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Summary

Clouds are a natural challenging element of Earth that play activanrole
climate change and climate sensitiyitand their evolution involves multi
dynamical, radiative, and microphysical processa vast range démporal and
spatialscales

Turbulence plays an important role in the development and dynamics of clouds,
spanning from thenicrophysics leve(fraction of millimetres)to the weather and
global climate scalétens of kilometers) since, it leagdstrainment, stirring and
mixing processesSpecifically, athe smallest scales, turbulercé f ect s t he
efficiency to produce rain since enormouslyfavoursthe motion and growth of
rain droplets through collisions and coalescettwags reducingsignificatively the
time required forwarm rain initiation. Neverthelessturbulence mechanisms
associated tgarticle dynamicsare not yet fully understood gy due to the
complexity in measuring clouds asuch scalesand the poor/lack of explicit
representation of turbulence processes in general circulation nhahels leaving
open questions in atmospheric physics.

In an attempt to address these knowledagesgthiswork presents novelin-
situ experimental method for measuring the influenceréltscale turbulence in
cloud formatiorand producing an ifield cloud Lagrangian datadey means oéin
innovative ultralight and expendable radioprob#&/lith a maximumtarget weight
of 20 gramsand a diameter of 30 crhi$ radioprobe is designed to passively track
smaltscale turbulence fluctuationsuch as air velocity, water vapor, pressure, and
temperature inside warm clouds andighboringambient airaccording to the
Lagrangian description.

This research work focuses on the electronic design of the complete radioprobe
system (ltra-light radioprobes and ground stations) and presents the most
significant results derived from laboratory and field expents. The fully
customized radioprobe board featuring small dimensions (5 cm x 5 cm), embeds a
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set ofcompact size microprocessors, controllensd sensoraimed to measure
local inner cloudfluctuations in acceleratiorirajectory pressure, humidityand
temperature. For the duration of the flight, it acquires, partially processes, stores,
organizes, and transmits in nearly real time the collected information to various
ground stations spatially distributed on la@lue t o t he radi oprobes
corstrains and the environmental conditions that can be found inside warm clouds,
the communication between the flying instrumented balloons and the ground
stations is achieved thanks to the use of a dedicateerdmuyg and powesaving
wireless communicatiolink. At the ground level, the ground stations are designed
to capture, store, manage, process, and display the data coming from the floating
devices.

The tests performeid validate the system desigmoth in the lab and in open
air, confirmthat the nevly developedadigorobesogether with the ground stations
perform well, providing accurate information abosmall scaleatmospheric
turbulencevariables, referenced in spacelhe combination of multiple mini
radioprobes will consent systematic and aaturobservationgto small scale
turbulencefluctuatiors inside warm clouds specifically over land and alpine
environments These unique in sitineasurementare essentialo enhancehe
current understanding durbulencerelated microphysical processem warm
cloudsthus, improving actuatudies of cloud formation
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Chapter 1

Introduction

Enhancing the knowledge of natural atmospheric events has been pursued by
mankind for many year<louds and weather phenomena have attracted human
attention forthousandsf years.In fact, multiple studies and observatiomsave
beencarried outalong the yeart understand and eventually predict tloeimplex
but fascinating behavio€louds are aaturalchallenginic o mponent of t he Ez¢
climate systemThey play a crucial role in climate change and climate sensitivity
because they cdargely affect the energy balance of the atmosphere and surfac
thusdirectly affectinglife on ourplanet.Cloud characteristics have a direct impact
in the Earth radiation budget, the global hydrological cyttieough precipitation)
and the atmospheric motiatynamics(Siebert, Franke, et al., 2006; Heintzenberg
& Charlson, 2009)

Clouds are presefrom the planetary surface to the mesosphere kygcover
nearlyt wo t hirds of the Ear t Hlbtergovemnmnntas pher e at
Panel on Climate Change, 201Hpwever, they continue to liee largest dominant
source of uncertainty in weather and future climate estimgki@mtzenberg &
Charlson, 2009; Bodenschatz et al., 2010; Stechmann & StevZpi0;
Intergovernmental Panel on Climate Change, 200145 is attributable tthe multi
dynamical, radiative, and microphysical processes that cloud evolution innolves
only in temporal but also spatial scalesin fact, cloud behaviour antheir
development range from the sabicrometre scale where the collision of particles
and dropletsoccur, to the thousands okilometers scale reachable by global
circulation processes This constitutes a major challenge forciemntific
comprehension and cloud modelling as a total representation of the cloud system
and the connections across the multiple range of scales is not yet possible.

Turbulence plays a leading role in cloud evolution and precipitation, extending
acrosslie microphysics level to the weather and global climate scale since, it drives
entrainment, stirring and mixing proces¢Bsdenschatz et al., 2010; Devenish et
al., 2012) At the smallest scales, turbulencgenselyfacilitatesthe motion and



growth of rain droplets through collisions and coalescehggbulence supplies a
random acceleration force, generating strong shear mdqfumsir & Wilkinson,
2016) which lead o spatially clustered particle didititionsin vorticity regions of
the cloud, thus reducingignificantly the time required fowarm raininitiation
(Grabowski & Wang, 2012; Niedermeier et al., 2020)

Warm rain (rainfall) is formed from clouds (warm clouds) composed only of
liquid water having temperatures above 0 °C (32 °F) and resulting primarily from
coalescence of water droplétsau & Wu, 2003; Liu & Zipser, 2009A relevant
fraction of thetotal precipitation that falls on Earth groducedby warm clouds.

Warm clouds typically form in the lower troposphere and are responsibie&oky

30 % of the total rainfall on the planet amelarly 70 % of the total rainfall in the

Tropics, thus havi ng significant i nf | batamce e on t h
regulation(Lamb & Verlinde, 2011; Devenish et al., 2012)

Although turbulent flows associated to clouds and aerosols are critically
important for prediction of weather and climé&haw et al., 2020}hecomplexity
in measuring clouds at the smallest scales and the poor/lack of explicit
representation of turbulence processes in general circulation models lead to
fundamental questions about turbulence mechanisms still unans(Verxsshi &
Bodenschatz, 2009; Siebert, Gerashchenko, et al., 2010; Devenish et al., 2012;
Geerts et al., 2018; Hoffmann et al., 2019)

In an attempt to address these knowledge ga&pyeralaboratory expements,
numerical simulations, and field studieave been undertakelong the yearto
investigate and try to understand the comptéoud microphysicalprocesses
particularly those inherent to turbulence interactiétighe beginning, the limited
compuational research too#ndelectronic instrumentation combined with the lack
of understanding ofhesenatural events made the achievement of the objectives
even morechallenging. However, over the yearthanks to the improved
computationaresearch toolsnd more sophisticatednstrumentation availability
the study andbetterunderstandingf these naturgbhenomena observatiohgave
been highly improvedlo name a few examples of these investigation methods (not
limited to), remote sensingethods mainly involve theseof radars and lidars (K.

B. Cooper & Chattopadhyay, 2014; Hubbert et al., 2018; Schmidt et al., 2019),
laboratory experiments mostly include wind tunnels and aérdsald chambers
(Chang et al., 2016; Hoppel et al., 1994;Siebert et al., 2010; H Siebert et al.,
2015), insitu observations comprising manned and unmanned airborne platforms
measurements (airplanes, helicopters, tethered lifted systemswiréot
anemometry, etc.) (Lehmann et al., 2009; Malinowski et al., ;28dRjer Siebert

et al., 2007; Holger Siebert, Lehmann, et al., 2006; H Siebert et al., 2015), and
numerical computational simulation studies accomplished via N&t@kes direct
numerical simulation of little sections of clouds (Kumar et al., 2014, 2018)

A methodto describe the properties of turbulence is the use of the Lagrangian
description, which consists of tracking the motion of individual fluid particles that
have beenavn to a moving flowHer e, t he i ndividual partic
i t a g gnd described in function of tim@escriptions of Fluid Flows | The
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Pennsylvania State Universjt2020; Toschi & Bodenschatz, 200@pagrangian
experiments provide many benefits over studies made at fixed sites since the
measurement resources can dantralizedon the moving air volume in focus
(Businger et al., 2006)The Lagrangian specification approach applied to
turbulence particle pair diffusion was initially proposed by Richardson in 1926
(Richardson & Wkker, 1926; Malik, 2018)From then onthe interest of turbulence
Lagrangian statistics has risen significatively during the last decades (Lu et al.,
2008).

Numerous analytical and experimental methods have been applied and
improved for the investigatioof Lagrangian turbulence from thieewpointof fluid
particles. Within the experimental part, some of the main techniques developed are
optical tracking of tracer particles, acoustic Doppler, and instrumented particles
(e.g., (Ayyalasomayajula et al., ZBrenguier & Bourrianne, 1998; Uhlig et al.,
1998; Gerashchenko et al., 2008; Lu et al., 2008; Salazar et al., 2008; Shew et al.,
2007). Although nowadays it is possible to have high spatial and temporal
resolution of turbulence through these methodsgramgian measurement
techniques arenostly laboratory procedures that cannot mimic the high degree of
turbulence fluctuations found in reabrld atmospheric clouds (H. Siebert et al.,
2010; Toschi & Bodenschatz, 2009).

In contrast to most of theaditional approacheshe presenfPhD. thesiss
dedicated tahe developnent ofanin-situ experimental method for measuring the
influence ofsmallscale turbulence in cloddrmationby means of thedesign and
implementationof an innovative ultralight and expendableadiosonde (here
referred to as radiopropeapable of floating in warm cloud§his research work
has been promoted and financed byEheopean Horizon 2020 Marie Sklodowska
Curie projectwhich was approved in 2016 (H2020 MSCA ITN ET®RPLETE,

GA 675675: Innovative Training Network on CleiicroPhysicsTurbulence
Telemetry(CORDIS | European Commissid2015) , t hr ough one of t he
beneficiary partnerEnviSens Technologies S.r.l.

COMPLETE is aninter-multidisciplinary research trainingetwork targeted to
enhance the understanding and modeling of atmospheric clouds. This scientific
network comprises an experimental program involving different research and
development activitiese., laboratory and numerical simulatigngelocity Micro
ElectroMechanical Systesm(MEMS), design and development of advanced fast
temperature probesfield experiments, and innovative atmospheric mini
radiosondesall of them devoted to the production of Lagrangian datasets crucial
to gain new understandir@f in-cloud processes

Themini radioprobs presented hem@redesigned to passively trasknallscale
turbulence fluctuationsuch as air velocity, water vapor, pressangl temperature
on the inside of warm clouds anéighboringambient airParedes Quintanilla et
al., 2021) According to the Lagrangian description of turbulent dispersion
proposed by Richardsof(Richardson & Walker, 1926; Malik, 2018)he tiny
devices can be considerems markers in a Lagrangiainategy



With a maximumtarget weight of 20 gramand a diameter of 30 ¢gnthese
innovativeradioprobesre carefully designed to floatthe target altitudef warm
clouds, which ranges between 1 and 2 dmove the surface levelhey must be
alive for few minutes, which is sufficienttime interval to measurdluctuations
from the inner turbulence time scaf(@/. A. Cooper et al., 2013; Pumir &
Wilki nson, 2016)In order toenable the radioprobes fioat and drift with the air
volume the bieballoons housing the electronics are filled vatbuitablemixture
of helium gas and ambient air to reach a buoyancy force equal totaheeight
of the system.Bearing in mind that the mini radioprobes are not envisaged to be
recovered after their missiotie desigrconsiderghe utilization ofenvironmental
friendly and less disruptive materials to reduce any possible negative impact on the
environment.For this purposethe balloonwrappingthe electronics is made of
biodegradableelementscustomized to providéhydrophobicity and flexibility
propertiegBasso et al., 2020)

Within the framework of research balloons, these newly developed devices can
be categorized siinstrumented weather balloarseverthelessthey are distinct
from typicalinstrumented devicegeatedor atmospheriobservationbecause of
their minimal sizeweight, and floating capabilitieBor instance, to name a few of
them, theNCAR-NOAA (National Center for Atmospheric ResearcNational
Oceanic and Atmospheric Administratjddlobal Hawk tethered dropsonde (sonde
specificationsweight 167 g, length 30.5 cm, diameter 4.6 cm; paraclageare
cone designsize20 cm on a side) conceived for vertical atmospherig|prg
measurementsn@n-Lagrangianbehavioy and launched by an unmanned aircraft
from the National Aeronautics and Space Administration (NA8Kick et al.,
2018) orthe NOAAconstanvolume, lowaltitudesmart balloon (balloon diameter
about 335 cm) housing onboard instruments ra used for atmospheric
characterization througtiagrangian expemens or hurricane researcliLow
Altitude Balloon Measurement Platforn2911).

Other examples are tigegoundlaunched weather balloon from NOAA carrying
a tethered radiosondaiial balloon diameter about 152 camd expanding until
bursting used for vertical profilingup to about 32 km in heigliPicture Climate:
Bal |l oons Ar Rrthdays | B@AH h.d.) fthe rgroundaunched twe
balloons tethered rawinsondes (somndeight 13 g, balloon: diametefior each
balloonabout 61 cm (weight information not available)) used for thermodynamic
measurements in storn{®arkowski et al., 2018)and theunmanned aircraft
deployedballoors tetheing a microsondeand usedor supercell thunderstorm
studieg(total deviceweight 65.6 gYSwenson et al., 2019)

The Lagrangian weather balloons described in this tlaesias instrumented
particlesfeaturing a relative constant volume, thosing neutrally buoyant at
specific altitudesEach tiny device embedsset of compact size microprocessors,
controllers and sensorsimed to measure lat inner cloud fluctuations in
accelerationtrajectory pressurehumidity,and temperatur&ince theadioprobes
are small and light enough to be easily transported afeegnvisaged toe released
into theatmosphere with the help of unmanned aerial vehicles (UAV#ijtler
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airplanesFor the duration of the flighthe ultralight radioprobes acquire, partially
process, store, organize, and transmit in nearly real time the collected information
to variousground stationspatially arranged on landue t o t he radiopr
physical constraits and the environmental conditions that can be found inside
warm cloudsthe communication between the flying instrumented balloons and the
ground stations is achievéthnks to the use of a dedicated laagge and power
saving wirelessommunicatiorink (Bertoldo et al., 2018At the groundevel, the
ground stations are designed to captst@ere manageprocess, and display the data
coming from the floating devices

The information resulting from the whole procesported abovevill provide
an insight intesmall scale turbulendductuations inside warm clouds specifically
over land and alpine environment$iese unique Hsitu observations are essential
to enhancé¢he current understandingtoirbulencerelatedmicrophysical processes
in warm cloudghus, improving actual weather foredagtand climate models.

This thesisfocuses on thelectronics design of the entire radioprobe system
described abaandis organized as follows

1 Chapter2 presentsan overview ofbasic concepts useful for the
development of this work includingclouds, cloud turbulence
Lagrangian measurementadiosondesand weather balloan

1 Chapter Jdescribes the radioprobe environmedgntifies the critical
technical aspects of the systeaddresses the design requiremesuts|
introducesthe proposedsystem architecture and design methodology.
Also, it presents the final radioprobe system design

1 Chapter 4reportson the performance evaluation of the radioprobe
system under different cottidns.

1 Chapter 5 presents tipeesents thenainconclusions and future work.



Chapter 2

Atmospheric clouds as a source
of uncertainty

2.1 Clouds and cloud turbulence basics

2.1.1 Clouds in the climate system

A cloud is a visible aggregation of wat#nops ice crystals and other particles
dispersed in the atmosphd@oud | Glossary of Meteorology.d.) Clouds are
formed in the free atmosphere as a result of two processes: the condensation of
water vaporinto liquid waterin ascending air flowsand the evaporation dhe
lowest layer ofog.

By condensatioriyvo main elements are requiredater vapor ad hygroscopic
aerosolsHygroscopicaerosolsan be defineésmicroscopic particles in free air
that easily attract and retain water vapor moleciléggroscopic Nucleus |
Encyclopedia.Comm.d.) Theseaerosolserve ashe nucleus oditmosphericloud
dropletsand receive their name according to the type of cloud they belocigua:
condensation nuclgiCCN) for water clouds or ice nuclei for ia@ystal clouds
(Cloud | Glossary of Meteorology.d.) Figure2.1 shows a hygroscopic aerosol
catching tiny water droplets before becoming a cloud droplet.

Figure 2.1 Tiny water droplets aggregating around a lygroscopic aeroso(The Importance of
Understanding Clouds | NASA EOS, 2005)
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Water vaporgets into the atmosphere through evaporation. It comes from
different sources like soil, open water, or plaAirosols are generated either from
natural sources like volcan®éash) or sea (sal9r from humaractivities like air
pollutants With a sufficient amount of water vapor and CCN, a cooling mechanism
is required taeducetheair parcel temperature to the dewpderperaturéo form
a cloud(CloudDevelopment | Oklahoma Climatological Surveyl.; Ward, 2005)

An air parcel isan imaginary bubble of air whetiee exchange of heat with the
adjacent atmosphere is not presémtstable air conditions, an air parcel moving
upwards or downwards ithhe atmosphere, will tend to come back to its original
position. On the other handn unstable air conditions, an air parcel moving
upwards or downwards in the atmosphere,tefid to continue rising or descending
according to its initial motiodirection. To find out if the atmosphere in which the
air parcel is inserted, a comparison
surroundingbs at mospherAeany givemplevel m tha r e
atmosphereenvironmental ¢mperature highly variesith height Generally, the
atmosphericemperature decreasesth increasinghe heigtilevel. Based on this,
asaparcel of air rises in the atmosphetégndsto expandbecause of the reduction
of air pressure with the heigh groahd cool.The rate awhich this cooling is

happening depends on the relative humidity of the air enclosed within the parcel.

When the air parcelrrives at relative humidity value of 100 % can be said that
it i s saturated. At this psthesodalleddewh e
point temperatur@Vard, 2005)

When a saturatedolume of air cools, its ability to hold moisture is reduced
andit cannot holdany moremoisture. The extra amouot water vapor becomes a
liquid (condensation) or solid (depositiodt the dew point, cloud droplettart
developing through condensationtothehygroscopic aerosol particlésenerally,
cloud dropletgange from 11 0 0 & m i nTo ekack arairid®p size, cloud
particles need to expand their mass a million of times or (Wdadlace & Hobbs,
2006) With the continuingascent of air parcels, cloud droplets keep growing in
size. If theybecomdarge enoughthey fallfrom the cloud in form ofainfall. This
cloud development is depictedkigure2.2.
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Figure 2.2 Cloud development procesgHow Do Clouds Form% NASA n.d.)
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2.1.2 Clouds in the climate system

The climate systeni{gure2.3) is the result of the interaction between different

components of t he atfBaspheérdeid), hydospheefwatery u ¢ h

lithosphere(solid portion of the Earth)cryosphere (permafrost and icend
biosphere (living organisms) (Taylor, 2005; Climate System | Glossary of
Meteorology n. d. ; A CIl i mahe eesubof theseemutuad inta@tidris )

creates the conditions on and around the Bai® s
Earthoés cli mat e.

