T

ER ~— Controls 2\ A F
(:\ N (Ce'u\ Electronics & "‘;?i_r G :II\?ET ROS1| '}5
~ Lh Nl

Mechatronics @iy’ OF THESSALONIKI

Astromesh: Design, Implementation and
Radiation Testing of a LoRa Meshed

Network for use in Satellite Constellations

Christina Athanasiadou, Student Number 10328

CERN Supervisors: CERN Section: BE-CEM-EPR

Dr. Salvatore Danzeca Beams Department, Controls Electronics &

. Mechatroni
Dr. Alessandro Zimmaro echatronics Group

Electronics Production & Radiation Testing Section

. . Aristotle University of Thessaloniki
Academic Supervisor:

Professor Alkiviadis Hatzopoulos Department of Electrical and Computer Engineering

Telecommunications Division

2025-2026



CERN [ Controls P ARISTOTLE
eN\ Electronics & It IUNIVERSITY
\ \ =  Mechatronics “Gi57 OF THESSALONIKI

Astromesh: Y yedraopog, vAomoinon kot

QoKLéG o€ TeEPLPAAAOV akTIVOPOALOG

evog LoRa dwktov acppartov

TAEYUOTOG PLE EQAPUOYEG OFE
QG TEPLGPOVG O0PLPOP WV

Xprotiva ABavaciadov, ApiOuog Mntpmov 10328

EmpAénovteg CERN:
Ap. Salvatore Danzeca

Ap. Alessandro Zimmaro

Axadnpaikog Emprénwv:

Kabnyntrg Ahkifuédng Xartldmoviog

2025-

CERN Section: BE-CEM-EPR

Beams Department, Controls Electronics &

Mechatronics Group

Electronics Production & Radiation Testing Section

Aristotle University of Thessaloniki
Department of Electrical and Computer Engineering

Telecommunications Division

2026



rﬂ-" Conirols
@-\ Electronics &
\ = Mechatronics

Abstract

Recent advancements in meshed network technology have opened new possibilities in space explo-
ration and particle accelerator applications. These networks offer increased communication redun-
dancy, efficient data routing, and reduced reliance on terrestrial infrastructure. For the Future Circular
Collider (FCC), where extreme radiation levels and extensive distances make traditional cabling im-
practical, wireless meshed networks could enable seamless communication across different accelerator

sections.

CERN has developed Astromesh, an innovative modular platform, designed to create a decentralized,
resilient mesh network. Astromesh uses LoRa Modulation for power efficiency and maximum cov-
erage, employing a radiation-tolerant architecture with specialized electronics to ensure longevity in
harsh environments. Supporting 868 MHz, Industrial, Scientific and Medical (ISM) (2.4 GHz), and Ultra-
Wideband (UWB) (3.5 - 6.5 GHz) transceivers, the platform’s modular design ensures versatility across

different communication requirements.

This thesis presents a study structured around the following objectives. First, a literature review analyz-
ing LoRa technology, meshed network architectures, hierarchical versus non-hierarchical topologies,
radiation effects on electronics, and the operations of CERN radiation facilities. This review estab-
lishes the theoretical foundation and highlights the novelty of developing the first LoRa-based meshed

network validated for radiation environments.

The core technical contribution involves the development of modular embedded software for the As-
tromesh platform, ensuring compatibility across the supported transceivers. This implementation en-
ables flexible deployment across different communication scenarios while maintaining compatibility
with 868 MHz, ISM, and UWB bands.

Experimental validation is performed through radiation testing at PST and CHARM CERN facilities,
comparing the performance and reliability of meshed network architectures against hierarchical LoRa
networks under radiation. Additional tests include power consumption analysis to quantify function-

ality degradation and determine the advantages of decentralized approaches in harsh environments.

The final component comprises a mission analysis and link budget study for meshed network deploy-
ment in Low Earth Orbit, exploring different possible satellite constellation configurations. Detailed
analysis will be performed for the 868 MHz and ISM bands to determine coverage capabilities and
communication performance in space applications. This work contributes to next-generation space
communication and high-energy physics by validating the first radiation-tolerant LoRa meshed net-

work.
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Hepidnyn

Ou eEelielg TV tedevtaiov etodv ota diktva mesh dvolkav véoug opilovteg OG0 6T SGTNLKT
gpevva 0G0 KOL OTLG EPAPHOYEG EMLTOXLVTOV cwpatdiwv. Ta diktva avtd eyyvdvtor tAeovacpod
otV emkowvwvia, amodoTikr] dpopordynomn Sedopévwv Kot TePLOPLoHEVT) eEAPTNOT QIO TIG YTLVEG
vrodopéc. Xtnv mepintwot tov MeAlovtikod KukAwood Emtoyvv (FCC), émou tar akpaior emimedor
akTvoPoAiog kot oL HeyGAeg amooTaoELS KAOLoTOVY T GUHBATIKE KAAWMSLOKY CLGTAHRATA ATVUPOPQ,
o acVppata diktva mesh Ba propotoav va eEacparicovv adLEAELTTN eMLKOLVOVIN OVApETH GTO

ETLUEPOVG TUHHOTO TOV ETLTALYVVTH.

>to mAaioto awtd, to CERN avéntuEe o Astromesh, po kovotdpo apbpwtr mAatedppa yo t On-
povpyio amokevTpwpévev, avlektik®v diktdwv mesh. H mhatpoppa alomotel tn Stapdppwon LoRa
YLt XOUNAT KATUvEA®GT) 1ox00g Kot HEYLETN KEALYT), EVOWHATOVOVTOS OPXLTEKTOVIKT] VEKTIKT OF
akTvoPorio pe e€etducevpéva NAEKTPOVIKA KUKADHXTH OV dtaec@arifovv alomiotn Aettovpyia oe
dvopevr) meptpdrrovia. Me vtootpién mopmodektov otig {dveg 868 MHz, ISM kot UWB, o apBpw-

TOG oY EIAUGHOG TNG TTPOCPEPEL eVEALELX G€ TTOLKIAL GEVAPLAL ETTLKOLVOVIAG.

H mapovoa Simhopatiky epyacio opyavovetor yopw amd tovg akdlovbouvg doveg. Apyikd, mpoy-
potormoteital BAtoypapikr] avackonnon mov kadvmtel tnv texvoloyio LoRa, Tig apyirektovikég
SiktOwV mesh, T GOYKPLOT) LEPAPYLKDOV KL HI| LEPAPYLKDV TOTOAOYLOV, TIG EMLOPACELS TNG OKTLVO-
BoAlag ot nAekTpovikd, KoBOS Kot TN AeLTovpyia TV EYKATACTAGEWV SOKLH®OV akTivoPfoAiog Tov
CERN. H avaoxonnon avtr) Bétel Tig Bewpntiég Paoelg kot avadelkvidel Tov TpmTOTOpLokd Xopot-
KTHPO TOU eYXELPHHATOS: TTPOKELTAL Yo TO TTPdTO dikTvo mesh Paciopévo oe LoRa mov emkvpdveton

TELPOPATIKE 08 oLVOTKES ok TLVOPOALaG.

H xevtpikr texvikn cuveloPopd EyKeLTaL oTNV avaItTuEn apBpWTOL EVEOHATOHEVOL AOYLOULKOD YLot
v mAat@oppa Astromesh, TAnpwg cuppoartot pe dGAovg Toug vitootnpLldpevoug opmodéktes. H vio-
OGN QUTH EMLTPETEL EVEALKTI) EYKATAOTAOT) G€ SLUPOPETLKA ETTLKOLVOVLIOKA GEVAPLAL, SLATNPOVTAG

A p1 Aettovpyikotnta otig {wveg 868 MHz, ISM xou UWB.

H mewpapaticn emkdpwon yivetal péow doxipmv aktivoforiog otig eykatactdoelg PSI koo CHARM
tov CERN, 6mov cuykpivovtan 1 arddoon ko 1) aflomiotio Stktowv mesh évovtt tepopytk®dv Stkto-
v LoRa vmo mpaypatikég cuvOnieg aktivoforiog. ZopmAnpwpatikég SoKIPEG KATAVAAWGTG Lo DOG
TOGOTLKOTOLOOV TNV LITOPAOLET] AELTOUPYLKOTNTOG KoL VatdeLKVOOUVY TO TTAEOVEKTHHATA TG OITOKE-

VIPWHEVNG Tpoctyylong oe avtifox meptdAlovta.

