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1 Introduction
In my PhD dissertation I investigated small sized sensor networks, which can be used in ambient
intelligent systems. The Ambient Assisted Living (AAL) paradigm can be realized with such systems.
The essence of the AAL paradigm is to help people’s living with technologically advanced devices, in a
way that these devices are not visible and disturbing from the users’ point of view. The scope of
possible users is diverse, observing the elderly for detecting healthcare issues, or providing
convenience features or information services for others is also in the field of AAL. Data collection is
one of the most basic functions in an AAL system, which can be implemented with sensors arranged
in a network. For this type of application, the simple and preferably hidden installation is necessary,
thus the sensors should be wireless. Typically, power provided from batteries in this case. The more
units the network contains, the more maintenance is necessary for the operation of the network: the
batteries need to be replaced or recharged periodically. This problem is addressed in a number of
studies [1]. There are two usual approaches:
1. minimization of the average energy consumption of the endpoint (energy conservation) [2],
2. the energy needed for the operation should be harvested from the surrounding area of the
sensor (energy harvesting, EH) [1], [3].
Nevertheless the two approaches are not independent, both should be used for the optimal energy
consumption. In this thesis both approaches will be investigated from the hardware and the software
side also.

1.1 Objectives
The aim of the research is to examine the design and implementation of wireless sensor networks,
which are capable of energy neutral operation in a non-industrial, home or office environment. The
goal of the sensor network is to observe the people’s environment and activity in the given area. The
aim of the observation is providing healthcare or convenience improving services, without disturbing
the users. The convenience improving services can be e.g. providing proper lighting based on the
user’s position and the time of the day. Healthcare service: observing the daily routine of elderly
people to detect abnormal situations (e.g. falling) and providing reports to the doctors and relatives.
Typically, the following sensors are used in the field: motion sensors, light intensity sensors,
temperature sensors, contact sensors (for sensing door or window opening, closing). Using cameras
and microphones is problematic due to legal and ethical reasons, so these are excluded from this
research. Furthermore, household medical purpose devices are also excluded, because these devices
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are not designed to be hidden or ambient. The goals presented above were inspired by the latest
research projects1.

Figure 1. The richness of sensor data in AAL systems in a function of perceived privacy. [4]

To minimize the installation cost and impact for this type of application of sensor networks, wireless
endpoints (sensor modules) should be used. If the energy can be harvested from the environment of
the endpoint, the local maintenance demand can be minimal. Also for long term operation (10 or
more years), attrition and failures can occur which may make it necessary to replace endpoints.
Innovative solutions are needed in numerous research fields to reach the goals proposed above.
First, the main energy harvesting source should be selected. This is highly dependent on the actual
installation site, so a generally optimal solution cannot be proposed. In my dissertation it will be
shown that how much energy can be harvested from a given source given specific conditions,
through detailed analysis and measurements. The harvested energy should be utilized in the most
efficient way, so the hardware architecture of the endpoint is critical. Designing this unit is not
confined to the selection of the lowest energy consumption components. Besides the hardware, the
energy consumption is also defined by the operation modes and behavior which are described by the
software of the system. The software should manage the energy consumption to ensure efficient
operation by scheduling measurements and data transmission efficiently.

1

1.) CCE - Connected Care for Elderly Persons Suffering from Dementia, AAL - Ambient Assisted Living Joint
Programme of the EU (aal-2008-1-101); 2.) Development of pattern recognition methods for joining different
diagnostical data sources (GOP-2011-1.1.1); 3.) BelAmI_H (NAP-1-2005-0010)
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2 Results
In my Ph. D. dissertation, the possible energy sources were investigated to provide power supplies
for widely used wireless sensor networks. Furthermore, recommendations were made to minimize
energy consumption.
In the literature research chapter, a basic overview was provided in the field of wireless sensor
networks and energy harvesting. Methods were shown which can model the system to be measured
and predict the possible future states of the system and the energy storages. Based on the above,
new methods were proposed to ensure the endpoint harvests the most energy and utilizes it in an
efficient way.