,hen

cefdatermining the
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Figure 2.3 Climate system(Le Treut et al., 2007)
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compl ex

play a crucial role in climate change and climate sensitivity because thieygelg

affect the energy balance of the atmosphere and surface. For instance, cloud
characteristics dve a direct influence in the Earth radiation budget, the global
hydrological cycle, and the atmospheric moti@iebert, Frake, et al., 2006;

Heintzenberg & Charlson, 2009)

The Earttd sadiation budgeis the balance between the incoming energy
radiation from the Sun and the outgoing eneagiated bythe Earthtd systeminto

outerspacdT he Eart hés Radi,ad.)iRadmatioBftooh the Sun |

is essentially all the energy in the climate sys{d@iaylor, 2005) and clouds can
greatly influence theamount ofsolarr adi at i on r

different manners t he net effect

of

eachingm the
them depend

they cover, their altitude, composition, thicknessd amater or ice content
(Hartmann, 2016; Ward, 2005} loudsreflect and scatter thgolar and terrestrial

as

component

NASA
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radiationand absorb thplanetaryinfrared energyin fact, oughlythe 30 % of the
Sunds energy intercepted Fgywe2d)he Ear t h

EARTH'S ENERGY BUDGET
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Absorbed by land
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Figure 2.4 Solar radiation intercepted by Earth. Effect of doud reflection and scatter(Global
Energy Budget | NASA GP\Mn.d.)

The dobal hydrological cycleknown alsoas the water cyclejescribes the

circulation of waterfrom the ocean surface arldnd masses o t he Eart hodés

atmosphere, antlack in the form of precipitatiofNational Research Council,
2007) Clouds play a vital role in thglobal hydrological cyclsince they determine
precipitation and the return of watall over the globe (oceans and lamckas)
hencdeading tosurfacetemperature changes

The atmospheric motignor atmospheric circulatigriranspors the surplusof
heat from the tropics towasdthe poles(Hartmann, 2016)Clouds helpthe
redistribution ofextraheat, hence reducing extreme temperatures.

2.1.3 Cloud classification

Clouds are constantly}changingand can present diverse structures, shapes,
textures, colors, et@hey are mainly classifiedcaording tothe altitude level at
which they are found and their physical appearan¢€loud Classification |
Glossary of Meterology, n.d.;Cloud Names and Classifications | Met Offioel.)

Based on their form, clouds can be grouped as:

1 Cirrus wispy, fibrous, hatlike appearance, curl of hair. High up level.
1 Alto: medium level.



1 Stratus (strato): layered, flatjdely extended, horizontal sheet.
1 Cumulus: convex or conical heaps, puffy, covering small areas.
1 Nimbus (Nimbo): rain, precipitation cloud.

Based on the height of their basis, clouds cagrbaped afigh-level clouds,
mediumlevel clouds,and lowlevel clouds(Cloud Classification | NOAAn.d.)
Table2.1 provides a summary of their main characteristics.

Figure2.5 shows a summary of the classification of clouds accordirtigeio
form and heigh basis.
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Figure 2.5 Cloud classification(Bruyn-Cotton, 2012)
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Table 2.1 Cloud classification based on the height of their basi€loud Classification | Glossary of
Meteorology, n.d.; Cloud Classification Summary | WMO, n.d.)

High clouds occur
above about 7 km
They are
predominantly

composed of ice

Cirrus clouds can be found at any time dur
the year. They appear in the form of silk strif
or delicate faments Their composition ig
entirely of ice crystals, which give them th
particular white color and form. The height
their base varies from about 6 km to 12 k
Technically this type of clouds produce ra
but it never reaches the surface.

(Eugste, 2011)

crystals due to th
cold temperature
present at thes
heigh levels (abou
-25 °C).

Cirrocumulus clouds rarely cover the sk
They are layered clouds made up of lots
small cumuliform bumps regularly spac
called cloudlets. Their composition is alm
entirely of ice crystals and supercooled wal
The height of their base varies from about 6
to 12 km. Like the cirrus clouds, this type

(Hearts, 2010)
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cloud also produces rain, but it never reac
the surface.

Cirrostratus are high, thin, and layered clou
usually covering totally or large areas of {
sky. They are composed of ice crystals 1
disperse the light (moonlight or sunligh
passing through them producing a ring or h
effect. This kind of cloudsloes not produc
precipitation.

4

S

m

(Whale, 2009)

Altocumulus clouds are healike clouds with

white or grey appearance andaded sides| £

They are generally associated with sef [

weather. Altocumulus are composed of clq 55

droplets and may contain ice crystals a
They generally form at altitudes between 2
and 6 km. Rainfall from this kind of clouds
rare but it that happes, precipitation does n
reach the ground.

= " p WY 4
(Rubinstein, 2007)

» P -

Medium  clouds
occur between 2 kn
and 7 km. They arq
found at middle
levels in the)
troposphere, an
are mainly
composed of liquid
water droplets, icq
crystals, or both
depending on th
temperature profile
present. Normally
the temperature &

Altostratus clouds present a grey or bigeey
cloud sheet or thin layer covering the sky eit
totally or partially. They are general
composed of water droplets together with
crystals. Normally, they form when
cirrostratus cloud layer drops down from
higher height; however, altostratus clouds
not show the halo phenomena typical of
cirrostratus type ones. They generally form
altitudes between 2 km and 7 km. Altostra
clouds usually point to a change in the weat
because they tend to form befarf a warm ol
occluded front. They may gradually thicke
becoming a nimbostratus clouds respons
for rain or snow.

(Cloudwatcher, 2011)

these levels varie
from-25°Cto 0 °C.

Nimbostratus clouds frequently present

grey, dark, and nearly uniform cloud laye |

This type of cloud forms commonly in tk
middle level of the troposmne but then i
broadens vertically towards the upper ¢
lower levels. Nimbostratus clouds &
composed of suspended water droplets, fal
raindrops and/or snow crystals. They usu
produces rain or snow, which reaches w
ground areas. Their basenche found from
heights between 500 m to 3 km, and tf
thickness may vary between 2 and 4 km.

(ANIi mbost
Cloud, o

Low clouds occur
near the surface
below the 2 km of
height. This type 0]
clouds are generall

composed of liquid

Stratocumulus clouds are hybrids of rounde
masses and layered ais They are
characterized by thick and thin areas with g
white, or both colors forming waves, lines, g
groups. Stratocumulus are often found in

atmosphere before or after a frontal syst
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water droplets. Thq
temperatures
present at this leve
is usually greate
that-5 °C.

Precipitation from this kind of clouds is ra
but it that happens, it is usually just light rg
or snow. Stratocumulus can be found fr
heights between 500 m to 2 km.

(Couchscratching
cats, 2021)

Stratus are very low clouds that exter
uniformly over the skyThey are usually gre
or nearlywhite colored and can last for lor

time periods. Stratus may produce li¢ ®

precipitations or drizzle. They can be fou
from heights between O m to 2 km.

(PiccoloNamek, 2005

Cumulus clouds present a detached flui
appearance. They develop as result
convection processes. Usually they indic
fair weather; however, cumulus can gr
becoming towering clouds, which mig

produce occasional rain showers. This typ¢ ®

clouds are genelly found at altitudes lowe
than 2 km unless they grow vertically.

Cumulonimbus clouds are characterized by
anvil multi-level appearance. They are form
by water droplets and ice particles and prod
severe weathdike lightning, hail, and thunde
Cumulonimbus can form in groups, alone
alongside a line of thunderstorms. They
extend from low to middle altitudes, taki
shape between 200 m to 4 km with pe
reaching up to 12 km.

¥

(Nowack

020)

2.1.4 Cloud challenges

Cloudsare a natural challenging element of Edhtat play active rolen the

Eart hoés e

ner gy b al aTheyerepiwserd thb bighestanmass

clustering of anyatmospheric aerosol on the plag8haw, 2003)In fact, clouds

blanketnearly two thirds ofth&€ar t h 6 s

atany giwep ttméFRigere 2.6),

being present from thaelanetarysurfaceto themesosphertayer (Heintzenberg &
Charlson, 2009; Intergernmental Panel on Climate Change, 20Mgreover,
clouds are very efficient in the interaction with radiatiooth visible andinfrared.
Regarding the visible range, clouds redistribute light mainlydslection and

scatteringof the solar and terrestrial radiatiomhile in the infrared range, clouds

act as blackbodies altering tegchangeof the planetarynfrared energythrough
the atnosphereln addition cloudscanalter the hydrological cycléhrough the
formation ofrain and transport of water and energy. It is important to mention also
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that cloud features such as development, extent and duration, can be altered by
anthropogenic anbiological influencegShaw, 2003)

>

.; /
v/
e

Cloud Fraction

Figure 2.6 Cloud fraction on Earth (Cloudy Earth | NASA 2015)

Despite their importance, clouds continue to be the largest dominant source of
uncertainty in weather and future climastimation(Heintzenberg & Charlson,
2009; Bodenschatz et al., 2010; Stechmann & Stevens, 2010; Intengevdal
Panel on Climate Change, 2014; Bony et al., 20I5is is rooted in the fact that
cloudevolutioninvolvesmulti dynamical, radiative, and microphysigabceson
a vast range demporal and spatiataleqSiebert, Franke, et al., 2006; Stechmann
& Stevens, 2010; Intergovernmental Panel on Climate Change,.2014)

Cloud behaviour anddevelopmentvary by as much as seven orders of
magnitudgWarhatft, 2008) Theyrange from themallesiscales (submicrometré
where the particles and droplets collide, to ldrgest scalesénsof kilometers
reachable byglobal circulation.This constitutes a major challenge for scientific
comprehension and cloud modelling as a total representatite afoud system
and the interactions across scales is not yet possideexample of this are current
cloudresolving modelsTheyhave limital computational resources for resolution,
domain size, or simulation time, hence leading to capture issues of thetoaicro
global cloud scaleMoreover, most climate models are not well resolved nor
parameterizedStechmann & Stevens, 2010; Intergovernmental Panel on Climate
Change, 2014; Hoffmann et al., 20189 fully improve our understanding aboud
dynamics and their functiomm the highly complex global systemnmot only every



single process on each scale but gigoway in which thegre linked togethenust
beaccounted far

) pr——— \ 2.1.5 Turbulence: its effects m
G Freezingxlaend S ) ‘

$ ice parti rowt vaporation . .

. e cloud dynamics and available study
\kemelting :

\ framework

Turbulence is wusually associated to
disorder and complexityn fluid dynamics, ti
refers to the presence of spontaneous
fluctuations along a wide range of lengths and
time scalesresulting in an efficient mixing of
fluid properties(Lévéque, 2006Turbulence |
Glossary of Meteorologyn.d.) It is the fluid
motion characterized by the presence of
excessive Kkinetic energy( A Tur h Wl ence
2021) Turbulence phenomena is
characterized bythe random nature of
turbulent fluctuations and
a turbulence state to disperse properties
(Gifford, 1955)

TURBULENCE

Figure 2.7 Presence of tirbulence at all cloud scales
(Bodenschatz et al., 2010)

Turbulence plays an important rolethre
development and dynamicsof clouds
spanning from thenicrophysics leve(fraction
of millimetres) to the weather and global
climate scale (thousands of kilometers
(Figure2.7) since itleadsentrainment, stirring
and mixing processe¢Bodenschatz et al.,
2010) In fact, clouds can be defined as
droplets in turbulent motiofWarhaft, 2008)

The properties of clouds at the microscales
are delineated by thermodynamical and fluid
mechanical synergy within droplets and
neighbouringair (Shaw, 2003)At the snallest
scales, turbulenceaf f ect s t he cl ou
efficiency to produce rain sinceghormously
favoursthe motion and growth of rain droplets
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through collisions and coalescenae a efficiency factor rate from 2 to 5
(Grabowski & Wang, 2012; Li et al., 2018Jurbulence supplies a random
acceleration forcegenerating strong shear motidaigimir & Wilkinson, 2016)It
has been found that accelerations im@spheric turbulence can be up to 10 g
(Shaw, 2003) These motions leadotpreferential spatially clustered patrticle
distributionsoutsidehigh vorticity regions of the cloudhus reducingignificantly
the time required fowarm rain initiation (Warhaft, 2008; Grabowski & Wang,
2012; Niedermeier et al., 2020)his enhancement in the precipitation fotima
process r@in initiation) represents the major challenge in the cloud physics
community(S. Chen et al., 201&ecause, combined withe radiative properties
of clouds, have a direct influence in the global climate and weg®esky et al.,
2006)

Warm rain or rainfallis formed from clouds (warm clouds) composed only of
liquid water having temperatures above 0 °C (32 °F) and resulting primarily from
coalescence of water dropldisau & Wu, 2003; Liu & Zipser, 2009)n other
words, warm rain does not involve proceseglated toice-phase(ice-free) (R.
Chen et al., 2011)
A relevantfraction of the precipitation that falls on Eartipi®@ducedoy warm
clouds Figure2.8). Warm clouds typically form in the lower troposphere and are
responsible foapproximately 30 % of the totplanetrainfall andnearly70 % of
the total rainfall in the Tropicshush avi ng signi fi cant i nfl uen
radiative balance regulatighamb & Verlinde, 2011; Devenish et al., 2012)

0.5

a Warm Cloud Fraction (0. 172)

'

04

-0.3

|
02

Fraction

0.1

0.0

Figure 2.8 Global warm rain occurrence (Nuijens et al., 2017)

Although turbulent flows associated to clouds and aerosols are critically
important for prediction of weather and clim@Bodenschatz, 2015; Shaw et al.,
2020) the difficulty in measuring clouds at the smallest scales and the poor/lack of
explicit representation of turbulence processes in general circutatidels lead to
fundamental questions about turbulence mechanisms still unansi¥ersathi &
Bodenschtz, 2009; Siebert, Gerashchenko, et al., 2010; Devenish et al., 2012;
Geerts et al., 2018; Hoffmann et al., 20CQRDIS | European Commissij&015)

15



To address thesdongstanding knowledge gaps various laboratory
experiments, numerical simulations, and fistddiesto understand the different
microphysical processes and turbulence interactions involved in cloud formation
and precipitation have been carried out along the last yBadenschatz et al.,
2010; Devenish et al., 2012; Niedermeier et &2® Shaw et al., 2020l of
these approaches have been postilaleks to the improved computational research
tools better instrumentation availabilitand improved phenomena observations.

To name a few example$these investigation methoi®t limited to), remote
sensing methods mainipvolve the use of radars and lidar¢K. B. Cooper &
Chattgadhyay, 2014; Hubbert et al., 2018; Schmidt et al., 20&8pratory
experiments mostly inclewind tunnels anaerosadl cloud chambergChang et
al., 2016; Hoppel et al., 1994; Siebert, Gerashchenko, et al., 2010; Siebert et al.,
2015) in-situ observationsomprisng manned and unmannedrborne platforms
measurements (airplanes, helicopters, tethered lifted systdroswire
anemometryetc.)(Lehmann et al., 2009, 2007; Malinowski et al., 2013; Siebert et
al., 2007; Siebert, Lehmann, et al., 2006; Siebert et al., 2015; Beals et al,, 2015)
and numerical computational simulation studies accomplisheNax#eii Stokes
direct numerical simulation dittle sectionf clouds(Kumar et al., 2014, 2018)

2.2 Lagrangian measurements

Air motion has a broad spectrum not only in spatial but also temporal scales.
For instancejt spans from random motions at microphysical levels to global
circulation levelsncludingthewholeatmospheréayer(lribarne & Cho, 198Q)Air
motion can be described in two ways, the first one is by using the Eulerian
description and the second one is by using the Lagrangian description.

The Eulerian description consistsdpecifying the properties dluid motion
in a defined control volume danctions of position in space and in tinte.other
words, this method provides information about the flow in terms of what happens
at different pecific points in space through which the fluid pagsesL agr angi an
and Eulerian Specification of tHere, FIl ow Fi
individual fluid particles are not identifie(Descriptions of Fluid Flows | The
Pennsylvania State Univers;it§020)

The Lagrangian descriptiaonsists intracking the motion of individual fluid
particles that have beeoven to a moving flow Here, the individuaparticles are
fimarkedd or i dnd degcebedd function of time(Descriptions of Fluid
Flows | The Pennsylvania State Univers®20; Toschi & Bodenschatz, 2009)

This approach has been successfully applied to address transport issues. For
instance, it has been used for turlmtilenixing treatment, processing of models
spanning from air pollution transport to turbulent combustion modelling, turbulent
entrainment processes, particle transport and aggredabschi & Bodenschatz,

2009)

The difference between both descriptions can bgemfed inthe smoke
discharged from a chimneyxampledisplayed inFigure 2.9. In the Eulerian
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approachijf a sensor (i.ethermometeris locatedatpsi t i on A0 0, it can
the temperature at that specific point as a function of time. Similarly, if various
additional sensors are placed at offrexd points insidehe samesontrol volume,
the temperature field can be obtained.
On the other handnithe Lagrangian approach, the same sefteomperature)
can be attached tandheedil uuti@r ptalre i paet iNAI
measured as it moves as a function of timievarious sensors are attached to
differentfluid particlesandrecord th& temperatureaneasurements, the result will
be the temperatuief thesedifferent fluid particlesas a function of tim€Young et
al., 2010)

Lagrangian: moving with fluid
Particle A

Position 0

Eulerian: fixed volume,
fixed point

Figure 2.9 Eulerian vs. Lagrangian description example
(Polle, 2010)

A way to describe the properties of turbulence is the use of the Lagrangian
description which captures the temporal development of a turbulent (flaschi
& Bodenschatz, 2009As mentioned in the previous section, at the sntatlesid
scales, turbulence properties play a crucial roteémotion and collisiorof finite-
inertia dropletsn wet cloudsMoreover, it is important in determining the radiative
emissivity of clouds

Lagrangian experiments provide many benefits stities made at fixed sites
becausehe measurement resources can be concentratedfieled moving air
volumeunder study(Businger et al., 2006 he Lagrangian specification approach
applied to turbulence particle pair diffusion was initially proposed by Richardson
in 1926 (Richardson & Walker, 1926; Malik, 2018%ince then,he attention to
turbulenceLagrangian statistics has rissignificantly during the last decadéku
et al., 2008)Plenty ofanalytical and experinmtal methodshave beeremployed
and improved for theesearclof Lagrangian turbulendeom the view point of fluid
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particles Insidethe experimental part, some of fiencipaltechniques developed
areoptical tracking of tracer particlesh e r e p @osition aod aecéleration are
determinedacousticand laseDopplerwhere particles are traced and acceleration
is measuredand instrumented particléisat include sensors for the measurement
of temperature or acceleration with transmission capabilitie.g.,
(Ayyalasomayajula et al., 2006; Brenguier & Bourrianne, 1988ig et al., 1998;
Gerashchenko et al., 2008; Lu et al., 2008; Salazar et al., 2008; Shew et a)., 2007)
Although today it is possible to have high spatial and temporal resolution of
turbulence through #semethals Lagrangian measurement techniques are mainly
laboratory procedures that cannot mimic the high degree of turbulence fluctuations
found in realworld atmospheric cloudSiebert, Gerashchenko, et al., 2010; Toschi
& Bodenschatz, 2009Further explorativéagrangiarmeasurementserformedn
real cbudsare still required toget additional information useful fahe fully
understanithg of the turbulencerelated microphysical processes at teeallest
cloudscalesTo this endthe improvement of instrument siaad deployment cost
data rates and phigcal challenges inherent to measurements in clouds must be
overcameo get valuable information related to the interaction between turbulence
and cloud microphysics.