Téhog, dieEdyetal avilvon oevopiov arooToAlg kot Tpodmodoyiopod Levéng (link budget) yux v
avamtugn Siktbov mesh oe xapnin yriwn tpoxik (LEO), e€etdlovtag evarlakTikég Siatdéelg aote-
plopev dopuedpwv. Avarbovtor edikdtepa oL {Hdveg 868 MHz ko ISM wg mpog Tig dvvartdtnteg
KGALYNG KkaL TNy emkowvoviakn arddoot ot dtaotnpikég epappoyég. To épyo avtd cupfaiiel ot
SLPOPPWOT) TNG ETTOPEVTG YEVLAG OLACTNHLK®OV ETLKOLVOVLOV KL GTT QUOLKT VYNADV EVEPYELDV, ETTL-

KUPOVOVTOG TELPOPATIKE TO TTPp®To diktvo mesh LoRa avBextikd oe aktivofoirio.
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“A good plan violently executed now is better than a perfect plan next week.”
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ADC Analog-to-Digital Converter
ADCS Attitude Determination and Control System
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PSU Power Supply Unit
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SEE Single Event Effect

SEFI Single Event Functional Interrupt
SEL Single Event Latchup

SF Spreading Factor

SNR Signal-to-Noise Ratio

SSO Sun-Synchronous Orbit

STK Systems Tool Kit

ThN Thermal Neutrons

TID Total Ionizing Dose

UWB Ultra-Wideband
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Greek Summary

Avtikeipevo tng mapodoag SITAWPATIKNG epyaoiag ammotelel o oxedlaopodg, 1) Aomoinomn kat o éAey-
X0G akTivoPoliog evog acvppatov Siktbov mesh wov otnpiletar otnv texvoroyio LoRa (Long Range),
HE eQUPUOYEG TOGO GE AOTEPLOPOVG dOPLPOPWV OGO KoL Ge TEPLBAAAOVTA EMLTOYVVTOV COHOTLOL-
wv. H epyacia ekmovriOnke oto CERN, oto mAaiclo cuvepyaoiog pe to ApiototéAeto Ilavemiotrpio
OeooaAOVIKNG, KO ETKEVTPAOVETAL OTNV TAXTPOppa Astromesh — pio TAat@oppa ov avortoxOnke

eWdkd yla tn depevivon TG oKOTLpOTNTAG SIkTOWY mesh vitd cuVBNKeg aktivoforiog.

IMAaiolo kol oToYOL

To diktvo mesh vTePTEPOHV GNUAVTIKE EVAVTL TOV KAAGLKOV LEPAPYLKDOV TOTOAOYLOV: eEacpaiilovv
TAEOVAGHO G TNV eTLKOLVOVIR, dSLVATOTNTA SPOHOASGYNGTG HEGW EVOLAHEC MY KOPPWV Ko EAAYLGTOTOL-
non g e€dptnong amd pepovopéva onpeio aotoxiog. e éva tétolo diktvo, kdbe kOpPog propel tov-
TOXPOVX VO AELTOVPYEL WG AVOHETASOTNC, [E TTOTEAEGHA 1] ATTOAELX £VOG T) OKOUN KOL TTEPLECOTEPWV
KOpPwv va pnv Stakdmtel kat avaykn tn cvvdeostipotnta. To yapoktnplotikd autd amoktd Wiaitepn
BapOtnta oe mepidArovta 6mov 1 aktivoPolria 1j oL akpaieg cLVOKeG evEEXETAL VL TPOKAAEGOVV

aotoyieg o€ empépoug eEapTrpaTa.

Ytov MeAlovtikd Kukhid Emtoayvver (FCC) tov CERN, ta vfmAé emimeda aktivoPfoliog e cuvdva-
OO pe TIG HEYOAEG aTOoTAoELS KABLoTOUV Tt KaAwdLakd cvoTipata duoe@dppoota 1) vItepPoAikd
domavnpd. To acOppato diktvo mesh amotelodv edkvotiky evalloaktikr Abomn yia 1 Staovvde-
o1 SLPopeTIKOV TUNHATWV TOL emitayvvty. apdAinia, n emkowwvio peto€d dopvpdpwv (inter-
satellite links) oe aotepiopoite yopning tpoxiég (LEO) amartel avOekTikd GLUOTHHATR e XAUNAT €-
VEPYELOKT] KATOVAAWGT], dedopévou OTL 1) TpoPodoacia yiveton Katd kavova artd GOToPoATAIKE TOveA
kot k&Oe milliwatt petpéer. H teyvoloyio LoRa, a€lomoidvrag tn Stopdppnaot Siaemopds ¢AGHATOG
tomov chirp (CSS) xai tig mapopétpovg spreading factor (SF), bandwidth (BW) xau coding rate (CR),
ouvdLAlelL peydAn epféleta pe oA KATOVAAWOT LoX00G — SLOTNTEG LOAVIKES Yia TIG €V AOY® &-
poppoyéc. H epyoacia tovilel diaitepa TNV KOLVOTOPLO TTOL GUVETTAYETAL 1] OWVAITTTLEN TOL TTPOTOV

dwktvov mesh Paciopévov oe LoRa pe melpapartikn emkvpwon oe meptpaAlovia aktivoBoliog.

Orxvplot 6Td)OL TNG epyaciag cuvoilovtal wg eEng: (o) Bewpnriky Oepeinon péow PLpAtoypoagikng
avaokonnong tng texvoloyiog LoRa, twv Siktdwv mesh, tng obykplong tepapyxtkdv kot pn tepopyt-
KOV TOTOAOYLOV, TV eMdpaoenv akTIVOPoAiag oTa NAekTpOVIKE, KOOGS KoL TNG Aettovpyiog TwV &-
yrkataotaoewv dokipdv tov CERN (CHARM, PSI), (B) avémtuEn apbpwtot (modular) Aoyiopikoo yuo
v mhatedppa Astromesh, cupPatod pe mopmodékteg otig {dveg 868 MHz, ISM kot UWB, (y) mel-
popatikn emkOpwon pécow dokyov aktivoPolriag oto PSI kat 6to CHARM, cupmepiiapPavopévov
HETPHOEWV KATAVAAWGOTG Loy oG kot Oeppikng modniaoiog, kot (8) avdAvor oevapiowv AmocToANG

kot link budget yia avémtoén Siktbov mesh oe tpoyid LEO, vntd Sudpopeg Satdéelg aoteplopddv.
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OewpnTikd VLOPabdpo

H epyaocia edpaletar oe extevr) Oewpnrikn Phon. Apyikd avaddetaln texvoroyio LoRa kot to mpwtd-
koAAo LoRaWAN pe tnv tomoAoyic star-of-stars: teppatikég cvokevég, TOAeg, eEumnpetnTrig StkTOOL
ko eEumnpetntég epappoynv. EEetdlovton ot mapdypetpol SE, CR, BW, 1 1o(0g ekmopmrg kot 1) ouyvo-
T Aettovpyiag, ol katnyopieg cvokev®v LoRaWAN (A, B, C) ko 0 adyopibpog Adaptive Data Rate
(ADR). 11 ovvéxela, cuykpivovtal oL pn tepopyiég (mesh) tomoloyieg pe TIg tepopyLicég kot oavadel-
KV0OVTOUL T TTAEOVEKTILOLTA TNG ATTOKEVTPWHEVNG dpopoAroynong. Télog, mapovoidlovToal To YaLvo-
peva aktivoPoliag mov ennpedlovv ta niektpovikd kukAwpato — Total Ionizing Dose (TID), Single
Event Effects (SEE) kou latch-up — kaBdg koL ) Aettovpyia tov eykataotdoewv CHARM (CERN High-
energy Accelerator Mixed-field facility) ko PIF (Proton Irradiation Facility) oto Paul Scherrer Institute
(PSI). To voPabpo avtd Bétel To Bepédia Yo TNV KATavONon TOGO TV ATALTCEWY TG TAXTOOPHAG

Astromesh 600 kot g omovdondTnTHg TV SoKIUOV GE Tpaypatikd medio okTivofoAiog.