2.1 Research of energy sources and power supply architectures
Various aspects of the hardware design were examined for creating a wireless sensor network which
only uses environmental energy sources, thus needs minimal maintenance [S3], [S9]. In order to
achieve this, I had to examine the possible energy sources and the energy converters, which are
capable to of converting source energy to electrical energy. I have selected the potential energy
converters, which are applicable in indoor AAL systems [S3]. Two types of energy converters were
chosen and further examined: the solar cells and the thermoelectric generators. From the
measurements I have calculated the harvested power which can be used by the endpoint [S6]. The
detailed measurements and the circumstances were shown.
It should be noted that the measurements are concentrated on low cost, mass produced energy
converter devices, because these devices are often used in AAL scenarios. It is remarkable that the
efficiency of different solar cell structures (monocrystalline silicon and polycrystalline silicon) can be
significantly different at low light conditions.
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Figure 2. The efficiency of solar cell and a thermoelectric generator as a function of harvestable energy.
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Based on the curves shown in Figure 2. the expected amount of energy can be calculated if the
amount of incoming power is known. When the output power is calculated, a decision can be made
whether an actual sensor unit will be able to operate in specific operating modes.
In the following I have examined the possible methods to store and convert the harvested energy to
provide a suitable power supply voltage for the sensor unit. The storage of energy is essential
because the nature of the harvested energy, there can be long periods when no incoming energy is
present. This is especially true in systems that are using solar cells. Supercapacitors were proposed
for use based on their main features (energy density, lifetime, charge method).
The basic idea of the power supply architecture is based on that the storage capacitors should be
separated in two blocks. In this way the two capacitors can be charged to different voltages: the
main storage capacitor (Ct) can be charged to a higher voltage, a voltage which could not be
tolerated by the sensor unit. Although the higher voltage means a larger amount of stored energy. In
order to achieve this, two DC-DC converters are needed (see Fig. 3).

Figure 3. The basic idea of the suggested power supply architecture.

The drawback of the architecture shown on Figure 3. is that both DC-DC converters are enabled
continuously, so when the incoming power is low, the operation of the converters uses all the
incoming power and cannot charge the storage capacitors. To resolve this problem, the architecture
was modified to use only one DC-DC converter, which is controlled by the sensor unit (see Fig 4.). By
using this method, the storage capacitor (C t) is able to charge at low energy conditions also. The
sensor unit’s ability to operate in wide voltage range should also be taken advantage of, so the
operation can be continuous even when the DC-DC converter is disabled.

Figure 4. The modified power supply for low energy conditions.
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The disadvantage of the structure shown on Figure 4. is that the voltage of the C t capacitor is limited
by the solar cells maximal output voltage, so the available storage capacity cannot be fully utilized.
For example, a 1F capacitor charged to 5V stores ~2.78 times more energy than the same capacitor
charged only to 3V.
I have achieved the final architecture by combining the two architectures above (see Fig 5.). This
architecture uses two DC-DC converters and both of them are controlled by the sensor unit, and the
first converter can be bridged over to accommodate low incoming power conditions.

Figure 5. The suggested power supply architecture. The series equivalent resistors are also shown on figure.

An algorithm was developed to control the DC-DC converters based on the information locally
available to the sensor unit (Uin, Ut, UVCC, the operational voltage constraints, parameters of the DCDC converters, the voltage of the maximal power point of the solar cell (U MPP)).

Figure 6. The scheme of controlling the DC-DC converters. β and γ are the parameters of the endpoint.

The control scheme (see Fig 6.) based on the constrains of the output voltage (e.g. UVCC cannot
exceed thresholds) and also that the efficiency of the DC-DC converters is low at low output current,
because in these situations the power needed for the converters internal operation is significant
compared to the output current. By using the suggested method it is achievable that both DC-DC
converters are operate discontinuously in an operating point in which the efficiency is close to the
maximum.
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Figure 7. Measurement of different power supply architectures.

To test the developed method 5 instances of the power supply and the sensor units were operated
simultaneously. With this method the different architectures and parameters can be evaluated over
identical conditions (identical incoming energy levels). In Fig. 7. the implemented endpoints are
shown, the endpoint marked “E” uses only the second DC-DC converter which is a switched capacitor
converter (LTC1514). Endpoints “C” and “D” used both converters, the first converter was a switched
inductor boost converter with maximum power point control (LTC3105), and the second converter
was the LTC1514. Endpoints “A” and “B” used a switched inductor buck-boost converter (MP2155) as
the second converter. The MP2155 has higher efficiency than the LTC2155.
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Figure 8. Real measurement data of the endpoint “E”. This unit only used the second converter, so the Ct capacitor could
only charge to a voltage provided by the solar cell. The time series on the figure is transmitted by endpoint itself, which used
only solar energy for its operation.
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Figure 9. Real measurement data of the endpoint “B”. This unit used both converters, so the Ct capacitor could charge to a
higher voltage, so the unit could store more energy for the night period. The time series on the figure is transmitted by
endpoint itself, which used only solar energy for its operation.