2.3 Radiosondesand weather balloons

2.3.1 Radiosondes

The term Asondeodo i s (tihSeo nRAreeAsorn@0s2alr)d f or
generally used for collecting meteorological dafaradiosonde is a battery
powered instrument with radio transmitting capabilities that is carriem the
atmosphere typically by a soundifgeather)balloon(Fletcher, 2017)A variant
of radiosondsarecalled dropsonde They are dégned to belropped dowrfrather
than float up from aircraftsat particular altitudes and then, they fall to the surface
due to the gravity forc@Vhat Is a DropsonddgZEarth Observing Laboratoryn.d.)
Generally, dropsondes include a small parachute that helps to slow down their
descent to ground. radiosonde is an electronic unit composed of three parts: a
meteorological sensors, a radio transmitter, and a signal processing section
(Dabberdt et al., 2003Yhe meteorological estimation periodicity depends on the
radi osondeds manuf act Radesondesrare degignedgto f r om 1
capturedifferent meteorologicaparameters lang their ascendig or descending
pasghrough the atmospheriee.,temperature, relative humidity, pressure, position,
wind, altitude, cosmic rays, efci Ra d i 0 s o .fldeg transmi2 tbexdli¢cted
information via radiceitherto ground receivexor aircrafts.Usually, radiosondes
are expendable instruments since the regoaiter ther release is not envisaged.
Radiosondeand dropsond@bservations haveeen a vital parbf weather
forecasting and climate researdn decadesince they provide higlquality and
high-vertical resolution for orsite measuremen{dVick et al., 2018)They allow
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to outlinethe atmosphere and get directly vertical peafaformation ofthe natural
phenomena under studiRadiosonde data igsed fordifferent applicationsfor
instanceas an input for weather predictiamd air pollutionmodels,for weather
and climate change researdoy local severe stormshurricanesand marine
forecass, for aviation operations and defence applicatioms, calibration and
validation source of satellite retrievaéenong othergSun et al., 2010; Dabberdt et
al., 2003)

Air soundings started in the late80Ds. Recording devices called
meteorograph#ere attached to kites or tied balloons and recordedthesurface
measurements retrieved by the devidése next evolution step was the additain
a radio transmitter tohe initially developedmeteorographsThe aim of this
additionwas to transmit the retrieved dabeground in real timeThe first recorded
launch using this refined device was don&929 inFrance byRobert Bureauwho
gave t hradiosoradene t @nstromentlt was carried by a balloon inflated
with Hydrogen and measured atmospheric pressure and temperature parameters.
Since then, radiosonde technology has been improved and refined along the years.
They have become more accurate, more price affordable and s(Wdtiat Is a
Radiosonde?n.d.)

Nowadays, hundreds of radiosondes are launched ttiadyghoutthe world
to make measuremerdsad provide a snapshot of tagnosphereA global network
of nearly 1300 radiosonde launch stations sends every day radiosondes to the
atmosphere usindreerising balloonsthat can reach up t85 km of height
(Radiosondes | NOAA.d.)

2.3.2 Weather balloons

Generally, a radiosonde married aloftby a weatherballoon also called
sounding balloos: Balloons are greatly used for in situ measurements from ground
up to some tens of km above the surfadeey provide valuable insights into a
variety of complex pocesses throughout the atmosphekdoreover, the
incorporation of additionalradionavigation systemsi.e., Global Positioning
System GPY) and communicatioriechnologiesi(e., satellite communication)
allow real time measurementlthough satellites i@ crucial tools for getting a
global view of Earth, thegtill bearsome sensitivity limitations in the presence of
vertical variability of clouds and aeros@Bommereau, 2003; Dubovik et al., 2021)
Given that a single observation method does not provide extensive information
about a targeted object in a challenging environment, complementary observations
are neededBalloon sounding isone complementary method for atmospheric
researchwithin the mai advantages of using ballodios atmospheric observation
are the simplicity of use,moderatecost, and the opportunity of reaching
stratospheric level€Sitnikov et al., 2014)Their relative low cost makes possible
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the repetition of thebservationshroughout the yeaand the globén a short time
frame(Pommereau, 2003)

Balloons are made usually bighly flexible materials such asatural rubber
(latex) or synthetic rubber (neopreng&he gas commonly used fovide them
their lifting capacity is the Hydrogen; however, Helium and natural gas are also
employed.Their physical size is determined by the total mass required to lift, the
ascent rate, the maximum height of the sounding, and the type of géBakbdrdt
et al., 2003)

Balloors are not new vehicles. In fact, they have been used for many decades
not only as scientific observational platforms but also as spectacle eMenfast
series of unmannedeather balloonaerelaunchedor first time in France in 1896
to carry out atmosphere investigations ofttbpopause and stratosphéré We at her
Bal | oo n Sioce thebh@ varjety of balloons have been developedoming
apopularstandard toadlor atmospheric structure observations.

2.3.3 Lagrangian balloons

As mentioned earlier, Lagrangian experimdatas in dimited volumeof air
that is moving Lagrangian balloonsdliffer from other kinds of weather balloons
because thelgave a constant voluntbat allows them tdloat or drift in isopycnic
(same densifysurface levelsThis characteristic is not applicable to the vertical
atmospheric profiling wherean atmosphericballoon is either ascending or
descending because it has not reached its equilibrium buoyancy level
(Doerenbecher et al., 201®uoyancycan be defined as ampward force exerted
on an objectat rest whichis entirelyor partly immersed in a fluifi.e. air, water,
etc.)(Elert, n.d.) Buoyancy can be affected by the fluid density, the fluid volume,
and the local acceleration due to the gravitational force. The equilibrium lyoyan
called also neutral buoyancy, is reached when the density of the immersed object is
equal to the density of the fluidhe flight level of the balloon depends ds
buoyancy, whichn turn relies upon the gas mixturesed to providehe lifting
capadiy.

Over the years, any experiments have been carried out using drifting
constardevel balloons as Lagrangian observeBme of then(not limited to)
have been developed for different applications such astuldg oftheevolution of
vertical struture and cloud in the marine boundary layer (ASTEXGE in 1992),
collection of meteorological data (ACGEcampaign in 1995)quantification of
chemical and physical processes affecting aerosol evoluliQi-@ in 1997,
collection of ozone and meteorologl data [CARTT in 2004, hurricane
intercepting (RAINEX in 2005)tudy the transit of pollutants and duShArMEXx
in 2013 TRAQA campaigs in 2012, monitoring of ambient flow (INDOEXn
1999and VASCOQOin 2007, spacetime variability AMMA in 2009, water vapour
and dynamicgHyMeX SOP2in 2013, (Businger et al., 1996; Doerenbecher et al.,
2016).
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For smallscale turbulenceexploration using a Lagrangian approach
instrumented particles are highly promising todisschi & Bodenschatz, 2009)
Instrumented particles feature aatdle constant volume te neutrally buoyant
andkeep a fixed density at specific altitudédso, they contain sensors able to
measurdalifferent local quantities.g.,acceleration, temperature, pressure, etc.) and
send the gathered information to receiving stations.

Balloons can be used as instrumented partide®llow in situ Lagrangian
trajectoriesand report in real time¢he atmasphericstructure One of he main
advantages of using instrumented balloons as Lagrangian maskidvast they
provide valuablefluid-based information in the reference frame of particles
passivelytransportedby fluid motion.Moreover,over the use of &ditional moded,
the use of Lagrangian balloons allethie elimination of two major distortions that
occur in common rising tethered balloons. Since the balloons are designed to float
in a neutrally buoyant level, vertical resolution problems due toitfeascending
velocity provided by traditional balloons are not present. Moreover, since the
payload is placed inside the balloon, the pendulum motion of the battaohed
payload moving the sensors and affecting their measurements is eliminated
(Krauchi et al., 2016)
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Chapter 3

New concept of ultralight
radioprobes for in-cloud turbulence
measurement

3.1 Understanding the radioprobe environment and
design requirements

The tiny radigprobes must be designed meeasure smabcale turbulence
fluctuationsandwork atthe submeter level wheoud microphysicalprocesses
such agphase transition, particle collisions and particle breakup take. placthis
purpose they mustpossessunique features thaénablethem to behave as
instrumentedfloating particle devices and track 3-Dimensional Lagrangian
trajectoriesafter theirdeliverancento the atmospherd.o explore turbulencgom
the Lagrangian point of view, these particidand of radigorobesmust beassmall
in sizeas possibl¢o feature a minimum inertiand a minimum volume compared
to the trajectory followed during the flight.

Moreover, the newly designed radioprobesust be capable of passively
floating and follow small scaleloud fluctuationsThe total target weight of each
radioprobe is limited to approximately 20(GORDIS | European Commissjon
2015) comprising the measurement instrumentation, the exteousing,andthe
required additional supports.

In addition, b float on an isopycnitevel where thesurfacekeepsa constant
density (Isopycnic Surface | Glossary of Meteorolpgyd.) the density of the
radioprobs alsomustbe kept as constaas possibléo match the density of the
atmosphereinder studyThis means that the combination of weight and volume of
the instrumented balloon mystrsistmoderately invariablduring the flightat the
target altitudeof warm clouds ljetweenl km1 2 km). Relying onthis factor, the
volume and size of the balloon wdstermined in(Basso et al., 2020)sing the
Archi medes6 pr i nmctabgelfleating conditiomsCansidermg &
constant atmospheric lapse rate of 6.5 K/kmththe volume and radius of the
balloon were calculated as summarizedable3.1.

Table 3.1 Determination of balloons ze by bal ancing the atmospherebds den
density (considering a fixed total weight of 2@). Constant lapse rate = 6.5 K/km(Basso et al., 2020)

Atmospheric parameters Estimation of balloon
dimensions
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Altitude Temperature Pressure  Atmospheric Volume Radius

[m] [K /°C] [mbar]  density [kg/m?] [m3] [cm]

0 288/ 14.85 1000 1.22 0.019 16.5
500 285/11.85 950 1.17 0.020 16.8
1000 282 /8.85 900 1.11 0.021 17.1
1500 278 /4.85 850 1.06 0.022 17.7
2000 275/1.85 790 1.01 0.023 17.7
3000 269 /-4.15 700 0.90 0.026 18.3

Consideringa fixedtotal mass of the syste(B0 g) the atmosphere density at
the destination altitudeand a constant environmental lapse, e sonde balloon
dimensionmust be about 30 cm in diamet&dditionally, since the radioprobes
will be working inside clouds containing water droplets, the enclosure balloon must
be made of hydrophobic materials to avoid the absorption and adherenateof w
that can increase the system weigihtl damage the electronics

It is expected that the radioprobes keep a stable trajectory when inserted into
warm clouds.The foreseen observational domain in which the radioprobes will
work ranges from a few meteirs the vertical axis extentand a few kilometers in
the horizontalaxis extent from their release poinfThis is an enough physical
domainfor thestudyof a cloud (or part of it) and some portion of surrounding air.

The radioprobes should be designedé a lowcost solutioncompared with
current similar systemsnce a large number of devices are requirethi®ipresent
research scop&ondes dropped from aircrafigtformsare important for obtaining
fine-resolution vertical profilingnainly over ocean and sometimes over mairland
however, they are expensive amually drops over land from mother aircrafts are
limited (Geerts et al., 2018Balloon-borne radiosondegasimilarly important to
provide vertical profiles of atmosphere thermodynardiging the balloons' ascent
andcontrastedvith launchprocedure$rom aircraft platformsthe soundingystem
launchoperations not very costlyAlthough current radiosondeanufacturing and
launch procedure(either from ground or aircrafgre affordable the instrument
downsizing the nonrnecessity of a mother aircraft, expensive ground launch
statiors or complex logistics, will furthedownscalecostsassociatedwvith their
production and releaséloreover, being very smallpverland use restrictions
related to size and weight are not present.

The radioprobes musnclude a set of different microcontroller@dMCU),
processorsandsensorgor the measurement afrbulencerelatedfluctuations such
asvelocity,accelerationvorticity, humidity, pressureandtemperaturénside warm
clouds. In accordancewith the atmospheric spectra derived from-fieid
observations of the target atmosphere poriatul et al., 1998; Warhaft, 2008;
Radkevich et al., 2008; Siebert, Shaw, et al., 2010; Golshan et al., 28@tmary
of the operational requirements for the radioprobe sensors is shdwahles.2.

The kinetic energy spectrum of atmosphere turbulence is display&dure
3.1; however, the range ohterest for the intended radioprobe observations is
limited to the intervals marked in red:

T Kinetic energy of turbulence from abo@tn?/s’to +1.5 n{/s?
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T Wavenumbefrom about-3 m!to 3 mt

Biona' [elevation 1.3 + 22 m

—— Katul” (pinecforest) [elevation 30 m

Katul” (hardwood) [elevation 50 m
= Lothon" (lidar measurement) [altitude s.l. 1+1.5 km
. —— Radkewich'®(cirrus lidar measurement) [altitude s.l. 8 km
s Radkewich'’(aerosol lidar measurement) [altitude s.1. 5 km

Present work [(altitude 1 km

log, (f\'::Ill-]:)
v
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Figure 3.1 Kinetic energy spectrum d atmosphere turbulence(Golshan et al., n.d.)

Table 3.2 Summary of operational conditions for the radioprobes

Quantity Values

Warm cloud height 1 kmi 2km
Temperature range (T) 0°C-+30°C
External relative humidityRH) 0 %RH-100 %RH
External pressure (P) 400 mbar 1100 mbar
Trajectory +/ 1100 mn
Air flow fluctuation inside cloud Up to5m/s

Although their recovery and reuseuld befavorable, the radioprobes must be

designed to beexpendable They are not envisaged to hetrievedonce their
journeyinto atmosphericlouds isended In this context, i becomesvidentthat

the data collected dung the flight must bsomehow retrievedlo do so, the data
acquired while the device is alive should be seintlesslyto a ground statiq(s)
located onEarth For that purpose, a communication technology that allows
reaching the grountdased stationral at the same time meets the size and weight
physical constrains of the design is necesddoyeover, due to the nerecoverable
feature of the probes, they mustdsevironmentally friendly to the best capabilities
to narrow down any potentialegativeenvironmental impactTo this end, it is
envisaged the use of radioprobe casings made of innovative biodegradable
materials.
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Lastly, but not leasthe radioprobesnust havgpower autonomyThey must
last at least 30 minutes to be able to measure fluctuations from the inner turbulence
time scale of few minute®V. A. Cooper et al., 2013; Pumir & Wilkinson, 2016)

3.1.1 Critical technical aspecs

The development of the radioprobes requites deep analysis of different
decisive aspects. Since this thesis in focused on the electronic design of the whole
system, the main critical aspects are reported below.

- Due to the small fon factor of these new kind of radioprobes, size and
weight are the main constraints for their realization. As mentioned in the
previous section, the total weight should be kept around 20 grams and the
maximum diametér s b aholldobe meld around 30rgemeters hence,
all the components must be carefully seled¢tednatch the requirements
without compromising the proper operation of the radiopiobe s.y st e m

- Power consumption is another key factor during the design of the devices.
Since the radio probes are batteperated, the battery must provide
enough power to the electronic circuit, whiatust incorporatea set of
sensors, microcontrollerand a least me transceiver. Depending on the
sampling frequency of the signals, energy usage of the sensors and the
transmission rate of the data to the ground statienpattery lifetime can
be affected.Also, due to thebottleneck in the size and weight tife
radoprobe, the battery cannexceed a few grams of weight and a few mm
in size

3.2 The proposed radioprobe system architecture and
design methodology

The proposed radioprobe system aitmsmprove the understanding of the
effect of turbulence in cloud processdy measuring turbulence velocity
fluctuations and structure of thermodynamic fieillseal clouds and generating
new Lagrangiatbased cloud fluctuation datasets. Part of the work described in this
section has been publishediinl nnovat i v et radiosondesuoltiaakal i g h
Lagrangi an turbul ence fluctuati ons wi t hi
(Paredes Quintanilla et al., 2021)

3.2.1 Working principle

The working principle of the entire system is showrrigure 3.2. The light
weighted (about 20 gramsjdioprobedevices(1) are carefully designetb float
and passivelyollow smaltscaleturbulencefluctuationsinside aml outside wem
cloudson an isopycnic surface. In order to make their flighd clouds possible,
the biodegradabldalloon housing the electronic instrumentation is foreseen to be
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filled up with aprecisecombination ofair andHelium (He in orderto reacha
buoyancy force that matches tiogal weight of thesystem Every single radioprobe
incorporates a collection of tiny microcontrollers, microprocessassorsand
other components that permit tlezal measurement of atmospheparameters
such astemperature, humidityvelocity, acceleration, vorticityand pressuren
clouds andsurrounding airSince the radiosondes are small and light enough to be
easilycarried they will beliberatedinto thetarge atmospheréevel with the aidof
UAVs or small airplanesDuring the air travel, each Lagrangian balloon acquires,
partially processs storesprganizesand transmits in nearly real time the collected
data to receiving anblasestations situated oground It is to be noted that a long
range communication link technology with low power consumption features should
be assured to connect and exchange data within the netaorthis purpose, the
devices are equipped with a communication system that aloedata delivery
through a dedicated lomgngepowersavingwireless radio transmission link

e
Y/ .. Radioprobes (1)
3

Uqu

> 11((\J)))Base station (2)
Al
()
A Bl oo\ :
Base station (2) Base station (2) /\E]
Processing
machine (3)

Figure 3.2 Working principle of the system (Paredes Quintanilla et al., 2021)

The base stations (2) are located at known fixed positions on ground. This
provides a reference to the system and enables the execution of positioning and
tracking algorithms to determine th@jectory followed by the radioprobdsach
base station is equipped witloth, a receiving systemand a data acquisition and
control system. The former is used to capture the transmitted data from the floating
devices, while the latter is used to receigentrol, and manage the obtained
information.In addition, each base station is connectedo@sonal computer (PC)
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where the information is stored in a data base and partially processed and visualized.
Thepost processingystem(3) allows the management, filterirggprageand final
execution oftrajectory tracking and positioalgorithms. Italso providesthe
interface of the system to the user.