IMAot@oppo Astromesh kot Aoyiopiko

H mhatoppa Astromesh e€ediyOnke pe Baon tnv kAnpovopd tov SpaceRadMon-NG. AmoteAeiton
amd o kevrpikn mAakéta (main board) ko po Tpoapetiky) mAakéto enéktaong (mezzanine). H ke-
vrpikn mAokéta evowpatdvel FPGA Microchip ProASIC3L yia Tov GUVTOVIGHO TOU GUGTHHATOG KoL
TG VYMANG Tox TN TG Stemagés, pkpoeAeykty ATSAMD21G18 (ARM Cortex-MO0+) yia TV €mTLKOLV®-
vioe LoRa, tnv avayvwor occOntrpwv kot Tov emomtikd éAeyyo, KOKAwR Stoevopng Lo 0og, kobog Ko
dvo evowpatwpévoug mopmodékteg LoRa ot Siapopetikég {dveg cuyvotritwv. H mhakéto mezzanine
EMEKTELVEL TIG OUVATOTNTEG ETLKOLVWVING, KUPLwG Yo Lev€elg peta€d dopuvpdpwv. H emhoyr] vAtkold

Siémeton oo kprrnpla avoyrg oe aktivoPforio (radiation-tolerant COTS).

To apBpwtd Aoylopikd mov avantdxOnke 610 TAAGL0 AVTAG TG epyaciag mapéxel SUVOLKY ava-
K&ALYN Sadpopdv, Tpowbnon mokéTwv Pécw eVOLAPUECHOY KOPPWV Ko eVHEPWOT) TNG TOTOAOYLOG
tov diktvov. H viomoinon Pfacileton oe C pe mepitodtypa (wrapper) oe C++, a€lomotei n PrpAiodrxn
RadioHead, kot o 810G k®dikag exteAeiton Xwpig TPOTOMOLGELG G€ OAES TIG LITOGTNPLLOHEVES {OVEG

(868 MHz, ISM, UWB), eyyvdpevog eveALEio koL QOpnTOTNTA GE TOLKIAOQ GEVAPLA ETTLKOLVOVING.

Aokpég aktivofoAiog

Iepapyko diktvo LoRa 6to CHARM

St eykatdotact) CHARM Sokipdotnie tepopyikd diktvo LoRa arrote AoVpEVO atd OKT® TEPUATIKEG
ovokevég Feather MO kot tpelg modeg LoRaWAN (Dragino LPS8N). Kataypdgnkav omd 4 éwg 110 ema-
VEKKLVIOELG OV GUOKELT), e eKelveg o Ppiokovtav otn Béon R1 (vymAotepn doon axtivoPolriog)
vou eppavilovy ta peyadvtepa mocootd. Yroloyiotnkav evepyég dwatopég SEE (Single Event Effect)
Yo k&Be cuokevr): 1 TOAN 2 amodeiyTnke 1) Mo evaicOntn (0 ~ 1,5 x 1072 cm?), evéd 1 Teppatixn
cvokev 3 1 o avBektik (0 ~ 2 x 107 em?). H afia tng mAeovalovoag SLtakng pe Tpelg moAeg

emiPePoucdOnie EexdBapo: acdpn KL 6Tav pio TOAN TéONKe eKTOG AetTovpyiag, 1) CLVSECLUOTNTA TOV
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Packet Success Rate Comparison
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I No Radiation
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Sxnpo 1: IlocooTod emTL)ioG TOUKETOV VA TEPPATLKT] GLUOKELT — oUYKpLoT) Aettovpyiog vd
oakTvofoAio kol xwplg outhv.

Aok topnodéktn UWB oo PSI

O mopmodéktng UWB DWM1000 vrroPfAnOnke oe dokipég oto Proton Irradiation Facility (PIF) tov PSI,
pe déopn mpwrtoviwv evépyelag 200 MeV, katd tn dibpkeita mévte meptddwv aktivofoinong (Run 53—
57). H a®pototiki) S60n éptace ta 693,7 Gy, pe cuvolikij pori copatidiov 1,13 x 102 p/cm?. Kata-
ypaonkov 13 Swakomég Aettovpyiag tomov SEFI (Single Event Functional Interrupt) wov ypeiotnroy
xewpokivny emépPocn, pe avtictowyn evepyd Siatopn osgrr ~ 1,2 x 1071 em?/cuokevr). EmumAéov,
Kotd TV Tedevtaia mepiodo eppaviotnke éva pepovopévo SEL (Single Event Latchup), wov exdnio-
Onke wg avEnomn Tov pedpATOg KATaVaAWONG otd 155 mA oe 184 mA. Ot eVOWOUATOHEVOL PN OVIGHOL
QUTOHATNG AVAKTNONG TOL AoYLoptkoV (akoAovbieg hardware reset otov déktn) avTipeTOTIOAV e €TTL-
TUYLOL TNV TAELOVOTN T TV TOPOdIKWOY cPaipdtev — T SEFI avtitpocwmehouv povo Tig TepUTTOOELg

OTLG OTT0lEG 1) AUTOHALTY avdKTn o™ dev emapkovoE.
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DWM1000 Packet Reception Breakdown
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Zxnpa 2: Katdro€n kbkiwv emkovoviag avd katnyopio amoteAéopatog (emituyia, avakTnon Hetd
ard emavapopd, arotuyia) yio k&be mepiodo aktivooAnong oto PSL

Av&Avon anootoAng kot TpodnoAoyiopog (edéng

T tov vitoAoyiopd Tov podmoloyiopot (evEng (link budget) epappdotnke 1 Tumiky pebodoroyia RF:
vroAoytopog EIRP, anwAeiov eAevBepov xdpov (FSPL), anwlelwdv moAwong kot meptbwpiov {evEnc.
A&oroynOnkav ot tpelg mopmodékteg NG TAaTOppag Astromesh:

« RF95 (868 MHz): Méyiotn alomotn epfédewa mepinov 4.200 km (SF12, 125 kHz).

« $X1280 (2,4 GHz): Méyiotn afiomion epuPéreia mepimov 500 km (SF12, 203 kHz) — aiobntd

HIKpOTEPT AOYW LENHEVOV aTtwAeldV S1doong oTnv LYNAOTEPT) CUYVOTNTA.

« LR1121 (868 MHz): Kopugaia emidoomn pe péyiotn a€iomiot epPéleix mepimov 7.800 km (SF11,
62,5 kHz) — o xatoAAnAdtepog mopmodéktng yia {evEelg peta&d Sopupdpwv.

H tpoyroxr avéivon npaypoatomodnke pe to Aoyiopkd Ansys STK, oe nAtoctyypovn tpoxié (SSO)
vYoug 550 km. T actepiopd ywpig diaxtrpnon Béong (station keeping), dvo Sopvpodpot pe dwapopd
padog tng Ta€ng Tov 0,5% oopaKkplVOVTOL OTAdLOKA AOY® SLOUPOPLKNG OTHOCPOULPLKNG ALVTIGTAOTG,
PTAVOVTOG HEYLOTH atdoTACT) Tepimov 5.505 km, pe map&Bupo emikovoviag 3—4 pnvov. Ta TAnpn
TpoxlokT) k&Avyn pe station keeping, ypetdlovtal tovAdyioTov 8 dopuvpdpol 6To idlo TpoyLokd ertie-
do (LTAN), wookartavepnpévor avé 45° (amdéotaon ~5.302 km), pe AV ~ 1,095 m/s avé Sopupdpo kat
xpovo dwaywplopot mepimov 19 nuepov. o dopvpdpovg oe dinpopeticd LTAN, n péylotn emitpend-
pevn xpovikn amdkAlomn eival 1,5 Opeg, Tpokeyévov va eEacpalotel omtiky ema@r). Ot TOPTodEKTEG
otn {®vn 2,4 GHz, pe péyiotn epPéreta k&to tov 541 km, Ba amaitovoav aoteplopd 164 Sopuedpwv
— kaBLoTOVTAG TOUG AKATAAANAOVG Yo {eVEelg PeTaED SopLYOPWV e TA TPEXOVTA XOPOKTIPLOTIKA