The endpoints in the test are set to try utilize as much energy as possible, so the number of messages
sent can be a good performance indicator to evaluate the different implementations. Setting the
value of message exchange interval was based on the actual energy levels.
Mark on Converter 1

Converter 2

figure

Number
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sent Achieved average transmit

messages

interval [s]

A

MP2155

MP2155
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43,4

B

LTC3105
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13069

21,4

C

LTC3105

LTC1514

9878

28,4

D

LTC3105

LTC1514

10764

26,1

E

-

LTC1514

5103

54,9

Table 1. The measurement results of the implemented endpoints.

The results are summarized in Table 1. It should be noted that the units using two converters could
send significantly more messages than the others in the same time period and from the same
amount of incoming energy. (The endpoint “A” used the MP2155 as first converter also, but this
converter cannot control the maximal power point, so it couldn’t increase the voltage of the C t
capacitor to a higher level than the level provided by the solar cell.)

2.2 Local energy management
I have developed a method to schedule the sampling and the message exchanges based on only local
information. This is applicable when transmitting additional information has high cost or there is no
information in the system which can help the endpoint to conserve more energy. The aim is to set
the sampling and the message exchange intervals based on the following factors:
1. The amount of the stored energy
9

2. The amount of the incoming energy at the moment
3. The amount of the forecasted energy
4. The deviation in the measured samples
To be able to validate the method beside real-life circumstances, it has been implemented on the
endpoints presented in section 2.1.

Figure 10. Block diagram of the system controlling the sampling and message exchange intervals.

The proposed method sets the sampling time in the first place. The measured samples are not
transmitted after each measurement, only if the difference between the actual and the last
measured value is greater than Δ. If the samples are constant for a long period (e.g. light intensity at
night), the message exchange interval can increase greatly. To avoid this a maximal message
exchange interval should be limited. This limit is also the function of the estimated energy levels. The
forecast was performed with a dynamic MLP.
To evaluate the proposed method, the aforementioned 5 endpoints were used, one of them is
operated as a reference. This reference endpoint used the lowest possible sampling time and the Δ =
1 LSB value, so the smallest deviation in the measured values triggered a message exchange. An error
value can be defined if the reference measurement series is compared to the other endpoint’s
measurements. The evaluation was performed on the light intensity sensor’s data, the measured
values are produced by the analog-digital converter of the microcontroller, so the error is given in
LSBs.
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Figure 11. The test results of the proposed energy management method. The figure also shows the Δ values, the green
marking shows the endpoints which used forecasted energy levels also.

The performance of the proposed method is shown in Fig. 11., the test duration was 53 hours. Two
from the four endpoints used Δ = 20 LSB values, and the other two used Δ = 100 LSB values. As
expected the endpoints with lower Δ value achieved smaller average error, but sent more messages,
so used more energy. It should be noted that the endpoints (“B” and “C”) used forecasted energy
level estimation and achieved even smaller error. The endpoint “C” was able to achieve smaller error
with approximately the same number of messages.

Thesis 1: Research of energy sources and power supply
architectures, local energy management
I have proposed a power supply architecture for wireless endpoints, which are capable of harvesting
the needed energy from the environment. These endpoints are operating in a wireless sensor
network used in a home or office environment. Furthermore, I have proposed the low and high level
control algorithm of the power supplies, setting of the sampling time and the message exchange
interval based on the actual and forecasted energy levels and the measured data. With this method
the endpoints are striving to maximize the available energy for themselves.

