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Abstract

The first step towards reducing air pollution is to measure the pollution level fre-
quently with a high spatial resolution. High-resolution spatio-temporal maps of air pollu-
tion aid in pinpointing the source of pollution and designing effective policies to reduce
the pollution. However, as tremendous cost involved is in the set-up of a pollution mon-
itoring station, its density is low. A potential solution is to complement the existing
pollution monitoring stations with a densely deployment of low-cost, battery-powered air
pollution monitoring wireless sensor nodes such that a fine-grained readings of pollution

can be captured with good accuracy.

As the low-cost air pollution monitoring sensors are quite energy hungry, they drain
the batteries of a node faster and thereby reduce the lifetime of the deployed wireless
sensor network (WSN). Therefore, they need to be replenished frequently if they are ex-
pected to operate continuously. Out of the existing energy sources for harvesting energy,
Radio Frequency (RF) energy does not depend on environmental factors and is available
either from an ambient or a dedicated RF source on-demand. Significant energy of a node
can be saved by employing an Integrated Data and Energy MULE (IDEM) to charge the
nodes via a dedicated RF source and collect data from them directly. However, for plan-
ning the path of IDEM for an uninterrupted operation of the WSN, a critical task is to
investigate the components of energy consumed by a node in different activities. To this
end, an extensive study on the energy consumptions with a few chosen pollution sensor
examples was conducted. Based on the energy consumption and rectification parameters,
the required recharging periodicity is derived. After the results are quantified, avenues
are presented by where the cost of an RF energy harvesting wireless sensor node and the
IDEM cost can be reduced to aid the scalability of the WSN.

Due to the factors such as, upper limit on the RF transmit power, path loss, fading, and
low RF-DC efficiency of harvester at low input RF powers, the amount of harvested power
by a node is low. Therefore, IDEM takes a long time to charge a single node which may
be in the order of a few 10’s of minutes. This mandates us to use multiple such IDEM’s
to achieve a perpetual operation and thus increases the cost of deploying such a WSN.
Methods to increase the RF transfer efficiency are needed in order to make RF energy
transfer more attractive. One way to achieve this is by transferring the excess energy
harvested by an intermediate node to charge a remote node faster through multiple hops.

Energy gains that can be realized by this multi-hop energy transfer (MHET) scheme are



quantified through experimental studies. Furthermore, experiments are also performed to
find the optimal position where the intermediate node has to be placed for realizing high
gains in MHET. Finally, it is also shown that the energy gain obtained can be translated
to energy transfer range extension.

An IDEM can serve a higher number of nodes in an IDEM-based WSN if node’s
energy last longer. To this effect, wake-up receiver (WuRx) is a promising hardware solu-
tion that extends the life of a sensor node by switching off its radio to reduce idle listening
energy consumption. On this front, one aspect of the thesis is design of cost-effective and
long range WuRx solutions for range-based wake-up (RW) as well as directed wake-up
(DW). In particular, an RF energy harvesting wireless sensor node is considered and it is
investigated how a low-cost WuRx can be built using an RF energy harvester available at
the node. Experimental results show that the developed prototype can achieve a wake-up
range of 1.16 m with +13 dBm transmit power. Further, through empirical study it is
shown that at +30 dBm transmit power the wake-up distance of the developed RW mod-
ule is > 9 m. Additionally, high accuracy of DW is demonstrated by sending a 5-bit ID
from a transmitter at a bit rate up to 33.33 kbps. Finally, optimized WuRx designs are
presented for RW and DW using Agilent advanced design system, which offer up to 5.69
times higher wake-up range for RW and energy savings per bit of about 0.41 mJ and 21.40
nJ, respectively, at the transmitter and the sensor node in DW.

Although a sustainable node operation can be achieved by employing an RF Energy
source, it is not cost-effective solution when there are multiple high energy consuming
pollution sensors on-board. Since the solar energy has the highest density among other
harvesting sources, it serves as a potential ambient energy source in such scenarios and
also satisfies the high energy demand posed by applications with higher Quality of Service
(QoS) requirements. To address this requirement the practical feasibility of sustainable
green sensor network is investigated with solar-powered nodes. On this front, simple yet
efficient analytical circuit model is proposed for solar panel assisted supercapacitor charg-
ing, and statistical model is developed for characterizing the solar intensity distribution.
Combining these circuit and statistical models, a novel solar charging rate distribution is
derived for the solar-powered supercapacitor. The derived solar charging rate distribution
is used to investigate the energy outage probability of a sensor node for a given sensing
rate. Further, the proposed models are used to estimate the practical supercapacitor and
the required solar panel sizes to ensure sustainability of sensor node operation at different

geographical locations with varying sensing rate.
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Frequency of arrival of mobile entity

Average power consumption for Ny, sensors during sensing
Average power consumption during data logging
Average power consumption during sleep state
Average power consumption during communication
Average time for communication

Solar Intensity

Number of series connected solar cells

Series resistance

Series resistance at STC

Shunt Resistance

Shunt Resistance at STC

Output solar panel current

Output solar panel voltage

Solar charging rate



xii

I, Solar charging rate for approximate solar panel model
I, Solar charging rate for practical solar panel model
Dout ~ €nergy outage probability

C Supercapacitor value

Vvert Cut-off voltage for Dy

Vint  Cut-off voltage for Dy

T Solar cell temperature in kelvin

Solar cell temperature at STC in kelvin

Voc  Open circuit voltage

Isc  Short circuit current

Vmp  Voltage at maximum power point

I,  Current at maximum power point

k Boltzmann’s constant

q Charge of electron

Iy Reverse saturation current

I5TC  Reverse saturation current at STC

n Ideality factor

nSTC¢  Ideality factor at STC

L, Solar current

I5T¢  Solar current at STC

Qo Relative temperature coefficient of /g¢
E, Band gap energy

Ve Maximum charging voltage of supercapacitor

vl PDF of G
m order of polynomial function
4 it" coefficient of polynomial

V,.es  Residual voltage of supercapacitor
CDF of I,
CDF of I,
e CDF of G

t dummy variable for time



xiii

max

load
min
load
Vénax
Vépin
(Gmax
P
N S
Ng
C1
tstart
tend

U
1

Cf
Cy
Ve

Maximum operable voltage of load
Minimum operable voltage of load
Maximum charging voltage of supercapacitor
Minimum charging voltage of supercapacitor
Maximum solar intensity

N for practical solar panel model

N for approximate solar panel model
Supercapacitor size for storing excess energy
t at start of daylight time

t at end of daylight time

Upper bound of 'y

Lower bound of C}

supercapacitor size to support P29 during non-sunlight hours

cons

supercapacitor voltage
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