KEPALDV.
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H napovoa epyacio cupfdrier atnv eEEALEN TNG ETOHEVNG YEVLAG SLAGTNHIKAOV ETLKOLVWVLOV KOIL OTH
QLOLKT] LYNADV EVEPYELDV, AVATITOGGOVTOG KOl ETLKUPOVOVTAG TELPAPATIKA TO TTPp®TOo dikTvo mesh
LoRa avBektikd oe aktivofolric. Ta meipapata cto CHARM emiPefaivoav ailomiotn Aettovpyia vod
HkTo Tedio akTivoPoAiog, pe TOcOoGTA EMLTUYING TOUKETWY AV® TOL 91%, eve 1) TAeovalovoa diatakn
TPLOV TUAGV amtédelEe TNV amotedeopatikotTnTd TG, O mopmodéktng UWB avtége d6om 693,7 Gy, a-
VOKAUITTOVTOG CCUTOHOLTAL ATTO TNV TTAELOVOTNTA TwV SPaipdtwv. O mopmodéktng LR1121 ot 868 MHz
avadeixOnke wg n PéAtiotn emhoyr] yia Stadopugopikég Cevéels, eEacparilovtog mopdbupo emikot-
voviag apket@v pnvov ot aotepiopovg LEO ywpig station keeping. To evprjpata awtd edpatcyvov
v mAatoppa Astromesh wg Brooyn Adon toéc0o ya mepifdriova emitayvvtav (FCC) 660 ko yio

StooTnpLKéG ATTOGTOAEG.
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1. Introduction

1.1 Background

Wireless communication in harsh environments—such as particle accelerator facilities and space—faces
unique challenges: extreme radiation, long distances, and the need for reliable, power-efficient links
without relying on fixed infrastructure. Meshed network architectures, in which nodes can relay traffic
for one another, offer increased redundancy and resilience compared to traditional star or hierarchical
topologies. If some nodes fail or links degrade, the network can often maintain connectivity through
alternative paths. This property is especially relevant for the Future Circular Collider (FCC) at CERN,
where radiation levels and the scale of the machine make conventional cabling impractical, and for
satellite constellations in Low Earth Orbit (LEO), where inter-satellite and in-satellite links must oper-

ate under radiation with limited power and mass.

LoRa (Long Range) is a low-power, long-range modulation technology well suited to such scenarios. It
uses chirp spread spectrum (CSS) and configurable parameters—spreading factor, bandwidth, coding
rate—to trade data rate for range and robustness. LoRaWAN, the dominant protocol built on LoRa, typ-
ically employs a star-of-stars topology with gateways and a central network server. Mesh topologies,
where nodes forward packets for others, are less common in the LoRa ecosystem and have not been
systematically validated in radiation environments. Closing this gap is important for both accelerator

and space applications.

CERN has developed the Astromesh platform to evaluate the feasibility of LoRa-based mesh networks
in radiation-prone environments. The platform is modular, supports multiple transceivers (868 MHz,
ISM, and UWB), and uses radiation-tolerant design choices. It targets use as an inter-satellite and in-
satellite communication system and as a testbed for wireless mesh concepts relevant to the FCC and

similar facilities.

1.2 Motivation

The motivation for this work is threefold.

First, decentralized connectivity is desirable where a single point of failure (e.g., a gateway) is unaccept-
able. In a mesh, end devices can reach each other or a sink via multiple hops, improving availability
under radiation-induced or other failures. Comparing mesh and hierarchical LoRa networks under re-

alistic radiation conditions provides evidence for the benefits of decentralization in such environments.

Second, radiation hardness of communication systems must be demonstrated by test, not assumption.
Components and protocols that perform well on the bench can degrade or fail under total ionizing
dose (TID) and single-event effects (SEE). Radiation testing at facilities such as CHARM (CERN) and
the Proton Irradiation Facility at PSI is therefore essential to validate the Astromesh platform and the

associated mesh software before deployment in accelerators or space.

Third, mission-level feasibility for space applications requires more than functional hardware and soft-
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ware: link budgets and constellation geometry must show that sufficient margin and coverage are
achievable. A mission analysis and link budget study for mesh deployment in LEO, for the 868 MHz
and ISM bands supported by Astromesh, bridges the gap between platform validation and realistic

mission design.

Together, these elements support the goal of establishing the first radiation-tolerant LoRa mesh net-

work validated by test and analysed for use in both accelerator and satellite contexts.

1.3 Objectives
The objectives of this diploma thesis are:

1. Theoretical foundation. Conduct a literature review covering LoRa technology, meshed and
hierarchical network architectures, radiation effects on electronics, and the operation of CERN
radiation facilities (CHARM, PSI). This review sets the context and highlights the novelty of a

LoRa-based mesh network validated for radiation environments.

2. Embedded software. Develop embedded software for the Astromesh platform that implements
mesh networking (e.g., route discovery, packet forwarding) with compatibility across the sup-
ported transceivers (868 MHz, ISM, UWB), enabling flexible deployment in different communi-

cation scenarios.

3. Experimental validation. Perform radiation testing at PSI and CHARM, comparing meshed and

hierarchical LoRa network performance and reliability under radiation.

4. Mission analysis and link budget. Carry out a mission analysis and link budget study for mesh
deployment in LEO, exploring different constellation configurations and performing detailed
analysis for the 868 MHz and ISM bands to assess coverage and communication performance for

space applications.

The work that was performed by the author of this thesis includes the embedded software (driver
for the UWB transceiver, mesh network in C utilizing the existing RadioHead library for the RF95
transceiver), the radiation test instrumentation and preparation (instruments’ control code, harness),

the data analysis scripts in Python, the STK modelling and analysis and the link budget analysis scripts.

1.4 'Thesis Outline
The remainder of the thesis is organised as follows.

« chapter 2 (Theoretical Background) introduces LoRa and LoRaWAN, including star-of-stars
topology, device classes, and the adaptive data rate (ADR) concept. It compares hierarchical
and non-hierarchical (mesh) topologies and summarises radiation effects on electronics and the
operation of CHARM and PSI irradiation facilities.
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« chapter 3 (Astromesh Platform) describes the Astromesh hardware and system architecture,
including the main board, mezzanine, and supported transceivers. It presents the design and

implementation of the modular mesh networking software and its integration with the platform.

- chapter 5 (Radiation Testing) reports the radiation test campaigns at CHARM and PSL It de-
scribes the hierarchical LoRa test setup, the mesh versus hierarchical comparisons, and support-
ing analyses (e.g., packet delivery, power, thermal). Results are used to assess the robustness of

the mesh architecture under radiation.

« chapter 4 (Mission Analysis) presents the link budget methodology (EIRP, free-space path loss,
link margin) and applies it to LEO scenarios. It discusses constellation options and analyses the
868 MHz and ISM bands to evaluate coverage and feasibility for Astromesh-based mesh networks

in space.

The thesis concludes with a summary and outlook.
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2. Theoretical Background

2.1 LoRa & Hierarchical Networks and Non-Hierarchical Networks

2.1.1 Introduction to LoRa

LoRa (Long Range) is a spread spectrum modulation technique derived from Chirp Spread Spectrum
(CSS) technology, developed and patented by Semtech [2]. It enables long-range, low-power wire-
less communication, making it particularly well-suited for Internet of Things (IoT) applications [3].
LoRa has gained significant traction in recent years due to its ability to provide connectivity over dis-
tances of several kilometres (with record links exceeding 1300 km) while maintaining minimal power
consumption, which is critical for battery-operated sensor nodes deployed in remote or hard-to-reach

locations.

The CSS modulation technique employed by LoRa consists of encoding information with a linear varia-
tion of frequency over time, known as frequency chirps. This approach provides enhanced robustness
against noise and interference compared to traditional modulation schemes, enabling reliable long-
range and low-power communication links. The frequency-based modulation also facilitates frequency

hopping and multi-channel schemes, further improving system resilience [4].

LoRa demonstrates superior performance in long-range and low-power applications compared to tra-
ditional modulation schemes such as Frequency Shift Keying (FSK). However, FSK schemes typically
achieve higher data rates, representing a fundamental trade-off between range/power efficiency and
throughput [4]. A foundational empirical characterisation of this trade-off was provided by Augustin et
al. [5], who systematically measured the sensitivity and throughput achievable across the full spread-
ing factor range under real-world conditions, confirming that a device operating at SF12 and 125 kHz
bandwidth achieves receiver sensitivity around —135 dBm but throughput as low as 28 bytes/s, while

SF7 recovers approximately 780 bytes/s at the cost of roughly 12 dB in sensitivity.