Thesis 1.1
A universal power supply architecture was proposed, which is able to operate efficiently despite
significantly different incoming energy levels, and maximizes the amount of the stored energy. The
architecture contains two DC-DC converters and the supercapacitors used as energy storages also
divided into two parts. In this way, a part of the storage capacitors can be charged to a higher energy
level. Both of the converters are operating discontinuously, so a controlled deviation is appearing in
the power supply voltage, with this the energy needed for continuous stabilization can be conserved.
Corresponding papers: [S3], [S6]
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Thesis 1.2
An algorithm was proposed for controlling the DC-DC converters in the architecture proposed in 1.1.
The following parameters are used for the control: actual voltage levels, the constrains of the sensor
unit and the storage capacitors, the parameters of the DC-DC converters. With the algorithm the
endpoint is able to operate beside different incoming energy conditions, and assure that the energy
levels do not drop below a certain threshold.
Corresponding papers: [S6]

Thesis 1.3
An algorithm was proposed for setting the sampling and message exchange intervals. This method
uses a dynamic neural network to forecast the expected energy levels, so the stored energy can be
utilized more efficiently. The message exchanges also are scheduled based on the local energy
estimation.
Corresponding papers: [S6]

2.3 Data collection and message scheduling based on global system model
The methods presented in the previous section use only locally available information to set the
sampling and the message exchange intervals. If additional global information is available for the
endpoint, e.g. the state estimation of the whole system, then further energy conservation is possible
in certain scenarios.
During my research an AAL oriented sensor network was further examined which is used to observe
the daily routine of the person in a given area. The sampling and message exchange interval should
be controlled in order to achieve efficient operation. The problem is divided into two cases based on
the nature of the sensors:
1. Sensor with high energy consumption


the harvested energy is insufficient for continuously operating the sensor



in this case discontinuous operation is suggested

2. Sensor with lower energy consumption


the harvested energy is sufficient for continuously operating the sensor



continuous operation is important when the sensors’ outputs are binary, so events
can be generated (e.g. motion detector)

The sensors can be further divided based on the outputs of the sensor: event like 1-bit output, multi
bit or analogue. The 1-bit output sensors can be used as an event source, so it is not needed to
12

periodically sample them, furthermore these sensors can be used to wake up the microcontroller
from a sleeping state. Passive infrared motion sensors are typically have this type of output. An
analogue sensor has to be sampled periodically in order to detect changes in the measured values,
sampling uses a significant amount of energy. If the sampling is performed the endpoint has to
decide that the data should be transmitted or not.
2.3.1

Data collection based on global system model

If the sensor in the endpoint is operating in sampling mode [S1], so it cannot provide events, the
sampling frequency should be higher only at locations where the sudden changes in the measured
value are the most likely to happen. In other areas the sampling frequency can be lower, so
significant amount of energy can be conserved. If the system model provides a reliable estimation of
the state of the measured system, the increase in measurement error will not be notable. In my
proposal the model of the system is a Hidden Markov Model. The observed area is divided into
discrete zones, the model gives the probability of the state changes in these zones.

Figure 12. The block diagram of the proposed method for sampled sensors.

The scheme of the proposed system showed in Fig 12.,

is the vector created from the

probabilities of the hidden variable (k is always the time index). yk is the vector created from the
latest measurements, Uk represents the voltage levels of the endpoints’ energy storages. The state
transition matrix (“A”) and the sensor model (“E”) also shown. The evaluation of the distance (dist.) is
based on the map of the area, so the sensor relevance is given based on the estimation of the system
state.

is the vector created from the actual state probabilities, and finally S k contains the

sampling frequencies to be set.
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Figure 13. The results of the method proposed for sampled sensors (HMMK) compared to other methods. On the left:
measurement error as a function of sampling intervals, on the right: energy consumption of all the endpoints as a function
of sampling intervals.

In Fig. 13, the curves show the actual performance of the proposed method (HMMK) compared to
other simple methods:


Fixed: Fixed sampling intervals for all the endpoints.



10-NN (10 nearest neighbors): a higher sampling rate is set in the 10 nearest endpoints of the
endpoint which has sent the last motion message.



ToD: A non-adaptive Time-of-Day scheduling, e.g. at night all the sensors are set to a lower
sampling rate.

2.3.2

Message scheduling based on global system model

I have proposed a message scheduling method for the case where endpoints use sensors which have
1-bit output that can be used as an event source [S2]. In this case the measurement is continuous, if
an event occurs the endpoint should decide whether to perform a message exchange or not, the
power consumption is determined by the number of sent messages. If the endpoint can detect
messages which are redundant in the current estimation of the system state, these messages can be
eliminated, so further energy can be conserved. In a system used for position estimation, proposed
method differentiates between the messages which are represent real movement or just position
changes in place.
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Figure 14. The result of the method proposed for continuously measuring sensors. The scale of eliminated messages is on the
left; the scale of the relative error (Drel) is on the right.