The information derived from the entire process will provide an insight into
turbulence fluctuations in warm clouds, which are essential to enhance the current
knowledge of turbuleneeelatedmicrophysi@l processeghus, improving actual
weather forecasting and climate models.

3.2.2 System architecture

Due to the characteristics of thetwork, the radioprobe system structure can
beclassifiedas aWireless Sensor Netwo(kVSN). A WSN is a network cfpatially
distributed totally autonomous node deviceserently constrained in terms of
battery life and processing functionalitiésopez, 2008)that can convey the
gathered data from a monitored environment through wireless communication links
(Wi reless Sensor Networks.: Typ#4 A& Their
WSN consists ba data acquisition network containing the sensor nodes and base
stations, and a data dissemination network providing an interface of the data
acquisition network to the user

This WSN is structured in three main parts: the-tmadoon wrapped
radigprabes the base stationand the processingystem The radioprobes are the
sensor node devicesf the network. They embed a radio transceizerdata
acquisition system, aralset of sensors faneasuing the physicatlataof the target
surroundingsAt this point the datareacquired, partially processgencapsulated,
and transmitted to ground. Each radioprabable to communicate directly with
the receiveryia a dedicated radio frequency (RF) transmission link.

Eachbase station comprisa recever system t@et the transmitted data from
the sensor nodesio form a reliable networkithe base stations are spatially
dispersed and configured tmmmunicate witlthe same set of radioprobes thus,
ensuring the reception of the diffused dathe base tationscommunicaten a
wired way to aPC via & Universal Serial BugUSB) port Here,the dataare
directly collected through the COM port, then partly processtdred, and
previsualizedA graphical output of the initially processed déag., radiprobe
ID, Signatto-Noise ratio (SNR)Received Signal Strength Indicator (RSSI) of the
packets temperature, pressure, relative humiditg displayed through an
application interfaceAt the end of the process, the datapassed to the next chain
point.

The post processingystemis the laststepof the network structure. Herthe
data are managed, filtered, completetgpcessedand stored. At thitevel, fusion
algorithms are exeted to complete thieajectory tracking and positiqerocesss
The obtained information is fully display#dtroughdifferentapplication interface
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3.2.3 Electronic system configuration

This subsection presents tledectronic systenconfiguration ofboth, the
radioprobes and the ground stati®he radioprobe system is structunedlifferent
functional unitsas is illustrated irFigure3.3. It conssts ofa data processing and
control unit (1), a radiocommunication system (2), a tempergessureand
humidity sensor stage (3), a positioning and tracking sensor stage (4), and a power
supply unit (5).

(@)

Radiocommunication

Temperature,
Humidity & Pressure
sensor stage (3)
Temperature sensor
Relative humidity
sensor
Pressure sensor

system (2)
Transceiver
Matching network
Antenna

T

Data processing and

Ly control unit (1)
> MCU
External components

Positioning and
tracking sensors (4)

IMU 1
GNSS receiver | | | Power supply unit (5)
Matching Network LDO
LNA Voltage level translator
Antenna Battery
FTDI

Figure 3.3 Block diagram of the mini radioprobe

The block diagram of thground stations illustrated inFigure3.4. It consists
of a receiving system (1), a data acquisition and control unit (2), a power supply
unit (3), and management, storagispalization,and pos{processing ung(4).

A detailed desription of each block diagram is given in the next sections.
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Figure 3.4 Block diagram of theground station

3.2.4 Flow diagram

Themain processinfjow diagramof the radioprobe system is showrFigure
3.5. Since the radioprobdevicemust have power autonomy, a single battery is
usedas source of enerdyr its functioning While the radioprobe is powerzh,
the microcontrollerstarts its operation ancbntinuouslyexecuteshe main code
previously uploaded. It recurrentligkes readings frorte different sensors of the
unit, that istemperature, pressyreumidity (TPH), acceleration, magnetic field
angular ratgInertial measurement unftMU)), andGlobal Satellite Navigation
System (GNSS)Then, thelMU data is usedo update arAttitude and Heading
Reference SystefRHRS) orientation filter, whichprovidesvaluable information
to identify the location of the radioprobe as a pgwsicessing step executed at
groundlevel. At the end, the partially process@tformation together with the
remaining sensor data are encapsulated inside a data packet and sent to the ground
stations via the LoRa transmission liditer the message is received at the ground
station level, it is converted tocampatibledataformat pre-processedstoredin a
databaseand finally visualizedThis process is repeated while the radioprobe is
alive and transmitting dat#\s a result, ainiguelLagrangian dataset containing
smaltscale turbulence fluctuatianformationfrom warm clouds is generated for
future usan weather predictioandcloud modelling analysis.
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Figure 3.5 Main processing flow of the ralioprobe system

3.3 Selection ofsystemcomponents

3.3.1 Radioprobe

3.3.1.1Data processing and control unit

This electronic stagés the computational unit of the radioprolteallows the
management and execution of the different subsystem operations insseéasoe
node.In this unit, the data provided by the sensors are partially processatyed,
and eventuallyencapsulated to bgent viathe transmission modul® the base

stations.

The core of thedata processing and contrahit is an ATmega32®-AU
microcontroller from Microchip (ATmega328P | Microchjpn.d.) based on a
reduced instruction set computISC with a highly optimizedset of instructions
(AReduced | nstr uct .iTogtyp&otmicroComtrolleuhtisdbeen o
selected for the current development mainly due to itsdower operation, small
size factor, and compatibility with a wide group pfogram and system
development tools It is a tiny, low power complementary metalxide
semiconductor (CMOS)-Bit single-chip suitable for embedded systeniscomes
in a highly compacthin quad flat pack (TQFP) packagke32 leadsdimension of
9 mm x 9 mm x 1 mm and weight of 70 nidheTmega32® requires an operating
voltagein therange from 1.8 V to 5.5 V and operates within temperature ranges
from -40 °C to +85 °CIn addition, this microcontrollencorporatesa 32 Kbytes
of in-system selprogrammable flash programa 2 KBytes of internal static
randomaccess memory (SRAM)and a 1 KBytes of electrically erasable
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programmable readnly memory (EEPROM) The current needed by the
microcontroller to operate is very little: in active mdal@ mA in powerdown
mode0.1 pA, andin powersave mod®.75 pA@ 1 MHz, 1.8V, 25 °Clt supports
different interfaces.e., a master/slave Serial Peripheral Interface (S&Herial
programmable  universal  synchroneasynchronous receiver/transmitter
(USART), anda Philips inter-integrated circuit @C) compatible interfaceThe
microcorroller also incorporates and amip in-system programming (ISP) flash
for reprogramming irsystem the program memory via the SPI interface.

To generate the clock signal and control the timing of the microcontroller, the
ceramic resonatd STNES8MOOGH5L00R0O(CSTNES8MOOGHS5L0O00RO0 | Murata
n.d.)from Murata has been selected. Thirsd of resonators provide highliability
at low cost(Ceramic ResonatorsApplication Notesn.d.) This resonator is a
surface mount technologdsMT) 3-leads component wita nominal oscillating
frequency of 8.000 MHz, frequency tolerance of 0.07 % max, frequency
tolerance on heat temperature changes @fL1%, a builtin load capacitance of
33 pF+ 20% max.,and operating temperature range fref °C to +85 °C

The design includedso abuilt-in-led coupledto ne of t he microcont
digital I/0 for system check purposemndan externalpush bottom switclused to
physically trigger a reset to the microcontrolleiThis switch is smaifootprint,
SMT, lead free compatibleomponentvith ultra-low current capabilities.

3.3.1.2Radio@mmunicationsystem

Choosing the right wireless connectivity technology for a low power application
can be quite challenging. Not only technical issues have to be considered but also
frequency regulationaccording to the regioMhe radiocommunication sisn of
theradioprobesa | | ows t hem t o A sthe dask siatiomssinge | es s | y
radiofrequency signals. Nowadays several wiretesamunicationsolutionsfor
WSN exist the choice relies on the amount of data exchange required, amount of
energy resoces available, and propagation conditiohs.previously mentioned,

a WSN isa network ofembedded systems able to interact with the monitored
environment by the use of sensors, locally process the gathered information, and
finally convey this informatiorvia wireless communication linkéAkyildiz &

Vuran, 2010) The wireless communication is tkey component of these kind of
networks because it provides the communication capabilities to the siaierto

the expected characteristics of the artificial floating radioprobdspgrange
communication linkup to some kmas well as low power congption technology

will allow achieving the desired results.

Communication technologyand transceiver

Based on the required criteria of the instrumented particles, admigg saving
power modulation techniqgue named LoRa (LdXange) has beeadoptedasone
way wireless communicatiohoRa is aproprietarychirp spreadspectrum (CSS)
modulation techniquéWhat Is LoRa?n.d.) which encodes the informatian
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linearly increasingand decreasinghirps (Raza et al., 2017; Croce et &#018)
This modulation scheme allows improving the receiver sensitivity by the type of
modulation itself and accomplishing high tolerance to misalignments in frequency
between the transmitter and the recei(&X1272/3/6/7/8: LoRa Modem |
SEMTECH n.d.) The chirp pulss used inLoRa modulation allow frequency
offsets, equivalent to have timing offsets, between the receiver and the transmitter,
increasing in this waits robustness against channel degradation mechanisms such
as Doppler Effect, fading and multipatAdelantado et al., 2017; Rales et al.,
2019) LoRa communication platformwas originally developedy a French
company called Cycleo, later acquired by Semteshce its release, it has
exhibited enormous growttespecially forinternet of thinggloT) solutionsbeing
adapted to a wide range of applicatidies examplesmart agriculture, smart
metering, smart citiessmart environmentnonitoring, smart industrial control,
smart electrical metering, smart healthcare, smart water metetingRizzi et al.,
2017;LoRa Appliations | Semtechn.d.) Thedistance ranges that can be achieved
greatly depend on the environment amedsenbbstacles; howevekLoRaprovides
better link budget than other similar communication standdrd$ Wh a t S
LoRaWANE | LoRa .AllianceE, o0 n.d.)

LoRa is primarily used as physical layer of the open specificatimmg-range
wide area networking (LoRaWANpeverthelesst can be used by public, private
and hybrid networkslhe portion of the radio spectrum allocated to LoR@&vorks
varies depending on the regidssually, it operates in the 433 MHz, 868 MHz or
915 MHzIndustrial, Scientific and Medical (ISM)equency banddn Europethe
licensefree ISM bandassigned isvithin the rangdrom 863 MHz to 870 MHz
(Lavric & Popa, 2017)LORA modulation offers significant flexibility to the user
since its optimization is possible through thecems to three critical design
parameters. These parameterssareading factor (SF¢rror correction rate (CR)
andmodulation bandwidth (BWwhichc an be customi zed dependir
preferences in order to improve the tradebetweerlink budget, nominal data rate
and spectral uggsX1276 | Semtech.d.) They are further explained hereunder.

The SF is the number of symbols sent per each bit of informatidis defined
as

Y
YO a € %—
Where
“Y"@ the spreading factor

Y is the chip rate
'Y is the symbol rate

The spreading factor (SF) is important becausdepending on its value, the
sensitivity of the receiver is affected thus influencing the communication range.
addition, the SF value hasdaectimpact on the data rate atite durationof a
packet.The higher the SF, the longeretbommunication rangeut the higher the
time-on-air of a packet anthe slower the transmissioifhe SFcan take different
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values ranging from 6 to 12 for a communication link; however, SF = 6 is a special
use case for the maximum data transmission rag¥erthe range link is very short.
The range of spreading fact@sdare reported ifable3.3.

Table 3.3 Range of possiblepreading factors used in LoRa modulation(SX1276 | Semtech.d.)

. Demodulator

SF range Chips / symbol SNR [dB]
6 64 -5.0

7 128 -7.5

8 256 -10.0

9 512 -12.5

10 1024 -150

11 2048 -17.5

12 4096 -20.0

The coding rate (CR) is a cyclic error detecting code for forwarerror
detection and correction of changes in the original daasmitted performed
during LoRamodulation The main goal of adding forward error correction to the
communication is tetrengtherthe link reliability against interference; however,
its employment incurs in additional data each transmidsémte influacing the
time-onair of the LoRa packeas is shown inTable 3.4. The coding rate
configuration options can range from 4/5 to 4/8, which means that evesgfdl
bits of informationwill be encoded using from 5 to 8 transmission da#pending
on the selged CR valugWaspmote Lora207)

Table 3.4 Cyclic coding overheadLoRa

CR Overhead Time-on-air [ms]
radio (for SF = 10, BW = 250 KHz)
5 1.25 123.9
6 1.50 132.1
7 1.75 140.3
8 2.00 148.5

Thebandwidth (BW) can be defined as thedth of spectrunthat isoccupied
by the transmission signgBertoldo et al., 2019)Typical bandwidths used to
transmit the data are 125, 250 and &B2. In LoRastandard, th&W is equal to
the chirprate (Augustin ¢ al., 2016) This implies several consequences on the
modulation itself since the BWalue will directly affectthe sensitivity of the
receiver due to the integration of additional noise power in the chémmée
higher rangegAdelantado et al., 2017An increase in the bandwidth allows an
increase of the dataradmda r educt i on o-bnait; however,ithgnal 6s t i
recei ver oOisredscedhisaffectingthetink budget.This is summarized
in Table3.5.
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Table 3.5 Influence of BW on Time on Air and Sensitivityfor CR = 4, SF = 10

Bandwidth Sensitivity Time-on-air
(kHz) [dBm] [ms]
125 -132 247.8
250 -129 123.9
500 -126 61.9

Figure 3.6 summarizes the maiparameters to be consigerwhen using bRa
modulation As mentioned in this section, the mawonfigurable parameters when

using LoRa are SF, BW and CR. A LoRa transmigsmodeis the result of the
combination of these thresettings.The user needs to set them considering that
there is a compromise between the transmission rate and the distance that can be
reached when using oneamther mode

< Range
12 11 10 Spreading Factor (SF)
125 B 4 Bandwidth (BW) (kHz)
423 422
. _132-129' ; Receive Sensitivity (dBm)

-137

Figure 3.6 Main parameters of LoRa modulation (LoRaWAN Modulation Settings (EU Band) |
IoTNET, n.d.)

A LoRa packetomprises different elementa preamble, rmoptionalheader,
and the payloa(RFM95W | HOPERFN.d.) It can be visualized iRkigure3.7.

nPreamble Symbols nHeader Symbols

w
B

»
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g

Preamble Header CRC Payload Payload
(explicit mode only) CRC

. 4
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&
<

CR=4/8 CR = CodingRate

-

SF = Spreadingractor

Figure 3.7 Structure of a LoRa frame (RFM95W | HOPERF, n.d.)
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The preambile is the first element of the packet structure and is used to perform
synchronization between the receiver d@melincoming payload. Its value typically
is set to 8 symbols; however, it can take values from 6 to 65535 symbols.

After the preamble, the header delivers information about the incoming
payload: length, code rate, and presence of an optoycit redun@ncy check
(CRQ) for the payloadIt is added to the packet only in the explicit mode where
payloadpacket parameters are known in advaocdixed When the header is
present, it is transmitted with the maximum error correction code equals to 4/8
allowingthe receiver the rejection of packets with invalid hea@®ugustin et al.,
2016;RFM95W | HOPERFN.d.)

The last portion of the packeameis the payload. It comprises the data itself,
includinga CRC field. Depending on the SF configured, the maximum size of the
data portion can vary from 51 to 222 bytes.

A LoRa symbol is formed of2 chirpsspread in the entire frequenognd.In
a LORA symbol, the packedtarts with the preamble through repeateethipps
(1); then thestart of the frame delimiter with 2.25 continuous destirpsused for
timing synchronizatiorf2), andlasty the data with choppy ughirps of different
lengths(3).

Although LoRa is being usediostly as physical layerof the opersource
LORAWAN specification, in this work it is used taild an adhoc privateLoRa
basednetwork and adapt the technology to the workouanditions For this
purpose, thé.oRabasedRFM95transceiver modulRFM95W | HOPERFnN.d.)
was employedlt is a device featuring long rangeread spectrum communication
linkage plus high immunity to interferencewhile mitigating the power
consumption. It uses the patentedRa modulation techniquehat allows it
accomplishing a high sensitivity in the orderd48 dBm.

Some of the main features of the R&#BAransceivearelisted belav:

Link budget maximum 168B

Sensitivity greater thayr148dBm

Programmable bit rate up to 3RBps

Equipped with standarfdequencyshift keying £SK) basedandlong-range
spread spectrum LORA modems

Low absorptiorcurrent(see Electricatharacteristics)

Built-in temperature sensor

LoRa frequencybands 868/ 915 MHz

Constant RF output up to +2Bm

Small dimension: 16 x 16 mm

E R

E R g

This moduleneedsa powersupply voltage in the range from 1.8 V to 3.7 V and
operates within temperature ranges fre2® °C to +70 °C.It allows power
transmission rangesgp to 20 dBm (100 mW), althoughased orthe European
regulations given by the European Telecommunicationg8tds Institute (ETSI),
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the maximum power allowed in the European area is 14 dBm (25.12(EiV%)

EN 300 22er, 2018) The electrical specifications of the RFM95 transceiver
operating at 3.3V, temperature= 25 °C, Crystal Oscillator Frequency FXOSC=
32MHz, mat chi ng arikgMeridablexée = 50 VY,

Table 3.6 Electrical characteristicstransceiver RFM95. Power consumption

Description Typical value Conditions

Sleep mode 0.2 UA

Idle mode 1.5uA

Standby mode 1.6mA

Synthesize mode 5.8 mA

Receive mode 10.8 mA LNA BOOST On
11.5 mA LNA BOOST Cf

Transmit mode (with 20.0 mA Output power +dBm

impedance matching) 29.0 mA Output power +13IBm
87.0 mA Output power +I dBm
120.0 mA Outputpower 20dBm

The RFM95 module presents different bandwidth options spanning from 7.8 kHz
to 500kHz andspreading factor values from 6 to The communicatiomith the
device and the access tats configuration registers are achieveth the SPI
interface This modem includes three main interfadé& configuration registers,
thestatusregistersanda First In First Ou(FIFO) data buffer.