Five main parameters govern LoRa modulation. The interplay between these parameters allows net-
work designers to fine-tune the trade-off between range, data rate, power consumption, and robustness

against interference:

« Spreading Factor (SF): Determines the number of chips per symbol and is directly related to the
data rate (number of chirps per second). Higher SF increases range and robustness at the cost of
data rate and increased power consumption. LoRa supports spreading factors from SF7 to SF12,
where each increment roughly doubles the time on air. SF7 provides the highest data rate with
lower sensitivity and communication range, while SF12 offers the best coverage and sensitivity at
the expense of significantly increased power consumption and reduced throughput. The optimal

SF value depends on environmental conditions and application requirements [4].

« Coding Rate (CR): Controls the level of forward error correction applied to the transmitted data.
The coding rate represents the proportion of the transmitted data stream (bits) that is useful,

and it is directly related to the time-on-air. A higher coding rate provides better error resilience
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but reduces the effective data throughput. A smaller coding rate increases the time-on-air of
the transmission. LoRa features cyclic error coding, which enables forward error correction and

enhances protection against interference [4].

« Bandwidth (BW): Defines the frequency range over which the chirp signal is spread. Com-
mon bandwidths are 125 kHz, 250 kHz, and 500 kHz. A wider bandwidth increases data rate but
reduces sensitivity. The bandwidth is one of the main parameters along with SF and CR that

characterise LoRa communication.

+ Transmission Power: Sets the output power of the radio transmitter. Higher power extends the
communication range but increases energy consumption. Typical values range from low power

settings around 2 dBm to maximum values of 14-20 dBm depending on regional regulations.

« Center Frequency (f): The carrier frequency used for communication, typically in the sub-GHz
ISM bands (e.g., 868 MHz in Europe, 915 MHz in North America and 868.5 MHz band commonly

used in experimental setups).

It is important to note that the performance of LoRa in real-world, non-line-of-sight deployments can
deviate substantially from open-field expectations. Lee and Ke [6] demonstrated that indoor sensors
located on lower floors of multi-storey buildings could not reach a gateway directly even at SF12, due
to the attenuation imposed by reinforced concrete structures. Similarly, Cattani, Boano, and Rémer [7]
found through long-term measurements that link quality fluctuates significantly with environmental
and meteorological conditions, reinforcing the need for adaptive or redundant communication strate-

gies in deployments that require sustained reliability.

2.1.2 Star-of-Stars Topology

LoRaWAN, the networking protocol built on top of the LoRa physical layer, employs a star-of-stars
topology [3, 8]. Unlike traditional point-to-point or mesh architectures, this topology centralises net-
work intelligence at the server level while keeping end devices as simple and energy-efficient as pos-

sible. The architecture consists of four main components:
« End devices: The edge nodes that collect data or perform actions. These devices communicate
directly with one or more gateways using LoRa modulation.

« Gateways: Relay messages between end devices and the network server. A single gateway can

serve thousands of end devices simultaneously.

« Network server: Manages the network, handles routing, and performs de-duplication of packets

received by multiple gateways.

« Application servers: Process and store the application-level data received from end devices.
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LoRaWAN Gateways

LoRaWAN gateways serve as the communication bridge between end devices and the network server
[3]. They communicate with end devices using LoRa radio modulation and connect to the network
server via standard IP connections (Ethernet, WiFi, Cellular). A key design principle of LoRaWAN is
that multiple gateways can receive the same transmission, providing spatial diversity and redundancy
in the network. The network server is then responsible for selecting the best copy and discarding
duplicates. Importantly, there is no association between devices and specific gateways, meaning any
gateway within range can forward a device’s message to the network server. This design simplifies de-
vice management and improves network resilience, as the loss of a single gateway does not disconnect

any end device that remains within range of another gateway.

LoRaWAN Network Server

The network server is the central network management system in a LoRaWAN architecture [8]. It acts
as the intelligence layer of the network, coordinating communication between gateways and applica-

tion servers while ensuring efficient use of the radio spectrum. Its core functions include:

Duplicate packet elimination from messages received by multiple gateways

« Adaptive Data Rate (ADR) algorithm for optimising transmission parameters

« Security and authentication, including device activation and encryption key management
« Message routing between devices and applications

+ Network monitoring and administration

LoRaWAN Application Servers

Application servers are responsible for processing application-specific data messages received from
end devices, as well as the generation of application-layer downlink packets. They interface with the
network server to receive decoded payloads and can trigger actuations or alerts based on the received
data. In a typical deployment, multiple application servers may coexist, each handling a different use

case or data stream.

2.1.3 ADR Algorithm

The Adaptive Data Rate (ADR) algorithm is a key feature of the LoORaWAN network server. It dynam-
ically determines the appropriate data rate for each end device in order to improve overall network
performance and maximise both battery life and network capacity [8]. By analysing the signal quality

of received uplink frames, the ADR algorithm adjusts the following parameters:

« Spreading factor
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« Bandwidth

» Transmission power

The standard ADR mechanism, as defined by the LoRa Alliance, operates on a simple principle: if the
link margin is sufficient, the network server instructs the device to use a lower spreading factor and/or
reduced transmission power. However, this approach has known limitations in scenarios involving
mobile nodes, variable interference, or dense deployments, which has motivated significant research
into improved ADR algorithms [9, 10].

2.1.4 LoRaWAN Device Classes

LoRaWAN defines three device classes, each offering a different trade-off between power consumption
and downlink latency [3, 8]. All devices must implement Class A, while Classes B and C are optional

extensions:

+ Class A: Class A devices offer bi-directional communication with an uplink-initiated scheme.
After each uplink transmission, the end device opens two short receive windows for potential
downlink messages. This is the most energy-efficient class, as the device spends the majority of

its time in sleep mode, making it ideal for battery-powered sensors that primarily send data.

+ Class B: Class B extends Class A by adding scheduled receive slots. The gateway periodically
broadcasts time-synchronised beacons, allowing the network server to know when a device is
listening. This enables the server to send downlink messages at predictable intervals, reducing

latency compared to Class A while still maintaining reasonable power consumption.

+ Class C: Class C devices maintain a continuously open receive window, closing it only during
transmission. This provides the lowest possible downlink latency, as the server can send a mes-
sage to the device at virtually any time. However, this comes at the cost of the highest power
consumption among the three classes, making Class C suitable primarily for mains-powered

devices where energy is not a constraint.

2.1.5 LoRaWAN Improvements

Despite the success of LoORaWAN in many IoT deployments, several limitations have been identified
that motivate ongoing research. These efforts have focused on improving LoRaWAN in two main areas:
the ADR algorithm and the network architecture [3].

ADR Improvements

The standard ADR algorithm has been shown to perform poorly in certain conditions, particularly for
mobile devices or in environments with high interference [8, 9]. Various improved ADR schemes have

been proposed in the literature to address these shortcomings:
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+ A new-dynamic ADR algorithm was proposed specifically for moving nodes, adapting more

rapidly to changing link conditions [11].

+ A collision-aware ADR scheme was introduced that takes into account the probability of packet
collisions when assigning spreading factors, thereby reducing the overall collision rate in the
network [12].

+ A dynamic LoRa transmission control system was developed aimed at improving energy effi-
ciency in dense IoT deployments by adaptively configuring transmission parameters based on

network conditions [13].

Network Architecture Improvements

Beyond ADR optimisation, multi-hopping has been proposed as a key architectural improvement to
the traditional star-of-stars topology [3]. In a multi-hop configuration, end devices can relay messages

through intermediate nodes before reaching a gateway, offering several benefits:

« Reduces the need for deploying additional gateways, lowering infrastructure costs

+ Reduces the chances of packet collisions, as far-away end devices can use a smaller spreading

factor thanks to shorter hop distances

« Extends the overall coverage capability of the network, enabling connectivity in areas beyond

the direct range of any single gateway

The practical impact of multi-hop operation was demonstrated conclusively by Lee and Ke [6], whose
campus-scale experiment with 19 nodes showed that relaxing the hop-count limit from one to three
raised the average packet delivery ratio from 58.7% to 88.49%, with several indoor nodes recovering
from 0% to over 90% delivery. This result is particularly significant because it was achieved without
deploying any additional gateways, demonstrating that mesh networking can substitute for gateway

proliferation.

