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Abstract

Energy availability is a major concern for battery-powered Internet of Things (IoT)
nodes, particularly for the widespread deployment of wireless sensor networks (WSNs).
In order to address this challenge and make IoT nodes self-sustainable by utilizing har-
vested power, it is imperative to design nodes that consume very low power and the sen-
sors must be redesigned to be more efficient than commercially available sensors. To
ensure the long-term sustainability of wireless sensor networks, this dissertation is fo-
cused on developing energy-harvested smart [oT platforms that are efficient and versatile
enough to be used in various applications. We have developed low-power sensors with
similar sensing quality to replace high-cost ones for air quality monitoring. Retrofitting

of energy-sustainable smart energy metering has also been explored in this dissertation.

As a first step, we have designed a 5G-capable environmental sensing network (ESN)
node prototype called an air pollution monitoring device (APMD). APMD has electro-
chemical sensors to measure carbon monoxide, sulfur dioxide, nitrogen dioxide, and
ozone, besides temperature and humidity sensors, along with particulate matter (PM)
sensors to measure PMs 5 and PM;y. The node has been equipped with a solar energy
harvesting unit and a rechargeable battery as a backup to power up the module. By uti-
lizing an on-board GPS subsystem, APMD packs all these gathered air quality data in
a frame with physical location, time, and date and sends them to a cloud server. The
node can communicate through WiFi and NB-IoT connectivity. We have experimentally
demonstrated that compared to the conventional designs with Wi-Fi-based connectivity,
the developed system consumes ten times less energy while using 5G NB-IoT communi-
cation module, which makes it a very competitive candidate for massive deployment in

highly polluted metro cities like Delhi and Kolkata, in India.

The second part of the thesis has extended the design of a low-power PM sensor and
experimental validation of deployed APMD. The on-board PM sensor has been designed
to measure PMs 5 and PM;. The developed APMD was co-located with an accurate ref-
erence sensor node to validate the sensing quality, and a series of field data were collected
over seven days. In a fully ON state, the on-board PM sensor saves up to 94% energy
while maintaining root mean square error (RMSE) of 0.58 for PM, 5 and 2.5 for PMy,. A
power control mechanism has also been applied on the PM sensor to control the speed of
the fan by applying a pulse width modulated (PWM) signal at the switch connected to the
power supply of the fan. At 100 ms switching period with 30% duty cycle, the on-board
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PM sensor is 97% energy efficient compared to the commercial sensor while maintaining
sensing error (RMSE) as low as 0.7 for PM; 5 and 2.7 for PM;,. Our outdoor deploy-
ment studies has demonstrated that the designed APMD is 90.8% more power efficient
than the reference setup, with a significantly higher coverage range, while maintaining an
acceptable range of sensing error.

The third part of the dissertation has discussed the development and evaluation of an
analog front end (AFE) for an ultraviolet (UV) based optical gas sensor module designed
for air pollution monitoring applications. The proposed system can accurately measure
concentrations of NO,, O3, and SO, by exploiting the principles of light absorption and
scattering. Comparative analysis with data from the reference sensor demonstrates a
strong correlation, validating the reliability and accuracy of the designed gas sensor mod-
ule. Unlike traditional electrochemical gas sensors, which necessitate a complex AFE to
detect gas concentrations, our designed module offers a more cost-effective solution with
enhanced sensitivity and a compact design. This chapter elucidates the working princi-
ple, design considerations, and experimental results of the proposed gas sensor module,
highlighting its advantages over conventional sensors.

Finally, the dissertation’s last part has studied the retrofitting of a smart electricity
metering system. A smart electricity meter is an example of an IoT device that is being
installed in domestic and industrial premises to monitor power consumption along with
various other services such as billing, load forecasting, and dynamic pricing. Usually,
these IoT devices sample at a high rate and report the whole data to the cloud. In this
process, a large amount of energy is consumed at the IoT node for data transmission,
and a large bandwidth is used for transmission over the Internet, though for storage sav-
ing, some compression is performed at the destination. To this end, we aim to prune
the IoT data at the source node by providing some intelligence, thereby aiding the wire-
less IoT node’s energy sustainability and efficient channel bandwidth usage for scalable
deployment. The IoT devices measuring single parameters or multiple parameters are ju-
diciously pruned within an acceptable reconstruction error limit. In this work, we have re-
ported the embedded implementation of data-driven dynamic pruning of multi-parameter
smart meter data as an example demonstration of data-smart IoT nodes. Our performance
results have shown that the energy and bandwidth savings with multiple univariate data
pruning are respectively about 19% and 36%, whereas the savings with multivariate data
pruning are respectively about 36% and 98%. The developed embedded data pruning