- As the name suggests, the configuration registers allow the user to set
the modem parameters. These registers are readable in all device modes;
however, they can be written only in sleep and standby modes.

- The status registallows getting status information when the modem
is working in receiving operations.

- The FIFO data buffaallows accessing either the transmitted or received
data. The LoRa chip includes a 2bges RAMdual data buffer that
can bereachedn all operatig modes except sleepode.The data can
be stored simultaneously thanks to the duality feature of the data buffer.

Antennas

Nowadays, many applications are driven into compact size designs, which
means smaller ground planes and limited power source,igghié case of the
radioprobes in development. Therefore, the selection process of every single
component must be carefully analyzed to create a physical design that addresses
these limitations and still performs well. Antennas are a key component in any
wireless design because the RF link depends on their performance; however, they
are the most overlooked party of a RF degiypplication Note ANDO501 | Linx
2012)

AAn antenna is an electrical device that
waves, a n d(Le\Ngugee Binhe201¥)andennas allovthe transmission
and reception of electromagnetic radiation and are used with a radio transmitter or
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radio receiver(Balanis, 2005) They are the key component for achieving the
maximum distance in a wireless communication systedare considered one of

the most complicated aspects of a RF de¢igplication Note ANDO501 | Linx

2012.) Today, there is a wide range of available antennas and their selection rely
on the type of application they are intended Based on the requiremts of this
project, the criteria used for selecting thes d i 0 pantenias \was size, weight,
operating frequency, RF performance, cdssign,and placement. Since physical
space limitation and weight are the main factors influencing not only therante
selection but also the rest of components of the radioprobe system, chip antennas
provide the best solution.

Chip antennas are a googtionfor wireless applications with space limitations
because they are small and compact. They typically need just few millimeters of
space with additional ground clearaijelew to Properly Imfgment Chip Antennas
| Laird Connectivity 2019) Chip antennas are passive elements usually made of
ceramics with favorable electrical properti@mtenna Selection Guide For ISM
Bands | Radiocraft2017) To create a halfvave dipole, it is essential not only the
chip antenna itself but also an appropriateugd plane. This is because the
performance of the antenna is directly related to the dimension and shape of the
ground plane, and its place on grented circuit board®CB). This kind of antennas
offers reasonable performance; however, they can bg easilned due to its very
high Q. Furthermore, they often require additional matching networks for optimal
RF performance and their implementation requires some level of RF expertise.

Each radioprobéncorporateswo RF units oneusedfor the transmissio of
the collected data to ground atite other usetbr receivingpositioning and timing
data fom satellite signals in spac&he antennas used for the version 1.0 of the
radioprobes are quarter wave chip antennas embedded in the syktemain
characteristics of the transmitter antenna are described below, while those of the
receiving antenna are described time subsection3.3.14.4 Positioning and
Tracking sensors GNSS Receiver antenna

Transmitter antenna

The transmitter antenna allows the radiation of energy from the radioprobe RF
output into the space. For the transmission of the data, théGdh AA071
antenngISM 868 MHz Ceramic Chip Antenna (AA704020)from Unictron has
been selected mainly because of its compact size and smaller clearance area
required.

The AAO71 is a SMT ceramic chip antenna using a patented design called TELA
(Tuning Element Loop Antenna). The main feature of the TELA design et
from the matching circuit, it incorporates additional components for adjusting the
resonance frequency of the anterf&LA Chip Antenna | Unictrgm.d.) The
benefits of the additional passive components are the improvement of the efficiency
and a smaller clearance area. The main features of the AAQlidtedebelow:

f Dimensions 5 mm x 3 mm x 0.5 mm
 Clearance area: 10 mm x 10 mm
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Frequency of operation: 863 MHz to 870 MHz

Linear polarization

Voltage Standing Wave Rat{tySWR). 2 max.using evaluation board with
ground plane dimensions of 80 mm x 40 mm

Peak gain: 0.9dBi typical @ 868 MHz

Efficiency: 52 % typical @ 868 MHz

Matching network

The performanceof an antenna system ovedaterminedrequency range is
not completely dependent the antenna by itself. The operation of the system is
influenced by the frequency characteristics of the combination antenna plus
transmission linéBalanis, 2005)impedance ratching is a fundamental part during
the design process of a systenThe main reasons of performing impedance
matching ar€Pozar, 2012)

T
T

To ensure thatnost of thepower is delivered when the load is matched to
thetrarsmissionline.
To improve the SNR ratio of the system.

Antenna matchillygchia$ | en giitnege h tigicallia g n
carried outduring thephaseof the design(AT16802: Antenna Tune UR016)

Matching the antenna consist of changing the antenna impedance to match it to the

corresponding RF ci r dnuthistway the anterund ilu t

operate in the desired frequency range and most of the power from the RF source

will be transferred to the antenna for the transmission.

There are many choices for couphlinmtching networks that can be used
betweenthe antennalementand the transmission linghat providean input

impedance equivalento the complex conjugate of thBRF sour ce 6 s

impedance. Considering factors such as complexityadjustability and
implementation, the matching network selected for the first prototype of the
radioprobes is the-ksection typeThis configuration uses reactive elememthich
store energy instead ddissipatingit, to match the load impedance to the
transmission he (Pozar, 2012)The reactive elements can be either inductors or
capacitors, depending on the load impedaradlee This value can be obtained
using the normalize load impedance (in this case the antenna impedandtsy, and
location on the Smith Charthe Smith Chart is a graphical representation of the
reflection coefficient, which is the complex ratio of the reflected wave to the
incident wave, and is generally scaled in normalized impedé@ntéte, 2004,
ASmith Chart, o 2021)

When the normalized load impedance falls insidgtheQ&mith Chart circle,
the first element from the load is a shunt suscept®dicdollowed by a series
reactancéQds is shown irFigure3.8a. On the other hand, when the normalized
load impedance falls outside the "Q&mith Chart circle, théirst element from
the load is aeries reactanc@dfollowed by ashuntsusceptanc®ias is shown in
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Figure3.8b. Since both configurations include two lumpexnponents, there are
eight possible matching circuit configurations.

— AT R R el I
£y iB Zr iB Zr
l | | |
(a) (b)
Figure 3.8 L-section matching networksa) Configuration for normalized load impedance inside
the . ®&mith Chart circle. b) Configuration for normalized load impedance outside the e

Smith Chart circle (Pozar, 2012)

The determination of the matchingtwork components was done during the
antenna matching procedure, which is explained later in the secfidvialtlation
of the radioprobe system. This selection was <carefull
important rules for the design. For instance, the capacsglected are NPO type,
which provide the highest level of stabili(0G (NPO) Dielectric | AVXn.d.)
Al so, considering the effects of the el eme
chosen to avoid unwanted parasitic effect

3.3.1.3Temperature, Barometric Pressure and Relative Humidity Measurement

Due to the physical constrains of the mini radioprobes, the indispensable
parameters required to design the temperatumjdity, and pressursensor stage
were low power consumption, lighteight, and small form factomainly. In
addition, considering #t in the final radioprobe version, these sensors will be
placed outside the biballoon, the minimum number of connections between the
internal and the external circuitry was evaluated to avoid possible contact errors.
Moreover, since the SPI interfacetbe microcontroller was already used for the
communication between it and the radiofrequency RF module, I2C was preferred
due to the immunity features of digital signals to nolseagreement with the
operational requirements mentioned in SectiontBlTPH sensor specifications
can be summarized as follows:

1 Range for external temperature: -10 °C to +40 °C
1 Range for external humidity: 0to 100 % RH
1 Range for external pressure: 400 to 1100 mbar

On this basis, a careful assessment between diffeegisbors available in the
market has been made find the best solutionAfter a wideranging analysis of
possible solutions, the module BME2BOmM Bosch(BME280 | BOSCHn.d.)was
selected as the most suitable choice fordisposable radioprobeshis altin-one
option is a miniaturehumidity sensommeasuring ambient temperature, relative
humidity, and barometric pressyral integrated in a compact tiny packagbese
attributes allow reducing the physical connections between the {astbautside
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of the balloon and also minimizing the use of thierotontroller peripherals.
Furthermore, the BME280 consumes very little poveer the order of the uA),
which makes it ideal for battery powerddvices(SeeTable 3.7 Main electrical
characteristicef the BME280 sensor. Current consump}ion

This electronic deviceomes in a land grid array (LGA) package of 8 leads and
dimensions of 2.5 mm x 2.5 mm x 0.93 mm. It requires a supply voltage in the range
from 1.2 V to 3.6 V and supports I2C and SPI communication interfacésrms
of overall accuracy and resolutioit, achieves high performance in the three
physical quantitiegn study ass reportedhereinafter Table 3.7, Table 3.8, Table
3.9, andTable3.10report the maimelectricalcharacteristicand TPH specifications
of the BME280 module.

Table 3.7 Main electrical characteristics of the BME280 sensarCurrent consumption (BME280 |

BOSCH, n.d.)
Parameter BME280 Typical value Unit
Supply voltage 1.8 \
Sleep mode 0.1 UA
Standby mode 0.2 UuA
Total current consumption measuring 3.6 UA
humidity, pressureand temperature @ 1 Hz
Current consumption measuring humidity an 1.8 UA
temperature @ 1 Hz
Current consumption measuring pressure ar 2.8 UuA

temperature @ 1 Hz

Table 3.8 Humidity parameter specifications sensor BME280

Parameters for humidity sensor Typical value Unit
Operating angefor temperatures from TC to 0-100 % RH
60°C

Resolution 0.008 % RH
Absolute accuracy +3 % RH
Hysteresis +1 % RH
Response time 1 S

Long term drift +0.5 % RH / year

Table 3.9 Pressure sensor specifications BME280

Parameters forpressuresensor Typical value Unit
Operating range fgoressure 300- 1100 hPa
Resolution 0.18 Pa
Absolute accuracy +1 hPa
Long term stability +1 % hPa/ year

Table 3.10 Temperature sensor specifications BME280
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Parameters for temperature sensor Typical value Unit

Operating range faemperature -40- +85 °C
Resolution 0.01 °C
Absolute accuracy +1 °C

The BME280 module presents three different modes that can decsetling to
the user need: sleep mode, normal mode and forced mode.

- When set to sleep mode, tdevice does not operate, and pswer
consumption isninimal. This mode allows the access to the registers.

- The normal modeallows continued cycles of measurentperiods
combined with idle periodsDuring the measurement periods,
temperature, pressure and/or humidity measurements are periormed
accordanceo thesetoptiors.

- The forced modallows to perform a single measurement and then send
the device to sleep mode. The results of the measurements can be
accessed through the data registers.

3.3.1.4Positioning and Tracking Measurement

The Lagrangian reference system involves the motion trackimgdividual
Ataggedod par t alanyadigid aa & funttibneof/tim@iauxge 2007)

In this context, every single radioprobe can be considered as a tagged particle
seeded into a flow to measure temperature, pressure, humidity, velociigity,

and acceleration along its trajectory as time passes. In such a way, if niluliiple
particles are followed simultaneously, fi®perties of the flow inside the domain
under study can be extractéithe positioning and tracking electronic bloelsits

name suggests, enabkbe determination of the path followed by the radioprobe
during its drift.

Based on the limitations of the radioprobe scenario, the trajectory tracking and
position estimation process can be reduced to two different approatieeBrst
approach is the use tfiertial Navigation System¢$INS) to provide orientation
position,and localizationof a moving objectThe second approach is the use of
radio signals combined with position estimation techniques to localize the target
objects During the development of the present work, both scenarios were carefully
studied and tested. As restilite first approachsing INS which isfurtherdetailed
hereinafterprovided the most suitable solution tors electronic blockiesign

Thetrajecory tracking and motion sensing processaxth radioprobes achieved
by performingsensor fusion algorithms based on Kalman and Madgwick filters.
Kalman filtering, knowralsoas linear quadratic estimation (LQE), is an algorithm
that generatesestimatesof unknown variables based @etsof measurements

observed overtmé i Kal man Fil ter , 0 20uRthbitsgod m & Ban

accuracyin the presence of large sources of noksgman filtering has been used
for a wide range of applications, being the most comguaidance navigation
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object trackingeconomicsand control of vehicleMadgwick, 2010; Zarchan &
Musof f, 2018;t efrKkdomdadsdflto steps: the propagation or
prediction step where estimates of the current state variables together with their
uncertainties are produced, and the correction or update step where these estimates

are updated to be more acate using a weighted average.

Madgwick filtering is an orientation algorithm applicable to inertial measurement
units and Magnetic, Angular Rate, and Gravity (MARG) systems (also known as
Attitude and Heading Reference System (AHRS)) to describe di@nta three
dimensiongdMadgwick et al., 2011)It uses a foudimensional complex number

call ed quaternion t o n(lagwgetale2018) an

The input data for these algorithm processes come from an IMU and a GNSS
receiver, both embedded in the radiosonde systaeir characteristics are detailed

in the next subsections.

Inertial Measurement Unit IMU

An IMU is aself-containedelectronicsysem that incorporates set ofsensors
such as accelerometep/roscopesand magnetometers to measure and provide

force, angularate,and orientation ofabody i | ner t i al

Measur ement

What Is IMU? n.d.) Accelerometessense linear acceleration, gyroscogetect
angularor rotationalrate and magnetonters providea heading referenc@ekeli,
2000) The IMU selectedfort he r adi opr obe®she mneagi€ t r oni c
inertial module LSM9DS1(LSM9DS1 | STMicroelectronicsn.d.) It is an
electronic device that embeds in a single packaglreeaxis digital linear
acceleration sensaa,threeaxis digital angular rate sensor, and a traxie digital

magnetic sensor

The device presentgscompac4-leadLGA packagewith dimensions 0.5 mm
x 2.5 mm x 0.93 mmits temperature operating ranges are frdth °C to +85 °C
It requires asupply voltage in the range from91V to 3.6 V, and support®oth,
SPI, and I2C communication interfacesThe module specifications and main

characteristics are reportedTiable3.11andTable3.12.

Table 3.11 Main electrical characteristics of the LSM9DS1 module (LSM9DS1 |

STMicroelectronics n.d.)

Parameter LSM9DSL1 Typical value Unit
Supply voltage 2.2 \%
Currentconsumptiorof theaccelerometeand 600 UuA
magnetometer in normal mod@@\Vvdd = 2.2V,
T=25°C
Current consumption of the gyroscope in 4 mA
normal mode @/dd=2.2V, T=25°C

Table 3.12 Sensor characteristicof the LSM9DS1 module
Parameters for humidity sensor Typical value Unit
Linear acceleration measurement range +2,+4,+8,+16 g
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Sensitivity for linear acceleration
Linear acceleration +2 g
Linear acceleration4g
Linear acceleration&g
Linearacceleration 369

Magnetic field full scale

Magnetic sensitivity
Magnetic scale4 gauss
Magnetic scale8 gauss
Magnetic scale12 gauss
Magnetic scale16 gauss

Angular rate full scale

Sensitivity for angular rate
Angular rate +245 dps
Angular rate 500dps
Angular rate 2000dps

+245, +500, +2000

0.061
0.122
0.244
0.732

4, +8, +12, +16

0.14
0.29
0.43
0.58

8.75
17.50
70

mg / LSB
mg / LSB
mg / LSB
mg / LSB

gauss

mgauss / LSB

mgauss / LSB

mgauss / LSB

mgauss / LSB
dps

mdps / LSB
mdps /LSB
mdps / LSB

TheLSM9DS1module presents different modes that can be set according to the

user neesl

- The set accelerometer and gyroscope can be configured in two possible
modes: aly accelerometer active and gyroscope in pesi@vn mode
andaccelerometer and gyroscope in active mode.

- The gyroscope can be set to three operating masailable normal

mode, power saving and powgown.

- The magnetic sensor can be configured in eéhdiferent modes:
continuous conversion mode, single conversion mode and power down

mode.

The configuration can be done through diféerentconfiguration registerby

the correct setting of values

Global Satellite Navigation SysterReceiverGNSS

GNSSis astandard term for satellite navigation systems that praipels from
space containing geolocation and time informafidnat Is GNSS? | EGNOS User
Support n.d.; What Is the Difference Between GNSS and GPS? | Symmetry
Electronics n.d.) A GNSSsystem includes different satellite constellatioms
navigation systemssuch as Global Positioning SystemGalileo, GLObal
NAvigation Satellite System(GLONASS or Beidou (NS S
2021) The key benefit of having access to various satellite constellatiths
global coveragat the same time is accuracy and availability of informatidine
GNSS receiver used for theo$ttioning and Tracking Measuremednit is the
ZOE-M8B module (ZOEMS8B | U-Blox, 2020) It is a 72-channelprofessional,

P @ecide ahgteoffels o0& )

ultrasmall, enegy efficient Sy st e m

performanceavhilst consumindow powert
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It comes in a compasblderedand grid array $-LGA) package of dimensions
4.5 mm x 4.5 mm x 1.0 myrand requires a single voltage supply of 1.81t¥.
operating temperature rangeesfrom -40 °C to +85 °CThe ZOE-M8B receiver
supportsnultiple GNSS system&PS@ 1575.42 MHzGLONASS@ 1602 MHz
BeiDou @ 1561.098 MHz,and Galileo satellite constellaions. The module
provides interference suppression, integrity protection of messagegnamting,
and antispoofing all of them with aim of supplying reliable positioning and
security. This module supports three different protocolational Marine
Electronics Association (NMEA)the u-blox proprietary UBX, and Radio
Technical Commission for Maritime Services (RTCMII of them available
through UART, SP| anddisplay data channel (DD@)terfaces.

For power management purposes,Zid=-M8B receiver can be programmed to
operate in two different modes: Sugfemode and continuous mode.