Several complementary approaches to enabling multi-hop communication over LoRa have been ex-
plored in the literature. Dias and Grilo [14] demonstrated that a DSDV-based relay protocol can be
made compatible with the existing LoORaWAN specification, extending uplink coverage to sensors in
locations with strong electromagnetic attenuation such as basements and underground infrastructure.
Their evaluation in linear and bottleneck topologies showed acceptable packet reception rates across
up to four hops, with the routing overhead remaining tractable due to the simplified routing table
maintained at each node. Lundell et al. [15] adopted a different protocol foundation (a hybrid of
HWMP and AODV adapted to LoRa’s constraints) which added only modest header overhead while
enabling gateway-to-gateway multi-hop communication validated through field tests. A broad survey
and taxonomy of these approaches, covering use cases ranging from underground pipeline monitor-
ing to aerial drone swarms, was provided by Centelles et al. [16], who identified decentralisation and

coverage extension as the two most under-addressed design goals in the existing literature.
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2.1.6 LoRa Networks in Space

Beyond terrestrial deployments, LoRa and LoRaWAN have been extended to support direct commu-
nication with Low Earth Orbit (LEO) satellites, typically operating at altitudes between 500 km and
2000 km [17, 18]. This extension is motivated by the fact that only approximately 10% of the Earth’s
surface benefits from terrestrial LoRaWAN coverage, leaving vast remote regions — oceans, polar areas,

deserts, and infrastructure-sparse regions — unserved by conventional deployments [18, 19].

Two complementary architectures define how LoRa integrates with satellite networks [18]. In the
indirect model, terrestrial LoORaWAN gateways aggregate data from ground-based end devices and use
satellite links as a backhaul to reach the core network — well-suited to rural areas that can justify
a local gateway but lack fibre or cellular backhaul. In the direct-to-satellite (DtS) model, individual
IoT devices transmit directly to a passing LEO satellite acting as an orbiting gateway, with no ground
infrastructure required between the device and the space segment, enabling truly infrastructure-free

global coverage [18].

At the hardware level, LoRa transceivers have been integrated directly into CubeSat and nanosatel-
lite platforms, enabling low-cost orbital IoT gateways [20]. These platforms leverage the low mass
and power requirements of LoRa radio chipsets, with communication ranges exceeding 14 km demon-
strated in link tests. Broader surveys of LPWAN technologies for LEO constellations identify radiation
tolerance of on-board electronics as one of the key open challenges for future deployment [19], directly
motivating the co-design of radiation-hardened LoRa nodes that forms the basis of the Astromesh plat-

form.

2.1.7 Hierarchical vs Non-Hierarchical Networks

Wireless network architectures can be broadly classified into two categories: hierarchical (centralised)
and non-hierarchical (decentralised or mesh) networks [21, 22]. The choice between these two ap-
proaches has a significant impact on network performance, scalability, fault tolerance, and deployment

complexity [3].

Hierarchical Networks

In a hierarchical network, nodes are organised in layers with distinct roles and responsibilities. The
standard LoRaWAN star-of-stars topology is a prime example of this approach: end devices commu-
nicate exclusively with gateways, which in turn forward data to a centralised network server [8]. This
architecture offers several advantages:

« Simplified end device design, as nodes only need to transmit and receive without routing logic

+ Centralised network management, enabling efficient resource allocation and coordination

« Well-defined data flow, simplifying security implementation and data processing

However, hierarchical networks also present notable limitations. The reliance on gateways creates
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single points of failure: if a gateway becomes unavailable, all end devices within its exclusive coverage
area lose connectivity. Additionally, the coverage of the network is fundamentally constrained by the
placement and range of gateways, making it difficult to extend the network into remote or obstructed
areas without deploying additional infrastructure [3]. This gateway dependency was directly observed
in the CERN radiation monitoring deployment described by Manzano et al. [23], where coverage was

confined to areas within approximately 700 m of an installed gateway.

Non-Hierarchical (Mesh) Networks

In a non-hierarchical or mesh network, all nodes can potentially communicate with each other, and
messages are relayed through multiple hops to reach their destination. There is no strict separation
between end devices and relay nodes — any node in the network can act as both a data source and a
router [3]. Akyildiz, Wang, and Wang [21] identified scalability, self-organisation, and fault tolerance
as the defining properties that distinguish mesh architectures from both cellular and conventional
ad hoc topologies, while Bruno, Conti, and Gregori [22] noted that commodity multi-hop networks
become practically viable when routing overhead is controlled and link quality estimation is reliable.

This architecture provides several key benefits:

« Increased resilience: The network can dynamically reroute traffic around failed or unreachable

nodes, making it inherently more fault-tolerant than hierarchical designs

« Extended coverage: Multi-hop communication allows the network to reach areas far beyond

the range of any single node, without requiring additional gateway infrastructure

« Self-healing capability: When a node fails, neighbouring nodes can adapt their routing tables

to maintain connectivity, ensuring continuous operation

« Scalability: New nodes can be added to the network without reconfiguring the existing infras-

tructure, as routing is handled dynamically

+ Decentralised operation: The absence of central infrastructure enables deployment in environ-

ments where fixed infrastructure is impractical or impossible

The main trade-offs of mesh networks include increased complexity in routing protocols, higher energy
consumption due to relay duties, and potentially higher latency as messages traverse multiple hops
before reaching their destination [3]. Furthermore, the implementation of mesh networking over LoRa
presents unique challenges, as the LoRaWAN protocol was originally designed for a star topology and

does not natively support multi-hop communication [3].

Mesh operation also introduces practical deployment constraints that are not present in star topolo-
gies. Nodes acting as routers must keep their radio transceivers active for extended periods, which
substantially increases power consumption and often necessitates mains power for relay nodes [6].
Additionally, as demonstrated by Zirak, Shashev, and Shidlovskiy [24] in a flying ad-hoc network con-
text using LoRa, the half-duplex nature of LoRa transceivers introduces a 1-2 second delay between

uplink and downlink phases, which can be mitigated by dedicating separate hardware for transmission
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and reception. Their results also showed that hop-count-based load balancing was more stable than
GPS-distance-based routing in dynamic topologies, a finding with relevance to any deployment where

node positions or link qualities vary over time.

Comparison

The choice between hierarchical and non-hierarchical architectures depends on the specific require-
ments of the application. Hierarchical networks are well-suited for deployments where gateway in-
frastructure can be readily installed and maintained, where centralised control is desirable, and where
end device simplicity and low power consumption are paramount. Non-hierarchical mesh networks,
on the other hand, are preferable in scenarios where infrastructure deployment is impractical, where
network resilience and self-healing are critical, or where coverage needs to extend over large or irreg-

ularly shaped areas [3].

For applications in harsh or remote environments, such as inside particle accelerators or in satellite
constellations, mesh networks offer a compelling advantage. The ability to operate without centralised
infrastructure and to dynamically adapt to node failures makes them particularly suitable for environ-
ments where maintenance access is limited and reliability is essential [2, 4]. This is the motivation
behind the Astromesh platform, which leverages LoRa-based mesh networking to provide resilient

communication in radiation environments and space applications.

2.2 Radiation Effects on Electronics

Electronic systems deployed in radiation-harsh environments face degradation mechanisms arising
from energetic particle interactions with semiconductor materials. Understanding these effects is es-
sential for designing reliable wireless communication systems in space and particle accelerator facilities
(25, 2].

2.2.1 Particle-Matter Interaction Physics

When energetic particles traverse matter, they deposit energy through distinct interaction mechanisms
depending on particle type and energy. Photons interact via photoelectric absorption at low energies,
Compton scattering at intermediate energies, and pair production above 1.022 MeV. Charged particles
primarily deposit energy through Coulombic interactions with orbital electrons, causing ionisation
and excitation. Neutrons interact exclusively through nuclear processes including elastic scattering,

inelastic scattering, and absorption reactions.

Energy deposition manifests as either ionising energy loss (IEL) or non-ionising energy loss (NIEL).
IEL generates electron-hole pairs in semiconductor materials, while NIEL transfers energy to atomic
nuclei, displacing them from lattice positions. The stopping power quantifies total energy loss per unit

path length, combining both mechanisms [25, 2].
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Figure 2.1: Radiative particle interactions [25].