module is 99.09% more energy efficient than the implementation on Raspberry Pi.
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I8 Y I 1A Sexe T T (107T) 180 & g SHoif & Sudsdl Ue a1 fidr &1 fava g, @
TR TR IRREY IR Aedds (WSN) Bt STAH d-Tel o 178 | S T BT JHIHTH B 3R GIaes
TR T JUANT R [oT 18T B AR T & e, T g o1 fewmga e sifard g ot
5 B faoTell &1 WU FHRd § SR IR & ATGHTIS T I Juast] YR $1 Jor1 H 317 H2ra
B & fore fiRR O fEome fovan s anfeu | arRe I¥R Aead &t Sidaifore fRRar gfRfdd &
¥ fo, g MY TeY SHoll-Tufed W 1o WewiH f[AwRid - IR Hisd g S fafta sryan o
SN fohT S o fore vaitd $Ra SiR Sgq & | g8 arg T[urad AR & folg 3= AnTd ardl
IR P! Fea & e T AR e ard HH-fF ara IR el fou &1 59 oy vey
Froll-TYRON WTe St el o et &1 it uar evmen man g |

Ugd HeH & ©T H, 89 5G-T&H UgIaR0 Hadg "edd (ESN) IS UIelergy duR foar g ford arg
TGHUT AR SUSHRT (APMD) 8T ST 81 APMD H HIaH AFISHIRIES, Yeh SRS,
AR STSHTES TR SIS DI AU & T SAFSI BB TR §, ATUHM 3R el YR b
3T, PM2.5 3R PM10 B HT9A & fog Tifégpaie Ae (PM) SR U 8 | 18 BT AR SHoll Gad Sd1s
3R HTegd ®! TR &1 & ol 930 & U H U Rarciad desl 3 o fhar g1 3iH-818 6Ps
aRREH &1 IUURT B, APMD 39 Goft Uswrd arg ura Se1 ! Hifds ®H, T 3R arRia &
1Y T T T U T & 3R I6 A3 S TaR TR WoTdl1 ¢ | 718 WiFi 3R NB-IoT Hae dct & H1ed
T TOR IR IHd1 8| T TNTES ©U I YeRid foa § fos as-wrs-snuiia dafaefadt aa
URUR® FST8l @1 ga- 8, fdsRid Yol 56 NB-IoT TR Hied &1 YA HRd 95 &9 THT
HH SHoll B! JId B B, S 39 YRA | et iR Fiderar S afiies ugiid A el # 78
YA W dH1 & forg v agd 81 ufaeadf Suficar s ]

R & IR U & HH-fFT aTat Hed TR & fSomez 3R a1 Thierst & uriifiies g &
M TR TAT B | 3-8 UITH AR &I Hud 2.5 3R TTH 10 &1 A0 & fore fewmg= fearmar gl
I Rd THTAS! &I Tded TG &I 717 T3 & ot T Iid e TR e & 91y J-Rud
T T o1, SR AT e B Wice ST ! Ud Y Uh A &1 71 At | T TR A R F, sif-ar8
Yo IR 94% b Froll SaTd § STafds UIUH 2.5 P fald 0.58 3R G1EH 10 & oW 2.5 BT e Aeq ot
e (SRTATHS) AN AT 5 | U4 1 fysTett 3mafd @ 2 g IR ueq Aer Aregaics (Ussqud)
Rd AR Ua &1 71fd &1 Fafa A & fore tied SR R Ue urar dhcia Hapfon o ar fean
TR 1 30% ST AI3fhd & WY 100 TATY fRARNT 3@y #, 3if-a1E tien SR aifivifyes SR
DI AT H 97% o1l HA ©, STaid Ydad Ffe (IRTATHS) ! diud 2.5 & g 0.7 3R dd 10
& fN 2.7 & U T & 9L 3G ¢ | §IR 3H3cSR IRMTNH sreqgi = UeflRid foan g fs
fSoms foran o wiere Ta Tesrm &t g & 90.8% 3ifeid SHoif HRIA &, o F1wt it
HaSl 39T B, SaP Fae Ffe BT Wb War sH1E Iar 2

Y e & R YT B IR Uguur R Syt & feor feemg= fve e wRisY (uv) senfea
3P T YW Aiegd & forg T the U8 (AFE) & faer iR euie- R a4 &1 715 ]
TRATTAd Tl TahTRT Sa=IUT 3iR f9ReRTa & RIgid! 1 SudiT &b NO2, 03 3R S02 BT Higdl
D qlH Y Y WY JHal § | FoH TR T ST % 1Y JaTcHD [a=eyr U Aolgd Jeuad vefia
FRAT 8, SNl FoulTe [P U T SR Aiegd &t faya=iaar SiR Teidhdl & A1 HRdl § | TRURS
gAdCIb R T YR b fquta, Foraw 7 TigdT &1 Ual a1 o fore Ueh SIfed AFE &1 Ta=adhdl
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TR IR 10T 1S 1 Solt FRRET 3R Thaad uRfATSH & o $3d o-d defagy Suam &
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