- The SupeiE mode allows the best compromise between energy
consumption and performance. Compared with previottsox
versions, this mode providespie saving of power while keeping high
degrees of accuracy both, in speed and positionifige default
navigation update rate is 1 Hz, being possible the selection of 2 Hz and
4 Hz.

-The continuous mode offers the best reception performance of the
receiver module at the expense of higher power consumgtighis
mode, the full operation of the module results in the highest sensitivity
and the fastest Tim®-FirstFix (TTFF). The navigation update rate
can be set up to 10 Hz.

The ZOE-M8B module gecifications and main characteristics are reported in
Table3.13andTable3.14.

Table 3.13 Main electrical characteristics of the ZOE-M8B GNSS receiver(ZOE-M8B | U-Blox,

2020)
Parameter ZOE-M8B Typical value Unit
Supply voltage 1.8 \%
Average supply current &@dd =1.8V
Acquisition 34.5 mA
Tracking (Continuous mode) 325 mA
Tracking (default Super-Bhode) 7.3 mA
Tracking (save setting Supefniode) 6.3 mA

Table 3.14 ZOE-M8B GNSS performancefor GPS and GLONASS

GPS & GPS Unit
Parameter GNSSZOE-M8B GLONASS
Horizontal position accuracy:
Continuous mode 2.5 2.5 m
Super E-mode default 3.5 3.0 m
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Super Emode powetsave 4.0 3.5 m
Time-to-First-Fix:

Cold start 26 29 S

Hot start 1 1 S
Sensitivity inSuper Emode

Navigation and tracking -160 -160 dBm

Reacquisition -160 -160 dBm

Cold start -148 -148 dBm

Hot start -157 -157 dBm

The main operational limits of theZOE-M8B GNSS receivelare O 4 g for
dynamics, 50 km for altitude and 500 m/s for velocife velocity accuracy
provided by the receiver is 0.05 m/s for continuous mode and 0.2 m/s for Super E
mode in default setting.

Low noiseamplifier

In order to improve th&NSS system performance in terms of sensitivity,
robustness agaRF power jamming andlectrostatic Discharge (ESOhedesign
i ncorporates a |l ow noise amplifiTae (LNA) ¢
GNSS LNAused is theNJG1143UA2 which featuresow noise figurg(0.70 dB)
low currentconsumption(4 mA), and high gain(20dB) (NJG1143UA2n.d.) It
comes in a ting-leadspackage of dimensions 1 mm x 1 mm x 0.37 mhs LNA
embeds an ceohip ESD protection and requires just three external electronic
components for its operation.
TheNJG1143UA2requires a supply voltage in the range from\lto 3.6V
and operatewithin temperature ranges fred0 °C to 405 °C.

GNSS Receiver antenna

As previouslydescribedn the subsectiorRadiocommunication Systersach
radioprobe incorporates two RF unitise firstone used for the transmission of the
in-flight collected data to groundndthe second ongsed for receiving positioning
and timing data from satellite signals in spdoea similar way, the antenna used
for the receiverside is a quarterwave chip argnnadesigned for GNSS band
applicationsembedded in the systeffhis antennantercepts the electromagnetic
waves radiated from th&NSS satellite constellationsfor the successive
r adi o ppostidniegarsdtrackingprocessesTo this end the GNSSceramic
chip antenna AAO88GNSS Ceramic Chip Antenna AA088 | Unictror.)from
Unictron has been selected mainly because of its compact size and smaller
clearance area required.

This SMT AA088 antennaalso usesthe patented design TELA, which
incorporates additional compents for adjusting the resonance frequency of the
antenngTELA Chip Antenn@Unictron, n.d.) The main features of the A¥88are
listed below:

f Dimensions 3.2mm x1.6mm x 0.5 mm
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Clearance areain. 5.5mm x5.5mm

Frequency of operatiod560MHz to 1606 MHz

Linear polarization

Voltage Standing Wave Rati@ max.using evaluation board with ground
plane dimensions of 80 mm x 40 mm

Peak gain3.3dBi typical @1575.42MHz

Efficiency: 83 % typical @1575.42 MHz

E

= =4

Matching network

As previously mentioned, the behavior of an antenna system across a frequency
range is determined not only by the anteitealf but also its transmission lin
order tomaximizethe powertransfer between the antennaldne RFcircuitry, a
L-sectioncouplingmatching networkFigure 3.8) has beerncorporatedin the
design.This configuration uses reactive elements, which store energy instead of
dissipating it, to mih the load impedance to the transmission (Pazar, 2012)
Depending on the load impedance value, theettion elements can be either
capacitors or inductoyand their values can be determined basadd@normalizd
load impedancend its location on the Smith Chafthe determination othe
matching network @amponents was done during thetenna matching procedure,
which is explainedhter in thesectiond fiValidation of the radioprobe systénThis
selection was carefully done following some important rules for the design. For
instance, the capacitors selettre NPO type, which provide the highest level of
stability (COG (NPO) Dielectric | AVXn.d.) Also, considering the effects of the
el ement 6s case size, small size components
effects.

3.3.1.5Powe Supply Unit

Asst at ed i nticaldteshmital aspeadsii Cpower consumption i
key factors to consider during the radioprobe developrsie it isnarrowly
related to the total weight of thilwating device. For instance, if thenergy usage
of the whole electronic circuitrises a larger capacity battery will be demanded,
hence increasing ttetal weightratio.

The power supply unit supplies the electric power to the radioprobe sydtam.
block wasdesignedctonsideringhe main electricarequirement®f the radioprobe
system:total current consumption, pulse drain features, minimum and maximum
voltage values, expected lifetime, environmentahditions, and mechanical
specificationsAs a resultthe electronic components thfis block were carefully
selected. They are explained in the following subsections.

Low-dropout (LDO) voltage

Since the radioprobe circuit requires two different supply voltage values (1.8 V and
3.3 V), the dual LDO voltage regulatbP3996SD(LP3996 | Texas Instruments
n.d.) has been embedded into thewer system.It has twovoltage outputs with
independent enable options, being able to source both 300 mA and 180anA
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ultraslow quiescent current of 35 pAlhe LP3996SDcomes in alO-lead tiny
package of dimensiortg 3 mm x 3 mmlt accepts input voltage ranges between 2
Vand6 V.

Voltage level translator

The GNSS receiver interacts with the microcontroller through the bidirectional
norrinverting voltage level translatof XS0108BPW from Texas Instruments
(TXSO0108E | Texas Instrumentsd.) This electronic devicserves as interface for
the different voltage requirement$ the radioprobe systenit is an 8bit non
inverting translatortthat offerstwo different powersupply ports, which can be
configured by the user. The first port admits a power supply voltage within the
range from 1.2 V to 3.6 V, while the second palinis a power supply voltage
within the range from 1.65V and 5.5 V.

TheTXS0108EPW comes in a 2(eadshin-shrink smaHoutline packagér SSOP)
of dimensions of 6.5 mm x 6.4 mm aoperates within temperature ranges from
40 °C to 85°C.

Power supply

The radioprobe desigincludes two alternatives to supplyhe power to the
device: the first one througdn external batterysed during the radioprobe flight
and the second option thoughFutureTechnology Devices International (FTDI)
USB to seriatonnectiorused mostly for management purposes

Since the radioprobes must be gmivered anadonsidering thatheir recovery
after the flight is not envisaged, a single frfenhargeable battenyas he best
optionto energize the devioshile maintaining a system weight below 20Tg.
this end, thenigh-power military gradeTLM-1520HPbatteryhas been selected
(TLM-1520HPM | TADIRANN.d.) It is aLithium Metal Oxide (LMO) battery
featuring a nominal voltage of 4.0 V and a nominal capacity of 125 mAth. a
maximum discharge continuous curreoit 1.75 A anda maximum current
capability of 3.75A, this batterymeets the pulse power requirements of the
radioprobe circuitThis powering device weights 9 g and has a volun@&dtn?.
Its operating temperature range goes fr&® °C to +85 °C.

This kind of TLM-series battgy is fabricated using nontoxic and nomn
pressurized solventsnd with anode materials that present lovesiplosive
characteristic than the common lithium batteriHsese batteries complyith the
global Underwriters Laboratories Inc. (UL) sty standardTLM SERIES |
TADIRAN n.d.)

3.3.2 Ground Station

The ground station isesponsible fothe reception othe information sent by
the radioprobes sawell asits processing, managent, filtering, storage,and
display.It comprises a base station and a post procesgstgmIts block diagram
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is shown inFigure3.9 and the explanation of each functional unit is detailed in the
next subsections.

(((i)))

Receiving System (1)
Transceiver
Antenna

Data acquisiton
and control unit (2)
MCU "
External components

Management, storage,

Power supply unit (3) visualization and post-
processing units (4)

Post-processing system

A4

Base station

Figure 3.9 Block diagram of the ground station
3.3.2.1Base station

The basestation consists ad receiving system, a data acquisition and control
unit, and a power supply unit.is based othe moduléAdafruit Feather 32u4 LoRa
Radio (RFM9x), which is an embedded module containing a LbRsed
transceiver and aATmega32u4 microcontrollgAdafruit Feather 32u4 RFM95 |
Adafruit, n.d.) The Adafruit Feather 32u4 LoRa Radmard provide20 general
purpose input/outpufGPIO) pins, 10 analog outputs, @ulsewidth modulation
PWM pins, and supportsaardwareserial hardward?C, andSPlinterfaces It also
includes a voltage regulator 83V and provides geak current outpudf 500maA.

The reception of the packets is done by using the RFR368%15 MHzradio
module embedded in the system. This transceiver exhibitathe characteristics
of the transceiver used for the radioproltés a LoRa based modutbat offers
long range communication rangesd low power consumptiondue to its
modulation technology. It provides a power output capability from +5 to +20 dBm
andworks in the ISM licenséree frequency bands. It offers a maximum link budget
of 168 dB and sensitivity greater thad8 dBm(RFM95W | HOPERFn.d.)

The control and management of the obtained information is dsimg the
ATmega32u4 microcontrollerqualy integrated in the Adafruit module. It idawv
power 8bit microcontroller(ATmega32U4 | Microchipn.d.)with 32 KB of flash
program memory2.5 KB of RAM memory, and 1 KB of EEPROM memoryhis
microcontoller is fully compatible with the USB specificatidhen debugging and
programming processes can be deasilyin this way.

Since at the ground station side the weight and size restrictions governing the
radioprobe design are not present, an externatt&guavave monopole antenna
operating in the band from 850 MHz to 888 MHz is usgdas an omnidirectional
pattern, a gain of 3.16 dBi and is connected to the redepasd through an uFL to
SubMiniature version A (SMA) adaptéts operating temperature range goes from
-20°C to +85 °C(ANT-868 CW-RCSXxx | Linx n.d.)
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The base station systeraptures the data congifrom the radiosondepre
processes iand provides also signal quality information suctSamatto-Noise
ratio (SNR) and Received Signal Strength Indicator (RSSI) of the patketbase
station isconnected to a personal computer (P@hich providesthe required
energy to the system through the USB port. This PC is part of th@mestssing
system.

As mentioned previously, the base stations are configured to capture the
transmitted data from the floating devicéd® reduce thechance oflosing a
transmitted packet from any of the radioprolifs, system is designed in such a
way that the base stations aatially dispersedround the cloud under stutty
ensure the reception of the ddtaa similar wayto provide a reliable referender
the positioning anttajectory trackingalculationgo determine the location of the
radioprobes, the base stationslamated at known fixed positions on the ground.

3.3.2.2Postprocessingsystem

Thepostprocessing systewgonsists o set of computers where the information
passed by the base stels is managed, filtered, processsthred,and displayed.

Each base station is connected to a portable computer where the information
received in real time from the instrumented balloons is stored, papraigssed,
and initially displayed to the user.

As initial step, his information is passed parsed,and organized through the
browserbased flow editor called NoeRRED. It is a visual programming tool that
allows wiring togethemnpplication programming interfas€APIs), hardware, and
online servicesusing a wide selection of nodg®NodeRED, n.d.) This
programming environment permits the creation of personalized functions using the
programming language JavaScriphe created flows can be easily saved using the
open standard file format JSON.

The information delivered by the base istatto the PCis retrieved via serial
communication. At this point, NoelRED is used tgorocessand organize the
incoming datausing different functions and nodes. Here, the dataaisaged the
stored in a database and in a fA@.example of an implementdéidw used tgarse
andsend the data to an InfluxDB database is shoviAigare3.10 andFigure3.11.
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Figure 3.10 Node-RED environment. Example ofa flow implemented to processnd store data
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r ¥ = msg.payload.replace("Z",",");
var msg = msg.payload.split(",")

var Node = {payload:parselnt(msg[@])};
var SNR = {payload:parseInt{msg[1])};
r R55I = {payload:parselnt(msg[3])};
var 5eq = {payload:parseInt{msg[5])};
var Fix = {payload:parselnt({msg[l8])}};
var Lat = {payload:parselnt(msg[14])};
r Lon )

o oo

o o

[+1]

{payload: parseInt{msg[13])};

var Temp = {payload:parselnt(msg[76])};

var Pres = {payload:parselnt(msg[75])};

12 wvar RH = {payload:parselnt(msg[77]11};

13 return [Mode, SMR, R55I, Seq, Fix, Lat, Lon, Temp, Pr
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14 return msg;
]
3¢ Oufputs 10 -
) Enabled

Figure 3.11 Node-RED environment. Example ofa function implemented to pasedata

The storage has been implemented through InfluxDB, which is eb@ased read
and write databasgeveloped by InfluxDatd il nf | ux DB, 6 2021; Al nf
Source Time Series DaHeepbthesdata i stored inl ux DB, 0
collections aggregated over tinagd queriedusinga SQL:like languageFigure
3.12andFigure3.13 show thecommand line intdace tostart,accessand manage
the datausing InfluxDB
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BE¥ Command Prompt - influxd.exe — [m} b4

fo I xDB starting id BSgFC4keeee”, "version": "1.5

mit”: "@2d7d4fe }
info Go runtime 0g K ", "wersion™: "gol.9.27, "

Using data dir {"log_id": "@SgFC4k8e8e", "service": "store™, "pa

“engine”: "tsmi”,
0000801 -806006001

, "engine": "tsml", "s

Figure 3.12 Command line interface o the start the InfluxDB database

B¥ Command Prompt - influx.exe — O b'Y

version 1.5.2

| internal
DE1
DB2
DE3

Figure 3.13 Command line interface b theaccess and manage thgatabase InfluxDB

As endpoint of the networkthetime series datapplication interfac€hronograf
has beermadded to provide a preliminary graphical output of the information
collected.Chronograf is aveb application interfac¢hat allowsthe query and
visualization of data stored in InfluxDB databasesotherl nf | ux Dat aés pr od
( A Chr o n o gltrisanfitterdinthe ope-source programming languaGe and
uses the JavaScript librafgeact.js.Chronografcomes with a wide range of
dashboard templates that can be edited and custobyzée userlt also provides
an additionaway to manage the database and its retemadicies. Figure 3.14
shows an example of the graphical interface implemented to visusdine
radi opr ob e asing Chmohagnafma t i o n
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Temperature oC Relative humidity [%]

Figure 3.14 Chronograf environment. Example of the graphicd output provided by the post
processing system

Once the field measurements have finistied,next step consists of putimll
the data collected by the portable computers together for final processing and
analysis. Here, tlse data are managed, filtered, fully processstbred, and
visualized At this level, fusion algorithms are executed to complete the trajectory
tracking and position processes aimed at determining the path followed by the
radioprobes during their flighSimilarly, time series data application interfaces
have been implemesed to provide the visual output of the fully processed
information.The postprocessing analysis is basedtha use of the programming
platforms MATLAB and Python.

As a resultthe information obtained from the whole process explained above
will be shaed with theatmosphericcientific community through the open access
database of the Proje€@OMPLETE. This with the aim of transferring the
knowledge acquired during the field measurements for the reductitive gap
present in the cloud microphysics enstanding correlated to turbulence.

3.4 Radioprobe system integration

Oncethe operationalunits of the radioprobes arecarefully tested separately
(see results inAppendix A), the next step comprised the integration of the
radioprobe system into a unique electronic bodml.this end,a specialized
electronicdesign automation (EDA) alectroniccomputeraided designECAD)
tool for thePCB desigrcalled Eaglavas usedEagle stands fdeasily Applicable
Graphical Layout Editorand s an electronic desigapplicationthat offers a
schematic capture, PCB layolRCB routingand CAM attributes(EAGLE |
Autodesk n. d. ; A E A GILOEL) I§ the follgwing supseadons? these
processes are further explained.

Moreover and & mentioned earliethe electronic design of the radioprobe
board considers the use of SMD componentsidaificantly reducets size and
increase the reliability of theystem In fact, apart from the maielectronic
components already described in detail in the previous sections, the additional
passive components required by the system and populating the PCB design, have a
very compact package style 0603 with dimensiongistf1.5 mm x 0.8 mm.
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Next subsections describe tREB electronic design of the radioprobe system
including the schematic circuit design and the board layout design.

3.4.1 SchematicDiagram Design

The schemati diagram documents the logic and functionality of the electronic
design(Schemat Design | Autodeski.d.) It describes the electronic components
and their electrical connections in the most readable Wwages abstract symbols
to represent the elements of the electronic system.

The various electronic units of the radioprobe system are presented in a
schematic way irFigure 3.15, Figure 3.16, Figure 3.17, Figure 3.18, andFigure
3.19.
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Figure 3.15 Power system andiftering schematic diagram
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Figure 3.16 Data processing and control unitschematic diagram
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Figure 3.19 Positioning and tracking measuremenunit schematic diagram

3.4.2 Board Layout Design

Theboard layoutiagramderivesfrom the schematic diagram and defines the
final physical form and shape of the electronic circuit. It is used to design the final
PCB through thereation of digital descriptive files used for its manufacturability
(Mitzner, 2007)

The PCB implementation of the radioprolbas made using tavo-layer board
presenting wiring patterns on both sigdgth a common type substrate FR4, which
is a glassreinforced epoxy laminate matdriaf thickness of 0.8mm. The
placement of the components and routing process were carddumiéyto improve
functionality, manufacturabilityand accessibility

1 Most of the components were grouped according to each functional
unit.

1 The connectors and exposed pins were placed at the edge of the board
to ea® the external access

1 The components were placed leaving enough gaps for the copper traces
according to the manufacturer capabilities.

1 The connection paths were reduced as mugossible.

1 The dearance antenna regions w&ept free to not affect the antenna
performance.

1 Viashielding along the RF signal paths and ground clearance areas was
integrated ito the design to minimize possible electric fieddshe edge
of the board ad reducehe undesiredrosstalkeffect (Altium Designer
20.2 User Manual | Altiupm.d.)