2.2.2 Total Ionising Dose

Total ionising dose (TID) represents cumulative ionisation damage in materials, measured in Gray
(1Gy = 1]/kg) or rad (1 Gy = 100rad). For charged particles, TID depends on linear energy transfer
(LET), which quantifies energy deposited per unit distance (MeV-cm?/mg). The dose from a particle

with fluence @ is:

LET(E)

TID = Kqy ®(E) (2.1)

where Kgy = 1.6 x 10~7 Gy-g/MeV and p is material density.

Photons deposit dose through their mass energy transfer coefficient e, /p, which relates incident
photon energy to kinetic energy transferred to electrons. In mixed radiation fields containing multiple

particle species, total dose accumulates as the integral over all particle types and energies.

In MOS devices, ionisation creates electron-hole pairs in silicon dioxide layers. While electrons rapidly
drift away, holes migrate slowly and become trapped at defect sites within the oxide or at Si/SiO2
interfaces. These trapped charges shift threshold voltages, increase leakage currents, and degrade
transistor performance [26, 2]. Silicon requires 3.6 €V per electron-hole pair, while SiO5 requires 18 €V,

1

yielding generation rates of 4 x 10'® and 8.2 x 10'* pairs-Gy~!-cm™3 respectively [25, 2].

2.2.3 Single Event Effects

Single event effects (SEE) occur when a single energetic particle deposits sufficient charge in a sensitive
device region to cause malfunction. These stochastic events range from recoverable soft errors to

permanent device destruction.
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1. Soft errors include single event upsets (SEU), where bit states flip in memory elements or regis-
ters; single event transients (SET), producing voltage or current spikes that propagate through
logic circuits; and single event functional interrupts (SEFI), causing temporary malfunction re-
quiring system reset. When a charged particle traverses a transistor, generated electron-hole
pairs drift under electric fields, creating transient currents. If collected charge exceeds the criti-

cal charge threshold, the device state changes.

2. Hard errors permanently damage devices. Single event latchup (SEL) triggers parasitic thyris-
tor structures, creating low-resistance paths between power and ground that can thermally de-
stroy the device. Single event burnout (SEB) causes regenerative avalanche breakdown in power
transistors. Single event gate rupture (SEGR) deposits charge at gate oxide interfaces, creating
dielectric breakdown [27, 28].

SEE probability is quantified by cross-section 0 = N /®, where NN is observed events and  is particle
fluence (cm~2). For space applications, high energy hadron (HEH) fluence above 20 MeV provides the

relevant metric, as lower energy hadrons rarely trigger SEE in modern electronics [27, 28].

2.2.4 Displacement Damage

Displacement damage (DD) occurs when particles transfer sufficient energy to displace atoms from
semiconductor lattice positions. An incident particle creates a primary knock-on atom (PKA), which
may displace additional atoms, forming vacancy-interstitial pairs (Frenkel pairs), isolated vacancies or

interstitials, or clustered defect regions.

The PKA energy determines defect type and quantity. Low-energy PKAs below 2 keV create individual
Frenkel pairs (21 €V threshold in silicon) or small clusters. Intermediate PKAs (2-12keV) from 10-
20 MeV heavy ions form single dense defect clusters. High-energy PKAs above 12 keV from >20 MeV

heavy particles generate cascades of multiple large defect regions [26, 29].

Displacement damage is characterised by non-ionising energy loss (NIEL), quantifying energy trans-
ferred to atomic nuclei. Like TID, displacement effects are expressed as equivalent 1 MeV neutron
fluence through the hardness factor k = NIEL(£) /NIEL,, 1mev [26, 29].

In semiconductor devices, lattice defects act as carrier traps and recombination centres, reducing mi-
nority carrier lifetime, increasing leakage current, and degrading detector performance. Optoelectronic
devices experience particularly severe degradation, with reduced light output and quantum efficiency
[29].

2.2.5 System-Level Testing in Wireless Networks

Radiation effects occure at the system level through several failure modes observed in wireless mesh
network deployments [2]. Transceiver transmission failures occur when SEE disrupt radio operation
while the microcontroller continues executing, creating nodes unable to communicate despite appear-
ing functional. Device lockups result from bit flips in control logic or state machines, rendering nodes

unresponsive until power cycled. Bit flips in SRAM affect transmitted data, configuration registers,
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node identifiers, and routing tables, with impact severity depending on which memory locations are

corrupted [28, 2].

Software mitigation strategies address these failures. Watchdog timers detect frozen processors and
trigger automatic recovery. Periodic configuration register verification and correction prevents mal-
function from corrupted settings. Error detection codes and triple modular redundancy protect critical
variables [28, 2]. At the network level, mesh topology inherently provides resilience through alternate

routing paths when individual nodes fail.

2.2.6 Radiation Environment Characteristics

Space radiation comprises three sources: trapped particles in Earth’s Van Allen belts (electrons up to
10 MeV, protons up to 500 MeV), galactic cosmic rays (highly energetic protons and heavy ions with
GeV energies, flux inversely proportional to solar activity), and solar particle events (energetic protons

and ions from solar flares, intensity varying with the 11-year solar cycle) [2].

Particle accelerator facilities like CERN’s LHC create complex mixed-field environments containing
high-energy hadrons, charged particles (electrons, muons, pions), photons from electromagnetic cas-
cades, and thermal to high-energy neutrons [25, 27]. Dose rates in accelerator tunnels reach several
Gy/hour during operation, with cumulative doses exceeding several MGy in high-radiation areas over
equipment lifetime [27, 30]. The CHARM facility provides controlled mixed-field testing reproducing

accelerator radiation conditions [31, 32, 33].
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3. AstroMesh Platform

AstroMesh is a modular communication platform designed and developed at CERN to evaluate the
feasibility of mesh networks operating in radiation-prone environments such as space missions and
particle accelerator facilities. The platform serves as an inter-satellite and in-satellite communication
system for satellites, developed within the framework of the CERN Venture Connect Knowledge Trans-

fer program.

3.1 Platform Heritage and Design Philosophy

The AstroMesh platform design is based on the SpaceRadMon-NG radiation monitoring payload pre-
viously developed by CERN [34]. SpaceRadMon-NG is the new design of CELESTA (CERN Latchup
and RadMon Experiment Student Satellite), the original CERN payload. After the successful flight of
CELESTA on a 1U-CubeSat mission launched in July 2022, SpaceRadMon-NG was developed as an evo-
lution incorporating FPGA-MCU design for performance improvement of a space payload for radiation

monitoring [2]. It is currently deployed on the ISS, Radio-X mission, and TRISAT-R mission [34].

Building upon the heritage and lessons learned from SpaceRadMon-NG and the CELESTA mission,
AstroMesh incorporates several key improvements:

« Enhanced modularity through separate main board and mezzanine board architecture

« Extended communication capabilities with multiple transceiver options

« Greater flexibility for adapting to different mission requirements

Figure 3.1: CELESTA CubeSat
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The microcontroller unit (MCU) employed in AstroMesh is the same ARM Cortex-M0+ based device
successfully used in the BatMon (Battery Monitoring) application, which has demonstrated reliable
performance in radiation environments [28]. The MCU contains an embedded ADC, providing higher
radiation tolerance, low-power mode capabilities, and enhanced flexibility compared to discrete ADC

solutions.

3.2 Hardware Overview

The platform consists of two stackable boards: the main board containing the core processing and
communication elements, and the mezzanine board providing extended transceiver capabilities for

inter-satellite links. Figure 3.2 shows the design of the AstroMesh main board.

3.3 System Architecture

3.3.1 Main Board

The main board (96.00 x 92.00 x 16.56 mm?), which is compatible with the PC104 standard [35] inte-

grates the core system components (all tested under radiation until 500 Gy [34]:

+ Field Programmable Gate Array (FPGA): Microchip ProASIC3L low-power COTS FPGA featur-
ing clock gating capability for dynamic power reduction. The FPGA handles high-speed parallel
sensor interfacing, memory sensor access, and serves as the primary system coordinator. It

operates at 1.2 V and 3.3 V and communicates externally using the I*C protocol.

« Microcontroller Unit (MCU): ARM Cortex-M0+ 8-bit-based flash microcontroller operating at
48 MHz with 256 KB flash memory, 32 KB SRAM, and operating at 3.3 V. The MCU provides low-
power serial interfacing, mixed-signal sensor readout through its embedded 14-channel 12-bit

ADC, and supervisory control. The MCU interfaces the LoRa transceivers and communicates
with the FPGA through Serial Peripheral Interface (SPI).

