar
P

radiation
P 9.646

1.0
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 (15) 
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A worst-case scenario must be considered, where the 

DLC can only store the energy needed for one night 

of continuous operation. The minimum solar irradia-

tion (power density) at a very cloudy and rainy day 

is about PD,min = 3mW/cm² [31]. This is equal to a 

radiation of 30W/m². The value is coherent with the 

diagrams on page 37 in [30]. Now, the needed area 

of the solar cell can finally be calculated as follows. 

2
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cell
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 (17) 
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The resulting size of the solar cell is suitable to be 

integrated into the housing. Therefore, a compact 

and robust system can be built. If it would not match 

needs, model parameters would have to be tuned. 

4 SYSTEM IMPLEMENTATION AND SETUP 

The system setup consists of mote and EHS imple-
mentation. 

4.1 Mote Hardware Design 

Figure 2 depicts RiverMote’s components built 
around the MSP430F1611 low-power microcontrol-
ler from Texas Instruments®. The GPS receiver 
needs an extra serial interface. An SPI-to-UART 
adapter is used. It receives data from the SPI and 
transmits it to the GPS receiver and vice versa. No 
direct connection to the microcontroller is needed. 
The 2.4GHz 802.15.4 transceiver module is con-
nected to the SPI as well for fast and easy communi-
cation. The ultrasonic module and the EHS module 
are directly connected. Ultrasonic control lines are 
directly operated by the MSP430 whereas the EHS 
can operate completely control-free so that software 
errors cannot alter system robustness. Current and 
voltage measurements can be done directly by the 
MSP430. Programming RiverMote via a bootstrap 
loader and runtime communication for debugging 
and configuration from a PC-connected base station 
RiverMote can be done directly via USB. 

4.2 Energy Harvesting System Design 

Figure 3 shows a block diagram of the EHS part. 
The solar cell transforms the solar energy into elec-
trical energy. It is a voltage limited current source. A 
short is no problem for a solar cell. The electrical 
power will be converted into heat in the solar cell 

and the connecting leads. As can be seen in Figure 2, 
no voltage conditioning is done between the solar 
cell and the DLCs. This can only be done if the solar 
cell is selected appropriately and connected in line 
with the DLCs. Section 5 will show results on the 
EHS’s input efficiency that results from this design. 
High efficiency is achieved without any need for 
costly additional hardware or control for load match-
ing mechanisms. The voltage of the solar cell at 
nominal power output should be a little bit higher 
than the nominal voltage of the DLCs. This is be-
cause some losses and a lower output voltage of the 
solar cell at dark light conditions must be consid-
ered. The solar cell ASI3Oo05/162/192FAmod from 
Schott Solar has been selected. An overcharge pro-
tection guarantees a maximum voltage at the DLCs. 
Voltage conditioning is used to generate a stable 
output voltage at 3.3V, because most of the compo-
nents are supplied with this voltage. The voltage at 
the DLCs changes during operation and must be sta-
bilized with a buck-boost converter. The stored en-
ergy and the input and output power must be meas-
ured, because the system needs to know the current 
energy state. Then the system is able to select a 
proper DC to ensure continuous operation. Figure 4 
shows the circuit diagram. The voltage drop over 
shunt resistor R1 is input to the integrator. This volt-
age is accumulated by the integrator until a certain 
threshold is reached. This threshold is given by the 
upper threshold of the Schmitt trigger. Next, the in-
tegrating capacitor C3 is discharged via MOSFET 
U3 down to the lower threshold. Then, a pulse used 
as current counter is generated and the process starts 
again. Figure 5 shows a RiverMote prototype im-
plementation without a solar cell or housing. 

Figure 2. RiverMote hardware modules and interfaces. 

 

 

Figure 4. Circuit diagram of the current counter with its invert-

ing integrator and Schmitt trigger[3] as main parts. 

 

Figure 3. RiverMote control and power design. 
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5 PLATFORM EVALUATION 

Evaluation includes input efficiency of the solar 
cells, effects of DLC loading and its leakage, overall 
EEM, measurement circuitry evaluation, long-term 
measurements, sensor, radio and cost issues. 

5.1 Solar Cell Evaluation 

Figure 6 shows V-I characteristics of the solar cell 

for bad light conditions on a cloudy December day 

with its maximum power point at 5.5V which will be 

lower for better conditions. This perfectly suits the 

design of RiverMote. Figure 7 shows the solar effi-

ciency during the charging process for solar effi-

ciency for the maximum power point being 100%: 

%100
)max(


solar
P

solar
P

solar
  (18) 

It can be seen that the solar efficiency is better than 
80% if the voltage of the DLCs is higher than 3V. In 
this case, the solar voltage is about Usolar = 3.4V, be-
cause of the forward voltage of the Schottky diode. 
Therefore, the voltage of the DLCs should be kept as 
high as possible.  