1 Addition of thermal reliefs to phpopulated components.

The final board layoutlesignof the radioprobgeboth top and bottom views
shown inFigure3.20 andFigure3.21.
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Figure 3.20 Top view of the radiopobed s boar d | ayout design
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Figure 3.21 Bottom view of theradioor obe 6s board | ayout design

Once the electronic boardesign was finished and carefully analysed, the
manufacturing machine fildggknown also as Gerber filgsontaining the complete
description of the PCB image suchcappenayers, drills, routes, solder mask, etc.,
were generatednd sent to the PCB manufacturer for producti®imce a few
componentdeaturedunderneathand tight leadsrequiring specializecgoldering
tools, someof theelectronic parts werassembledby the PCB manufacturefhe
remaining componentsvere solderedmanually at the Neuronica Lab of the
Department of Electronics and Telecommunications of the Politecnico di Torino
(Figure3.22).
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cS
Figure 3.22 Manual soldering of theradioprobe components

As a result of thigprocess, the final radioprobe PCB ha$ am x 5 an
rectangular structure with thickness of 0.8 mm and weight of 7 g (without
considering théattery).The design incorporates a complacity-leadSMD header
connectorto access the microcontrollaia FTDI for control andfirmware
uploadng purposes. Moreovehe PCB featuresome exposeplated througthole
pins directly connected to analog@aand digitalports of the microcontroller for
possible sensarr peripherakxpansion if necessaryhetop and bottom views of
thefinal implementedoardaredisplayed inFigure3.23. The main representative
electronic components of each opinaal stage are labelled Figure3.24.

o

(vt
COMPLETE

Atmospheric Radioprobe
Version 1.0
MP 2019

Ul

Figure 3.23 Final PCB implementation of the tiny radioprobe. Left:’top side right: bottom side.
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Figure 3.24 Final PCB implementation of the tiny radioprobe. Main electronic components
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Chapter 4

Validation of the radioprobe
system

This chapterreports on the outcomes of the different experimamis test
carried outto validate theentire radioprobe systemtiny radioprobe andjround
station The performance of the system wasluatedbased on communication
reliability, sensolaccuracy andenergyusagemainly.

4.1 Antenna Matching

As mentioned earlierhe performance of an antenna system over a determined
frequency range depends not only on the antenna by itself but also on its
transmission line characteristicSince the antenna response is a function of its
surrounding environment, the impedance matching must be done when the antenna
is placed in its final scenarim this case the final PCB.

With the size reduction of antennas and their placement in small modules
together with other objects in proximity, antenna matching becomes a critical but
necessary proceds. order to characterize an antenna, a Vector Nétvwoalyzer
(VNA) can be used to measure important parameters such as return loss,
impedanceand bandwidth. A VNA is a precision measuring tool that allows testing
the electrical behavior of high frequency components at different frequency bands
(Agilent Technologies, Inc, 2006Jhe VNA is used to produce a known stimulus
signalinto a deviceundertest (DUT) and, to measure changes to this stimulus
signal caused by the DUT.he met hod wused to match the r
was the theoretical engineering approach. It consists of measuring the antenna
impedance with a VNA and, bad on its value, adjusting the matching network
components to obtain an acceptable Bor this purpose, the antenna section must
be isolated from the rest of the circuit. This option was also considered during the
design stage. Each front end of the p¥fts can be disconnected from the rest of
the circuitry by removing the electronic components R13 andaR1ehn be seen
in Figure4.1.
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Figure 4.1 RF front end. Left side: Transmitter section. Right side: Receivesection.

4.1.1 Calibration of the equipment using the R&S ZVL Vector

Network Analyzer

The first step of antenna matching is the appropriate calibration of the test
equipment to guarantee that the uncertainties are removed, and the readings are
within the suitable limit§Vector Network Analyzer VNA Calibration | Electronics
Notes n.d.) With the calibration, the effect of cables, connectors, etc. are taken out
before starting the measurements of the DUThe instrument used fothe
measurements was the Keysight P93,/d/Aich is a portable streamline USB VNA
supporting Electronic Calibration modul@29371A VNA | Keyght, n.d.) It has a
wide coverage range that operates from 300 kHz up to 6.5 GHz

This instrumentincorporates ports with SMA connectors and an external
electronic calibration module N7551A Electronic Calibration Module EEigu¢e
4.2). In addition, a specialized software installed in an external PC is required to
control the system.

Politecnico di To inu
-

- =
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Figure 4.2 N7551A Electronic Calibration Module ECal

Beforestarting the measurements, the appropriate calibration of the Keysight
P9371A VNA was conducted. The uncertainties were removed, and the reference
plane of calibration was med to the connection point of the SMA cable. Since the
frequencies of interest are distant from each other, two frequencies ranges were
defined: one containing the 868 MHz and close frequencies and, one containing the
1.575 GHz and close frequencies. Tlystem setup for calibration includes the
Keysight P9371A VNA, a SMA cable, the ECal and PC softweigufe4.3).

R — .

e

PC containing
specialized software for
control

Figure 4.3 System setup for calibration of the Keysight P9371A VNA

The calibration type applied to the instrument was the full -Bor
Calibration, whichrequires a short, open and match standard connected to one port
done automatically by the ECdlhis calibration is an accurate method applicable
for reflection measurements. The three standard measurements are used to derive
three error terms: directivitysource match and reflection trackiiiieysight
Technologies, n.d.)The match standard is used to obtain the directivity error,
which causes a leakage in the generated signal when being transmitted towards the
DUT. The short and open standards are used to der&vesdbirce match and
reflection tracking error terms. The source match error causes an additional
reflection of the signal reflected off the DWhile the reflection tracking error is
a frequencydependent variation of the ratio between the reflestace to the wave
used as referenc€&he screen showing the electronic calibration is shoviAigare
4.4,
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Figure 4.4 One-port calibration screen Keysight P9371A VNA

4.1.2 Impedancemeasurementsand calculation of the matching

network components

The Keysight P9371ANA was used to measure the complex impedanck
the reflection coefficient $ of the mini radioprobesThe DUT, in this case the
radioprobe PCBwas designed to incorpatetwo U. FL connectors, one for the
transmission stage and one for the receiving stageyvémome one of thenost
common measurement challenges when using sunfi@cemtbased devicedVith
this modificationduring the designjust oneadditional U. FL to SMA cable was
required tobe introducel to the systermand proceed with the measuremens
mentiored previously, the calibration step was divided into two frequency ranges
hence, the measurements also were divided into two frequangggs with center
frequenciesof 865.2 MHz and 1.575 GHz respectivelyarious measurements
were performed to understand the behavior of the electronic circuits and their
correlation with the theory. Thikesisreports only the most significant findings.

4121 AOAEET C T Abx1 OE i AAOOOAI A1 60 OO0ET C
recommendations

The first measur ement was perfor med us
recommendation§GNSS Ceramic Chip Antenna AAQ2®2Q; ISM 868 MHz
Ceramic ChipAntenna (AA7012020Q) where the matching circuits are configured
asdisplayed inFigure4.5 andFigure4.6.
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R13 a3 Component
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| = | (] 1
p oy GND & R1 Na
. - g HU R3  2.7nH
1 o R2 NA
G GND 50 C204 3.9pF
C205 30pF
R13  Open

Figure 4.5 Initial m atching network configuration RF circuit 1, transmission RF stage

Manufacturer os

recommendati on

ANTENNA & TUNING 2
N A2 Component
R1é4 , G15 » : - values.
““_’_'_: b, e Matching circuit
— — — 2
J_ 5 Cl6 1.5 pF
= = ; 22, H 5 C15 2.7 pF
o . oTos . R12 NA
= C104 3.9 pF
hb GND C105 1.0 pF
R14 Open

Figure 4.6 Initial m atching network configuration RF circuit 2, receiving RF stage
Manufacturerds recommendati on

The measurements obtained fromot h ci rcui t s, using the
recommendd configurationare displayed graphically ifrigure 4.7, Figure 4.8,

Figure4.9, andFigure4.10. Three fixed frequencies were considered as reference

for each circuit: 863.2, 865.2 and 868 MHz for the circyit®) and, 1.561, 1.575

and 1.602 GHz for the circuit Rx). Additionally, tre frequency at which the

circuit response is better, is also displayed for both cases.
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Figure 4.7 Initial m easurementsircuit 1, transmission RFstage Return loss Si.
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Figure 4.8 Initial m easurementgircuit 1, transmission RF stageComplex impedance
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Figure 4.9 Initial m easurementsircuit 2, receiving RF stage Return loss S1
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>Ch1: Center 157500 GHz — Span 800.000 MHz
Figure 4.10 Initial m easurementcircuit 2, receiving RF stage Complex impedance

From the figures above, it is possible to see that for the cirglik)lat the
threereference frequencies points, the best value in terms;0¥&3-2.57 dB @
863.2 MHz While theminimum Sivalue obtainedvas-4.01 dBat a resonance
frequency of852.3 MHz.In the same way,of the circuit 2(Rx) at thethree
reference frequencies, the best value @in&s-2.93 dB @ 1.602 GHaVhile the
minimum S1value obtainedvas-3 dBat a resonance frequencylo672 GHz. The
initial results obtained diffedfrom the values provided as reference in the antenna
datasheets mainly because the same test conditions cannot be reproduced for the
radioprobe circuit.For instance, the ground plane dimension used for the
specification is 80 x 40 mm, while the radioprobe ground plane dimension is 50 x
50 mm shared between the two antennas.

4.1.2.2Antenna impedance measurements and calculation of the matching
network components

Since the matching network circuit configurations recommended by the
manufacturer were not suitable for thestomizedadioprobe circuits hie next step
included the measurement of tbemplexantenna impedance, which is the real
resistance andhe imaginary reactance measured at the antenna terminals
(Application Note ANDO501.Pdf n.d.) For this purpose, all the shunt elements
from the matching networksereremoved and the series elementyereplaced
by 0-ohms resistances. In addition, the elements C204 and C104 were removed and
replaced by @©hms resistances. The complexenna impedance of both circyits
together with their respective reflection coefficientggre measuredusing the
VNA. The obtained plots are shownkigure4.11, Figure4.12, Figure4.13 and
Figure4.14.
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Figure 4.11 Antenna impedance measurementsircuit 1, transmission RF stageReturn loss Si.
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Figure 4.12 Antenna impedance measurementsircuit 1, transmission RF stage
Complex impedance
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Figure 4.13 Antenna impedance measurementsircuit 2, receiving RF stage Return loss S1
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Figure 4.14 Antenna impedance measurementsircuit 2, receivingRF stage Complex impedance

Based on the above plotsyiispossible to see a further change of the antenna
resonance frequency towards a lower frequency for both gds®s measuring
only the complexantenna impedancd@lso, the Smith Chart plots shedthat the
antenna impedancegerenot matched to 50 ohms, hence, improvemeaotsdde
done to the circust

In order to improve the quality of the match between the antennas and the
portion of transmission lines attached to them, the values of every component of
the L-type matching netarks were calculated based on the normalized load
impedance obtained Some possible solutionsfor the matching network
component valueare reported iTable4.1 andTable4.2.

Table 4.1 Solutions for matching network configurations. Circuit 1

Component  Value Value Value
Option1 Option 2 Option 3
R1 1841 pF 1.84nH NA
R2 18.62 pF 6.32pF 15.92 nF
R3 NA NA 10.94 pF

Table 4.2 Solutions for matching network configurations. Circuit 2

Component  Value Value Value
Option1 Option 2 Option 3
C16 5.40pF 1.89nH NA
C15 3.79pF  1.70pF  11.48nH
R12 NA NA 3.05pF

The tables above show some possible matching network components suitable
formatching the circui tnsréal situatipns,dremr aes ;
practical restrictions to be considered. For instance, standard component values
available in the market might not match the calculated ones. To continue with the
experiments, the nsb similar components available from a RF sample kit were
selected. This RF sample kit was acquired in advance for the matching and tuning
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processes. It included a set of capacitors and inductors with similar electrical
characteristics and different values

Different experiments were performed in order to find the network
configurations that offered the best results in terms of matching and tuning of the
radioprobe RF circuits. The most suitable matching network components according
to the different posbie configurations were soldered on the PCBs and telsted.
addition, since thelesignincludes the supplementarffELA components 204,
C205, C104 and C105for adjusting and improvinghe antennaresonance
frequen@es,those components weneodified until reaching(or getting as close as
possiblé the frequency values of interest: 88 1 868.0MHz and 1.575 1.602
GHz for both RF circuits.

As result, the mosappropriatenetwork configurations foboth radioprobe
front ends were foundl'he final complex antenna impedanead thereflection
coefficients measured for boRF stagesre shown irFigure4.15, Figure 4.16,
Figure4.17 and,Figure4.18. Table4.3 highlights the improvements obtained from
thematching and frequency tuning procedures
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Figure 4.15 Final matching network configuration circuit 1, transmission RF stage
Return loss Su.
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Figure 4.16 Final antenna impedance measurementsircuit 1, transmissionRF stage Complex

impedance
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Figure 4.17 Final matching network configuration circuit 2, receiving RF stage
Return loss S1.
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Figure 4.18 Final matching network configuration circuit 2, receivingRF stage
Complex impedance

Table 4.3 Results of the matching and frequencyiuning procedures(Paredes Quintanilla et al.,

2021)
Frequency Initial S11[dB] Final S11[dB]
[MHZz]
865.2 -0.59 -23.99
868.0 -0.56 -21.09
1575.0 -1.22 -23.09
1602.0 -1.22 -17.34

According to the obtained results, it is possibles¢® the RF performance
improvementsmade for both RF stagesFrom the initial matching network
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configuratiors to the final ons, an improvement of approximately 40 times for the
transmission RF stage and an improvement of approximately 19 times for the
receiving RF stageere observedlhis means that the maximuroyer transfer in

the RF units wasonsiderablyincreased with the changes maRart of this work

has been published in tieurnal MDPI Sensor@Paredes Quintanilla et al., 2021)

4.2 Data Transmission Rangs

Once thematching andrequency tuning procedures were tested\aalidated,
the next stepconsisted ofperforming a variety of measurements to test the
radiocommunication system of the radioprobas. previously mentioned,hé
radiccommunication system enables the exchange oh#teorological anchotion
collected dataat the radioprobeside towards the gound stationsusing
radiofrequency signal®ue to the constrains of the present desighiRa, which
features powesaving and longange characteristics, has been selected and
incorporated into the systemi-or validation purposesdifferent network
configurations were establishéd determine the transmission ranges that can be
reached by the system. The following subsections report the most relevant tests
made, together with the most significant findings.

4.2.1Testl

This test comprisedropagation measurements in an urban environment using
a pointto-point network configuration at close distan¢estup 1) It was performed
at the rooftop of th®ET of POLITOIn order to determine the correct operation of
the fully integrated radioprobeds transmi
radioprobe sendingeriodically acounterpacketand, a ground station receiving
the messages. The aim of the counter was toifgdepbssiblelosses of packets
having a known progressive number in the data fraBefore starting the
measurements, a rapid test to verify the transmitter operation was performed using
theR&S ZVL SA close to the transmitting radioprofdée presence afhesignab s
power spectrurwas verified as shown iRigure4.19.
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Figure 4.19 Test to \erify the power spectrum of the transmitted signal

The transmitter was located at four different positions P1, P2, P3, P4 and the
receiver was located at a fixed position Rx. The packets were received with both,
the receivingstation,andthe R&S ZVLSA. The receiver module wasogrammed
in order to provide useful information about the signal quality, for instance, Signal
to-Noise ratio SNR, Received Signal Strength Indicator RSSI of the packets, and
Received Signal Strength Indicator mean. For this test, the radioprobe etsctron
was poweregbn through it=TDI programmer, which was connected directly to a
laptop.The tests were made using a programmed output pmivedBm a central
frequencyof 865.2MHz, a spreading factor of 10, and a bandwidth of kP&.

The fixed locatdn of the receiving statioplus theSA and the different positions
of the transmitter are shown ligure4.20. Some pictures of the test are displayed
in Figure4.21.

Receiver position Rx

® Transmitter position
P1=33m
P2=92m
P3=110m
P4=163m
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Figure 4.20 System setup 1Point-to-point configuration used to determine the transmission ranges
reached by the communication system in an open urban environment, displayed on a map. Transmitter
(P1 to P4) and receiver (Rx) positions, with relative distance indication&oogle earh view.

Figure 4.21 Some pictures of the outdoor communication test. Left: Location of the transmitter
position at P2. Right: Location of receiving stationand Spectrum Analyzer DET POLITO. Rooftop

After processing the data obtained from the set of measurements at different
shortdistances, the propagation results and statistics for the positions P1, P2, P3
and P4 are shown ifigure 4.22, Figure 4.23, Figure 4.24, and Figure 4.25
respectively. The data frame sent through the radio link included a counter from O
to 50. The set of data analyzed considers 51 packets per each position. The counter

packets were sent every second.

DATA STATISTICS. RADIOPROBE POSITION P1
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Figure 4.22 Data statisticsSystem setup test ITransmitter position P1
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DATA STATISTICS. RADIOPROBE POSITION P2
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Figure 4.23 Data statisticsSystem setup test 1Transmitter position P2
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Figure 4.24 Data statisticsSystem setup test ITransmitter position P3
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Figure 4.25 Data statisticsSystem setup test ITransmitter position P4

As result of this set of propagation measuremesusje shortransmission

links were tested at four different positions ranging in distance between the receiver
and the transmitter from 33 to 163 meters. As expected, the RF transmission links

worked wellat close distances even if the transmitted power wasHoom the

analyzed data, it is possible to see that, for most of the positions, the SNR of the

transmitted signals was positive, and the totality of packets was received. Only for
the position P2, antransmitted packet was lost. This can be observed also in the

negative SNR values and lower RSSI of the packets for some transmissions at this

position.The signal couldhavebeen affected by a metallic structure placed below
the path between the trangtar at P2 and the receivdrmese first measuremest
provided an idea of the operation of the fully integrated radiopiolz@ urban
environment

4.2.2 Test?2

This testalso includedpropagation measurements in an urban environment
using a poirto-point static network configuratior{setup 2)but, in contrast with
the previous testhis second test includddngerdistancedbetween the transmitter
and the receiveit was performedct POLITO and its surrounding$he network
setup consisted o radioprobe generating and sending periodically a counter
message including a unique sensor identificationaagiibund station acquired the
packetsAgain, the counter was created specificallgébermine possible lossek
the packets sent by the transmitf€he transmitter was placeat eight different
locationsfrom P1 to P&longCorso Castelfidardo and Corso Inghilterra, while the
receiver was located at a fixed position Rx on the third floor dD&Eof POLITO.
In addition,a SAmodel R&S ZVLwaspart of the measuring setup at the receiver
point; howeverfor nearly all the tested locatiotshe i nstr ument 6s
significantly higher than thenward signal thusthe measurement of the power
spectrum was not possibl&his behavior highlights the robustness of the
communication technologsnd thewindow opportunity to build communication
channels indemanding environmentsuch as urban areaSame as before, the
receiver device was configured to deliver signal quality information suSGN&s
and RSSI of the packet$he distance between the transmitter and the receiver
varied from 138 m for P1 to 1232 m for Athe receivewas located at heightof
approximately T m above the street levéh most of the positionghere wasan
obstructed lineof-sight betweetthe receiver and the a d i o granentitteror ke
configuration set to the transmitter is as follow: output power 10 dBm, central
frequency 865.2 MHz, spading factor 1(andbandwidth 125 kHzThe data taken
for the analysis consisted of data blocks, each one of 200 paCketsarious
positions of the transmitter, and tiséationary position of the ground station
together with the SA, are shown in theap inFigure4.26. Some pictures of the test

76

noi



are displayed ifrigure4.27. The results of the measurements are reportédite
4.4.