In order to achieve this, the endpoint uses the estimation of the system’s global state provided by
the Hidden Markov Model. The model estimated the most possible area where the observed person
likely was. In the zone with the highest probability, the endpoints can eliminate a significant amount
of messages, with a small performance drop in the precision of the position estimation. With the
proposed method a ~50% energy conservation is achieved by a 3% increase in the relative
measurement error.

Thesis 2: Data collection and message scheduling based on
global system model
A global scheduling algorithm is proposed to control the sampling and message exchange intervals in
wireless sensor networks. The control is based on the global state estimation model of the observed
physical system and the actual energy levels. The measurement error is governed by the
minimization of energy consumption. The method uses a temporal probability inference (e.g. Hidden
Markov Model) to estimate the system’s actual and predicted state.

Thesis 2.1
An algorithm is proposed to control the sampling rate when the measurement energy consumption is
high. The method based on the estimated system state and the known spatial positions of the
sensors. The location where the next event will likely to happen can be estimated from the system
model, in those locations the endpoints increase their sample rate, the other endpoints can set to a
lower rate. If a location is observed by multiple endpoints, the algorithm set the sampling rate of
these endpoints based on their energy levels. The method was specialized for position tracking with
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passive infrared motion detectors. The results were evaluated with simulation based on parameters
from real-life measurements.
Corresponding papers: [S1], [S3], [S4]

Thesis 2.2
An algorithm is proposed to control the message exchanges when the endpoint’s sensor is low
consumption and has 1-bit output capable of generating events (e.g. motion detectors). While the
measurement is continuous the energy consumption is defined by the number of messages
transmitted by the endpoint. The specialized method estimates the actual state of the system based
on the system model. Based on the system state, endpoints can filter messages which does not
contain information that could change the system state. With this method the number of messages
can be reduced to conserve a significant amount of energy, with only a slight increase in the
measurement error.
Corresponding papers: [S1], [S2]

3 Practical applications and further research
The available and proposed new methods can be used in practical applications as well. A part of the
proposed methods is used in a number of research projects.
Some of the proposed methods can be further elaborated or applied to new fields. The power supply
architectures can be further examined and tested, and new architectures can be simulated. Beside
the solar cells and thermoelectric generators further energy converters, which recently became
available have to be examined as well. With the proposed hardware architecture, a larger network
should be created with at least 10-20 nodes. With this network numerous methods and parameters
can be tested in real-life situations. The low power microelectronic solutions which are recently
became available should also be investigated to further decrease the energy consumption.
During literature research, an interesting field was mentioned: the wake-up receiver. In the future
this field also needs to further elaborated. The reconfiguration of the endpoints (e.g. updating the
global system model state) can be only performed by a message exchange triggered by the
endpoints. If special low power radio receiver could wake up the endpoint, the configuration data
could be forwarded with minimal delay.
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Most of the methods in my thesis were already implemented: the measurements were performed on
actual devices, the scheduling algorithms also tested on these devices. However real-life situations
cannot be tested with 1-2 nodes, so a larger network should be implemented. A non energy
harvesting sensor network is operating with 16 endpoints with motion sensors and other actuator
devices. These endpoints use batteries (Ni-Mh) as the energy source. Data from this network was
used or the evaluation of thesis 2. That method can be implemented on these nodes. The battery
cycle interval should be examined with and without the method.
Theoretical elaboration of the methods in thesis 2. also should be considered. These methods in the
current state are specialized to positional tracking using motion sensors. These methods can be used
with other types of measurements and sensors as well, where the sampling rates can be
accommodated to the changing speed of the observed system. The method in thesis 2.1 can be used
with any type of measurements, only the state transition matrix and the sensor model requires
redefinition. In the case there are available enough measurement data to perform statistical
estimations, the state transition matrix and the sensor model can be defined.
Position estimation with simple motion detectors has a moderate drawback. If there is more than
one person in the observed area, the network cannot differentiate between the persons.
Identification is possible using complex intelligent methods with a given uncertainty. These methods
should be investigated and elaborated in the future.
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Based on Google Scholar’s database, my publications are cited by 11 independent authors. The
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