5.2 Capacitor Leakage 

DLC leakage current has been measured after charg-
ing the DLC and disconnecting the power supply.  

rate
ncap
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,1,
 (19) 

The average leakage current during the whole meas-
urement was 0.487mA. This is slightly above the 

Figure 8. The DLC leakage current is settling down. 

 

Figure 7. Profiling solar cell characteristics. 

 

Figure 6. Solar efficiency depending on input clamp voltage. 

 

Figure 5. Photograph of a RiverMote prototype. 
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expected leakage current according to the data sheet 
which is 0.45mA [32] with an initial peak of more 
than 10mA. However, the significant value of the 
leakage current is the average leakage current of the 
first 16 hours after disconnecting the power supply. 
This time span must be bridged with the DLC. The 
average leakage current during this interval was 
1.398mA. Conditions are relaxed again, becaused it 
must be considered that the DLC was disconnected 
immediately after reaching the maximum voltage of 
2.5V. A second measurement was done. The maxi-
mum voltage was kept constant for one day. After 
this time, the DLC was disconnected and the leakage 
current was measured. Figure 8 shows that there is 
no initial peak any more. The average leakage cur-
rent during the first 16 hours is 0.121mA. So, we can 
get down below a third of the value of the data sheet. 

5.3 Capacitor Balancing 

The balancing circuit is needed for not overcharging 
the DLCs due to unbalanced charging with only one 
combined overcharge protection for both. The bal-
ancing current at a difference of 0.2V is 10mA. The 
maximum charge current of the DLCs can be calcu-
lated with the results of the previous measurement. 

The tolerance is ±20%(d = 0.2) for the capacitors. 
The worst-case scenario and total capacity is: 
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The total charge is equal to that of the single DLCs: 
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The smaller capacitor’s voltage after charging is: 
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The difference to the surge voltage of the DLC is: 
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Now, the minimum charging time can be calculated: 
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Thus the maximum charging current is: 
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The maximum charging current constraint is greatly 
relaxed, because the discharge threshold is set to be 
1.8V. The selected solar cells can be used. 

5.4 EHS Efficiency Evaluation 

The measurement setup presented in [19] is used for 

the measurements. The input power and the output 

power can be calculated with: 
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EHS efficiency and the stored energy are as follows. 
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Figure 9 shows two charge-discharge cycles of the 
DLCs. The key results of this measurement are listed 
in Table 2. The input current during the whole 
measurement was Iin = 21.57mA. The small varia-
tion of the input power is caused by the changing 
voltage of the DLCs. The resulting efficiency of 
83.16% is better than expected. The efficiency con-
sists of the efficiency of input circuit and the effi-
ciency of the output circuit. Both have been assumed 
to be 80%. The resulting efficiency of the EHS 
would have been 64%. Therefore, the real circuit is 
much better than expected and no additional MPPT 
hardware needs to be implemented. RiverMote’s ef-
ficiency outperforms other EHS approaches. 

Table 2. Key results of EHS efficiency measurements. 

Description              Value 

Maximum stored energy in the capacitor    1233.10J 

Minimum stored energy in the capacitor    998.52J 

Dynamic energy of the capacitor       234.57J 

Maximum capacitor voltage         3.99V 

Minimum capacitor voltage         3.59V 

Dynamic voltage of the capacitor       0.40V 

Duration of a high-power period       18.02min 

Duration of a low-power period       55.41min 

Duty-Cycle              0.33 

Average input current           21.57mA 

Average input power           88.07mW 

Average output power           73.24mW 

Total Efficiency of the EHS         83.16% 

 

Figure 9. EHS efficiency measurements. 
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Already the output efficiency alone of the EHS in 
[6] has been characterized in [19] to vary for up to 
50%. 

5.5 Current Measurement Error Evaluation 

Figure 10 shows that the error can increase to 20% 
at low solar currents. However, it works properly at 
high enough solar currents and the error at lower 
values does not violate ENO conditions due to 
thresholds introduced in the system. The solar cur-
rent is higher than 10mA during daytime even at bad 
weather conditions. Therefore, the error of the solar 
current counter is better than 10% during daytime. 
The error of the mote current measurement depend-
ing on the mote current is shown in Figure 11. It can 
be seen that the error is up to 20% at low mote cur-
rents. However, similar conditions apply as for the 
mote current measurement. Due to the fact that the 
current of the mote is about 1.5mA in LPM 3, the 
impact of an error of the current measurement of 

20% is still below the DLC leakage as defined in its 
data sheet.  