¥ Receiver position
7§

Transmitter positions (P1-P8)

L 5N NN,
R N

A\

Figure 4.26 System setu®. Point-to-point topology configuration used to determine the
transmission ranges reached by the communication system in an urban environment, displayed on a
map. Transmitter (P1 to P8) and receiver (Rx) positons. Google earth view(Paredes Quintanilla et al.,
2021)

Ground
station

Signal’s power
spectrum

Figure 4.27 Some pictures ofthe point-to-point communication test. Left: Location of the
transmitter at P1. Right: Receiving station placed athe third floor of the DET POLITO .

Table 4.4 Results ofthe point-to-point communication setup in an outdoorurban environment.
Position Distance [m] SNR mean RSSI mean  Received

[dB] [dBm] packets
[%]
Pl 138 7 -94.9 100.0
P2 280 1.8 -113.1 99.5
P3 455 -7.1 -123.4 99.5
P4 648 9.1 -123.9 77.8
P5 737 -2.0 -120.2 99.5
P6 905 -8.9 -124.9 96.0
P7 1173 -13.0 -121.8 95.5
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P8 1232 -12.4 -124.2 52.0

The information obtained from this tgstovided valuable information of the
transmission ranges that thea d i o pcononbnécétisn linkcan reach in a built
up area where partial or tothlock of theFresnel zon@xists.Several positions
with different distances between theansmitter and the receiver were tested;
however, the closest eight ones (P1 to P8) were picked for the present analysis
because their received packet percentage was great&QiPo. In most caseghe
communication channetas affectedoy direct or total shieldingand reflections
from the surrounding environmenwhich is atypical propagatiorproblem for
urban areasFfromTable44i t i s possible to see that for
SNR presented negative valuaseaning that the signal power level was below the
noise level(SX1272/3/6/7/8: LoRa Modem | SEMTEQHd.) . This behavior
confirms the robustness of LoRa technology work adequatelyin challenging
environmentsAlthough, the RSSI value wamfluenced by the LOS obstruction
and the distancgrowth betweenthe sender and the receiydor most of the
positions, the received packet percentage was greater thanBEpfothoughthe
final goal of theradioprobesystem design is the operation under different
environment conditionsofen, freeof-obstacle environmerjtsthis testrevealed
significantinsights about the possible transmission ranges th#lyihg radioprobe
can reach when floating in the free atmosphere.

42.3Test3

A third field measurement included propagation measurements using a point
to-point dynamic nevork configuration in an open area environmgetup3).
Unlike the previous experimeastthe radiosonde transmitting the information was
attached to a land remotely controlled UAV (drone) to simulate similar conditions
in which the radioprobes will be releas@tiis test was carried ourt a small town
call ed | sol & inthé Resimont,Regier at thé north of Italyhe
network setup included a fully operational radioprobe gathering, processing,
packing,and transmitting the information from the different sensors and, a ground
station receiving, storing and pgstocessingtte received messagéairthermore,
and additional PC was placed at the ground side to reaeneollectthe flight
logs transmittedby the UAVduringits flight, whichwereuseful for the comparison
of ther a d i o plataocbllected.

The radioprobe was attached to the bottom support of an eight propeller UAV
called OCTOCOPTER from Envisens Technologies. It is a large payload capacity
aircraft able to carry up to 2.5 kg and has a flight time up to 40 minutes (without
payload weight). Itan be piloted both manually and in autopilot mode. In manual
mode, the UAV is controlled in real time by a remote operator via a secure wireless
connection. This operating mode allows also to keep the unmanned aircraft flying
at a constant altitude ormaining in the same position. In autopilot mode, the UAV
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can follow a predefined track and execute preset commands. It can reach heights
over 2000 m above the ground level and is equipped with different sensors for
navigation such as accelerometer, magneter, barometer and GPS receiver; the
latest used as reference source of the trajectory tracking and positioning sensors.
The UAV was controlled to flight in an open space carrying the radioprobe board.
The radiosonde microcontroller was programmedtéot readng, managing,
and paclng the data fromthe TPH sensorafter some minuteafter thesystem
start. Then, the information collectegether withthe countermessageswas
transmitedwirelessly b the ground station through the dedicated radio Mkhe
other side of the communication systdamp ground statioa were configured to
receive, storepartially process and display the received information. Since this set
of measurements were carriedit in a norobstructed rural environment, the
transmitter was in LOS with the receigat all positions. The transceiver was
programmed to providel4 dBm as output power, with central frequency
865.2MHz, spreading factor of 10, and a bandwidth of 125kHz.
The UAV flew few times however, for the present analysis, the two intervals
of time at which the UAV reached the highest altitudes are considdredirst-
time interval of approximately 6 minutes, and the second time interval of
approximately 16 minutes’he system setup @isplayedin Figure 4.28. Some
pictures of the experiment are showrkigure4.29.

24 3]
‘?‘%‘ | PCreceiving
- the UAV data

Ground

station 1
Ground

station 2 !

Figure 4.28 System setup tesB. Point-to-point dynamic communication test using an UAV L eft:
UAV holding the radioprobe. Right: Radioprobe ground stations and PCreceiving the UAV data.

Figure 4.29 Somepic_fﬁres othe point-to-point dynamic communication testusing an UAV
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The relative altitudevith respect to the ground levedached by the system
(UAV + radioprobe)uringboth timeintervals are presented kigure4.30.

Mavlink Log Graph Mavlink Log Graph
~ relative_alt global_position_int_t {Min: -1550 Max: 98880 Mean: 10865.56) relative _alt global_position_int_t (Min: -12710 Max: 71840 Mean: 4313.13)

} f | | - | ; |
11:54:00 11:59:00 11:58:00
Time (sec)

Figure 4.30 Relative altitude reached by the UAV carrying the radioprobe Left: First time
interval. Right: Second time interval.Mission planner plots.

The results of the radioprobe communication measurements are shbalien
4.5.

Table 4.5 Results ofthe point-to-point dynamic communication setup in an outdoor environment

Flight Max. SNR RSSI  Transmitted Received Received
interval altitude mean mean  packets [#] packets packets

[#] [m] [dB]  [dBm] [#] [%]
1 102 7.1 -71.3 69 67 98.0
2 72 7.2 -80.6 425 425 100.0

During this testthe drone covered an area of approximas@yn by 30 m and
reached maximum altitudes of 102 m and 72 m during the first and second flights
respectively.In total, 492 packets were sent from the radiosonde duringethe
intervals Since the distances between the receiver and the transmitter were
relatively closethe SNR values were higher thanlB and the RSSI values were
greater than80 dBm.In addition, most of the transmitted packets were received at
the ground sideThis test provided useful information about the radioprobe
communication technology when vkimg in a dynamic open area environment
similar to the escenary in which the final instrumented ballons will work.

4.2.4 Test4

In a similar way, aotheropen aredield testusing apointto-point dynamic
network configuratior{Setup4) was done testablish tb maximum transmission
coverage that the radioprobe system can réaduntrast to the previous test using
a UAV to carry the radioprobe electronic system, this tirma automatic
atmospheric sounding system was used as means of transpomdtothe
atmosphereThis testwas carried outat theCuneo Airport facilities, where the
Cuneo- Levaldigi meteorological statiofLIMZ) of the Regional Agency for the
Protection of the Environment (ARPA) tife PiedmontRegioni Italy, is located
(Figure 4.31). Twice a day, his automatic atmospheric radio soundiggstem
launchesan atmospheric balloon teertically profile thetroposphere anthe lower
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stratosphere, up to about 30 km of altity8estema automatico di radiosondaggio
del |l 6at mosfer,md) Arpa Piemonte

Figure 4.31 Automatic atmospheric sounding systemCuneo - Levaldigi meteorological station
(LIMZ) (Si st ema automatico di radi osomaldaggi o del |l 6at mosfera

The system setup for this test includechatomaticsoundingstation whichis
a weatheobservation systeitat allowsup to 24 automatic soundin¢&utomatic
Sounding Statiom.d.) It includesa sounding station and the balloon filling unit.
The Heliuminflated observation balloon used had approximately 1.5 m of
diameter. It tethereda Vaisala RS41 radiosondérough a polypropylene
transparenstring This radiosondewhich was used asferenceinstrument, was
equipped with different sensors to measwmidity, temperatureand atmospheric
pressurealong its pasacrosshe atmospherdt also ircorporate a GPSreceiver
thatallowedthe estimation of wind velocity and directiofrhe gathered dataas
sent to ground via bong-rangetelemetry linkup to 350 kmusing the frequency
band in the range from 400.15 MHz to 4061¥I(Vaisala Radiosonde RS&IG |
VAISALA n.d.) The atmospheric systeinad an asceding rate of about 300 miin
andachievel its maximum heighin approximatelyl.5 hours.The output of this
atmosphericsoundingsystem is usefbr meteorological forecasting and analysis
purposes.

Ther a d i o pnetwdokesétigp consisted of a fully operationadlioprobe
measuring, prprocessing,managing,and sending the information generated
during the air traveland a ground statiomathering, storing, and partially
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processing theeceiveddata packetsThe mini radioprobe waadhered to the
VAISALA 6 dront coverwith the help ofa nonconductive adhesive tap&o
reserve energfor the flight the radioprobe was initialized just befche launch.
The ground station wgdaced next to theounding workstationThe system setup
is displayed irFigure4.32 andFigure4.33.

Reference
sonde

Radioprobe

Ground
station

Sounding t R
workstation B,

Figure 4.33 Radioprobe ground station

The radioprobe transmitter was set to deliver adB4n of output power,
working at a frequency of 865.2 MHz, using a bandwidth of 125 KHz and a
spreading factor of 1GGiven that the test was perimed in a totally open area,
there was LOS between the receiver and the transmititenastall positions.The
trajectory followed by the systerastil receiving the last message coming from the
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radioprobe and theseparatiordistance reachearedisplayed inFigure4.34. The
obtained results regarding the communication system are repoiftatle¥.6.
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Figure 4.34 Trajectory followed by the systems: mini radioprobe and soundingalloon, displayed
on a map. The separation distance with respect to the ground station is indicated by the color bar.

Table 4.6 Results ofthe point-to-point communication setup in anopen areaenvironment

(Paredes Quintanilla et al., 2021)

Distance [m] SNR mean RSSI mean Total Received Received
[dB] [dBm] transmitted packets packets
packets [#] [#] [%0]
Up to 1000 5 -95 40 37 92.5
Up to 2000 4 -99 103 o8 95.2
Up to 3000 2 -102 156 146 93.6
Up to 4000 2 -103 210 196 93.3
Up to 5000 1 -104 243 226 93.0
Up to 6000 1 -104 276 240 87.0
Up to 7000 0 -105 297 259 87.2
Up to 8000 0 -105 322 283 87.9
Up to9000 -1 -106 348 294 84.5
Up to 10000 -1 -106 376 296 78.7
Up to 11000 -1 -106 449 297 66.2
Up to 14000 -1 -106 462 298 64.5

The outcomes ofhese propagation tesallowed determining the maximum
transmission rangdhlat can bechieved by the radioprobe communication system
whenworking in adynamicrealatmosphere environmentDuring this test, lie
reference atmospheric sounding system outreazipeadk height of about 32 ki
horizontal extent of about 108 krand a straight distance of about 113 km with
respect to the ground systgmevious theexplosionof the balloonWhile the mini
radioprobeachieved a peak height of about 11 knmoaizontal extent of about 7
km, and a straight distance of abodkin with respect to the ground systeefore
losingcommunicatio with ground After the system launchnd before the loss of
communicationthe tiny radiprobewas able to send 4Gfatapacketsfor a time
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frame of about 22 minuteBromTable4.6, it is possible t®ee that the variability

of the SNRvaluesfluctuated from +5 dB at the closesstparations tel dB at the
farthest onesln the same way, the RSSI valugsderwenta decrase wlie the
separation distanagith groundincreased, ranging fror®5 dBmto -106 dBmfor

the minimum andnaximum,respectively.Due to the high rising velocity of the
sounding system, themereoccasionapacket losses; however, the percentage of
comrectly received packets for the initial 5 km was greater tha®9®hichis a
good indicatoffor the observation heights requirt warm cloudgwithin 1 and

2 km) having less intense fluctuation velocitiea addition even thoughthe
reference atmospheric sounding system was meant to vertically ptioéle
troposphereand the low stratosphereand not for warm cloud conditions,
provideda significantreference to assess the radioprobe system when subgect to
dynamic obstackreeatmospher@nvironment.

During this test, meteorological data along the system traje@tmospheric
balloon and tiny radioprobe boandasalsocollected. See more details in section
4.3.3.

Part of this work has been published in fleeirnal MDPI Sensor¢Paredes
Quintanilla et al., 2021)

4.3 Sensor Measurements

After validating the radio communication system of the mini radioprobes, the
next step consisted ebnductingsome tests to verify theorrect operation of the
sensors nested within the tiagvice As previously mentionedgach radioprobe
embedsa fitempeature, pressure and humidity sensor stagad afipositioning
and tracking sensor stagee subsection 3.2.8Blectronic system configuratipn
These both electronic units include set of sensors(temperature,pressure,
humidity, IMU, and GNSS receivgito measuralifferent parameterduring the
radioprobe flight across the atmosphefearm cloudsThe circuitryof both units
integrated in this first desigareshown inFigure4.35.

Temperature, Fe B - Imu

pressureand  [SeHEs sensor
humidity : % - -
sensors

Figure 4.35 Radioprobe sensorsLeft side: TPH sensor stageRight side: positioning andtracking
sensor stage
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Several test were made test,optimize,andvalidatethese operational units
either togetheor separatelyDue to the global COVIEL9 Coronavirus Pandemic,
the first part of the tests ag made in a nosmontrolled environment usg the
resources available at the tinh@ter,additionalresources were uséadsed on their
availability. The following subsections report the most relevarperiments
togethethe most significant findings.

4.3.1 Test I Temperature, pressure,and humidity sensors unit

Once the visual inspection and electrical tests were performed following the
manufacturing process of the first radioprobe prototipeyery first step consisted
of testingthe programming codased to controthe temperaturehumidity, and
pressure sensofsitegrated inthe BME280 unit. To this end, the previously
developed algorithmio commandthe sensorsvas uploaddto ther adi opr obe 6 s
microcontroller using the 12C communication protocol. Fa&stiesting purposes,
the microcotroller was programmed to enable the BME280 device to perform
measurementsf temperaturepressureand humidityat an established period of 1
secondlIn addition, an estimation of the relative altitude was calculated from the
measurementsThe sensor max used was the normal one, which comprises
perpetual cycles of measurements and inactive pefM&28 | BOSCHn.d.)

As mentioned previously, due to the gloB&VID-19 Coronavirus Pandemic
the first sets of measurements reported in this subsection were carried out-4n a non
controlled urban real environment, both indoors and outdoors. Since the resources
available at the time were limited, the experiments were performed to cotinpare
senso readings between pairs of radioprobes, in total 8, hereinafter called
Radioprobel, 2, 3, 4, 56, 7 and8. Subsequently, these measurements were
compared to the available reference dedaing from thedata base on local
climatic parameters provided e Istituto Nazionale di Ricerca Metrologica
(INRiM) (Parametri Ambientali | INRiMn.d.) The separation distance between
the meteorological station acquiring the reference data antkghgosition was
about 11km.

The experiment setufl-igure 4.36) consisted in a pair of radioprolb@ards
each oneontaininga TPH sensowunit, connected to a PC through a FTDI breakout
board. The PC included the software tools for updating the progragneoide to
the microcontroller and visualizing the readingbe data wasollectedthrough
the serial monitor of Arduino platform at a data rate of 11328@&nd then stored
for further analysis
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Radioprobe
boards

IR N

Figure 4.36 Test setup for the measurement dbmpérature, préssure, relative humidity and
altitude estimation. Left side: Pair of measuring radioprobes.Right side: Systemsetup.

Since the sampling frequency of the reference data was different from the
sampling frequency used for the experiment, interpolation techniques for matching
all thequerypointsandstatistically compang the obtained dataere tested using
the numecal computing environment Matlab. After comparing some interpolation
techniques such as linear, pchip, spline, nearest, next and makima, the last one
provided the best results when following the trend of the data. Makima is a Matlab
interpolation technige based on the Akima interpolatiimterpl | MathWorks
n.d.) The Makima method gives fit$o curves where the second derivative is
rapidly varying. The interpolated values at the query points are given based on
polynomials functions.

The local temperature used as reference during this experiment varied from
13.8 °C to 17.9 °C with a margin error of £0.14 °C. The barometric pressure varied
from 999.7 hPa to 1000.3 hPa with a margin error of £0.17 hPa. The relative
humidity range was fim 32.0 % to 49.7 % with a margin error of £2.5 %.

The graphicalcomparison betweeroughly calibratedlata readings from the
radioprobepairs againgte reference data values obtained from INRiM, are shown
in Figure4.37, Figure4.38, Figure4.39, andFigure4.40, for temperature, pressure,
humidity and approximated altitude respectively. The statistical regutis whole
set of measuremendésesummarizedn Table4.7, Table4.8, Table4.9, andTable
4.10.
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