5.6 Long-Term Evaluation 

Here we present the results of the long-term meas-
urements using RiverMotes 2 and 3. Both motes are 
initially configured to send their data every 10min. 
Mote 2 is placed under a clear-transparent cover. 
Mote 3 is mounted in a water-proof housing with a 
greyish transparent cover. Both motes measure their 
energy state and the temperature of the environment. 
Figure 12 shows the measured voltages of mote 2. 
Mote 3 has shown similar results. The RiverMotes 
operate continuously without manually recharging 
the DLCs even during days of bad weather. Figure 
13 shows the current of mote 2 – again mote 3 has 
shown similar results. The traces of the input and 
output power have been similar to the traces of the 
solar and mote current and are left out for brevity. 
Tests show that the temperature in the housing var-
ies up to 50°C per day as can be seen in Figure 14. 

Figure 12. Voltage measurements of RiverMote 2. 

 
Figure 10. Relative error of the solar current counter. 

 

Figure 11. Relative error of the mote current counter. 

 
Figure 13. Current measurements of RiverMote 2. 
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5.7 Sensor Accuracy 

The ultrasonic transceiver and the GPS have been 
profiled for their accuracy. As expected, the GPS - 
without further post processing or applying differen-
tial GPS correction - gives only coarse results. The 
results for initialization after reset and movement 
along the shore of Schwarzlsee near Graz is shown 
in Figure 16. Mote 3 is carried down the shore and 
back again. The basics of the measurement principle 
are working, but further post processing will be 
needed for accurate measurements. Another option 
for achieving accurate results is using the ultrasonic 
transceiver which can be quite accurate as shown in 
Figure 15.  

5.8 Communication Range Evaluation 

The range measurements are taken at Schwarzlsee 
near Graz as well. The receiver is placed on the 
dashboard of a car that moves at 35 km/h. Figure 17 
shows that the system is working correctly even for 
large distances. It can be seen that most of the pack-
ets are received successfully. So, the radio can effi-

ciently span large distances along river deployments. 
For an even more robust deployment we suggest to 
put 2 RiverMotes per km.  

6 CONCLUSION AND FUTURE WORK 

RiverMote – an EHS-enhanced WSN platform – is 
characterized along with a neat description of its de-
sign process. This includes setting up the application 
requirements, examining environmental conditions, 
EHD selection, EHS design, explicit and implicit 
measurement setups, component selection and mote 
design as well as testing and evaluation.  

The design is battery-free. Solar cells are used for 
harvesting and DLCs are used for storing the energy. 
The setup can be reconfigured at runtime. This al-
lows running the system as testbed as well. Long-
term measurements’ energy balance and power dis-
sipation profiles are shown. The whole design pro-
cess is performed in a way such that it leads to an 
energy autarkic platform and allows ENO. Dynamic 
reconfiguration allows adapting the end-user per-

Figure 15. Ultrasonic distance measurements. 

 

Figure 17. RSSI value over different distances. 

 

Figure 14. Temperatures measured at RiverMotes 2 and 3. 

 

Figure 16. GPS leveling measurements. 
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formance and the energy drain. Erroneous conditions 
for draining the energy reservoir (e.g. with over-
sampling the GPS) are tested. In case such software 
errors occur there are cheap hardware mechanisms 
that allow fully restarting and initializing a River-
Mote and let it join the network again in a robust 
way. Additional hardware for protection, balancing, 
conversion and matching is analysed and imple-
mented where appropriate. The highly efficient de-
sign is achieved with hardware of reasonably low 
cost. It is similar to state of the art motes without 
EHS. It offers different types of bus systems and 
connectors that allow easily attaching new sensor 
hardware, programming the system, and connecting 
a RiverMote that is working as a base station to a 
PC. A GPS receiver along with GPS leveling meas-
urements and ultrasonic transducers have been inte-
grated and profiled with the system. 

Future directions are to add support for design 
decisions that are made when designing RiverMote 
or similar EHS-enhanced WSN platform to the 
TOSPIE2 environment [24]. Considering their de-
sign trade-offs and effects in its tools may contribute 
to the modelling and simulation environment. It 
could automatically be adapted to future EHS design 
descriptions and their PSMs and EEMs and be used 
for design space exploration when designing novel 
energy harvestings architectures. 
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