« Power Distribution System: Multiple power regulators providing the different voltages required

by system components (1.2 V, 3.3V, 5V).

« Communication Interfaces: I2C for external communication, SPI for FPGA-MCU communica-

tion, and transceiver interfaces.

« Integrated LoRa Transceivers: Two LoRa transceivers operating at different frequency bands

for robust inter-satellite link communication (see Table 3.1).
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Figure 3.3: AstroMesh main board: (left) top view showing FPGA, MCU, and integrated LoRa
transceivers; (right) bottom view showing power distribution and interface circuitry.

29



'kl.}'l i@‘;\ i 3. AstroMesh Platform @ AL L

- Mechatronics Wy’ OF THESSALOMIKI

Figure 3.4: KiCad PCB layout of the main board, along with PCB assembly details

3.3.2 Mezzanine Board

The mezzanine board (53 x 77 x 3 mm®) extends the communication capabilities of the platform with
two additional transceivers: an ultra-wideband (UWB) transceiver for in-satellite communication and

a multi-band LoRa transceiver for inter-satellite link (ISL) communication (see Table 3.1).
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Figure 3.5: AstroMesh mezzanine board: (left) top view; (right) bottom view showing the LR1121 and
DWM1000 transceivers.
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Figure 3.6: Mezzanine board PCB layout showing the placement of transceivers and interconnection
to the main board.

3.4 LoRa Transceiver Specifications

The AstroMesh platform supports multiple LoRa and UWB transceivers (see Figure 3.7). Table 3.1

summarizes the four transceiver options available on the platform:

Table 3.1: AstroMesh Platform LoRa and UWB Transceiver Specifications

Parameter = HopeRF Semtech Semtech Qorvo
RFM95W $X1280 LR1121 DWM1000
Location Main Board Main Board Mezzanine Mezzanine
Application ISL ISL ISL In-satellite
Frequency 868 MHz 2.4 GHz 150-960 MHz 3.5-6.5 GHz
2.4 GHz

2.1 GHz S-Band

« HopeRF RFM95W (868 MHz): Sub-GHz transceiver operating in the 868 MHz ISM band in Eu-
rope [36]. Provides the longest range capability (several kilometers) at the cost of lower data
rates. Ideal for establishing inter-satellite link connectivity within satellite constellations. The

lower frequency provides better diffraction around obstacles and deeper penetration.

« Semtech SX1280 (2.4 GHz): Higher frequency transceiver operating in the globally available 2.4
GHz ISM band [37]. Offers a balance between range (up to 1 km) and data rate. The 2.4 GHz band
enables smaller antennas and higher data throughput compared to sub-GHz options, suitable for

moderate-distance inter-satellite communication.

+ Semtech LR1121 (150-960 MHz, 2.4 GHz, 2.1 GHz S-Band): Multi-band transceiver providing
exceptional flexibility with support for sub-GHz frequencies (150-960 MHz), 2.4 GHz, and S-band
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(2.1 GHz) commonly used in space applications [38]. This versatility enables adaptive frequency
selection based on link conditions and regulatory requirements. It is thus particularly valuable
for inter-satellite links, where different frequency bands may be optimal depending on orbital

geometry and distance.

« Qorvo DWM1000 (3.5-6.5 GHz): UWB transceiver operating in the 3.5-6.5 GHz range [39].
While offering shorter range (< 300 m) compared to LoRa options, UWB provides significantly
higher data rates and precise ranging capabilities. This makes it suitable for short-range, high-

bandwidth in-satellite communication or precision applications within the satellite.

d
HOPERF SEMTECH
RFMI95W $X1280
868 MHz 2.4GHz
AV
SEMTECH Qorvo
LR1121 DWM100
0
150 - 960 MHz 3.5-6.5GHz
2.4GHz

2.1GHz S-Band

Figure 3.7: AstroMesh transceiver modules: RFM95W (868 MHz), SX1280 (2.4 GHz), LR1121
(multi-band), and DWM1000 (UWB 3.5-6.5 GHz).

3.5 Power Consumption and Operating Modes

The AstroMesh platform is designed with multiple power modes to optimize energy efficiency, critical

for battery-operated systems in space applications. The power consumption characteristics are shown

in table 3.2

Table 3.2: AstroMesh Platform Power Consumption

Operating Mode Current Consumption
MCU Sleep, FPGA Disabled 3 mA

MCU Sleep, FPGA Enabled 13 mA

MCU Awake, FPGA Disabled 13 mA

MCU Awake, FPGA Enabled 30 mA

MCU Awake, FPGA Enabled, Tx REM95W 120 mA

MCU Awake, FPGA Enabled, Tx SX1280 137 mA

MCU Awake, FPGA Disabled, Tx DWM100 151 mA

The platform operates from a 5 V supply and is designed for a temperature range of -20°C to +80°C.
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3.6 Radiation Tolerance and Mitigation Schemes

AstroMesh incorporates radiation mitigation strategies at both hardware and firmware levels, lever-

aging the experience gained from the SpaceRadMon-NG and BatMon applications [34]:

3.7 Qualification and Validation

The AstroMesh platform benefits from extensive qualification and validation heritage. The SpaceRadMon-

NG payload, upon which AstroMesh is based, underwent testing (based on [34]:
« Mechanical and Environmental Testing: Vibration, thermal cycling, and thermal vacuum test-
ing per CubeSat standards

« Component-level Testing: Individual components tested with 200 MeV proton beam to verify

radiation tolerance

. System-level TID Testing: Full system tested at CERN’s Co® facility for total ionizing dose

effects

« Mixed-field Testing: Validation in CHARM facility under accelerator-representative mixed-field
radiation conditions, evaluation of the system functionalities in a mixed field environment in a

test position representative of to LEO important satellites
« In-orbit Validation: SpaceRadMon-NG successfully operated on CELESTA mission, providing
flight heritage

The SpaceRadMon-NG payload did not exhibit any Single Event Functional Interruptions (SEFIs) corre-
sponding to an upper limit cross-section of < 8.58 x 1012 cm? at 95% confidence level, with the system
withstanding over 418 Gy without degradation or single event functional interrupts during testing
[34].

3.8 Primary Applications

The AstroMesh platform aims to demonstrate robust, fault-tolerant wireless communication networks

using the LoRa protocol in harsh environments. Primary application scenarios include:
+ Inter-Satellite Communication: Establishing mesh networks within satellite constellations for
distributed data collection and relay.

« Particle Accelerator Facilities: Wireless sensor networks in areas with high radiation levels and

limited access for maintenance.

» Radiation-Tolerant IoT: Enabling Internet of Things deployments in radiation environments.
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3.9 Software Architecture and Transceiver Implementation

To validate the AstroMesh platform’s communication capabilities and demonstrate mesh networking
in radiation environments, a layered software stack was developed. All transceiver-related code, ex-
cluding the RadioHead library, which is used as-is, was written and integrated for the AstroMesh MCU
(ATSAMD21G18) and build system. Figure 3.8 summarises the architecture.

Software layers

Application (main.c): init, app state, sensor/FPGA; selects mesh or UWB
test.

l

Mesh app (C): node ID, intervals, stats, send/receive loop.

i
Mesh network (C): init, send/receive API, routing, RF95 config.

{
Mesh wrapper (C++): thin bridge to RadioHead (RHMesh, RH_RF95).
{
RadioHead (as-is): RH_RF95, RHMesh, RHRouter, RHReliableDatagram.

!
SPI / GPIO (HAL).

Parallel path:
DWM1000 driver (C): full custom driver; init, channel/PRF/data-rate,
ping-pong.
SX1280 / LR1121 (C): init and sleep glue so other transceivers can run.

Figure 3.8: Simplified software architecture: application and mesh stack on top of RadioHead (used
as-is) and custom transceiver drivers.

3.9.1 Layer Overview

The application entry point (main. c) initialises the board, ADC, sensor board, and SPL It then runs
either the inter-satellite mesh path (RFM95W) or the in-satellite UWB path (DWM1000); the choice is
compile-time or runtime configurable. All transceiver drivers share the same MCU SPI bus; chip-select
and reset pins are managed so that only one transceiver is active at a time. The SX1280 and LR1121
drivers provide initialisation and sleep sequences so that when the RFM95W or DWM1000 is in use,

the other radios do not drive the bus.

For the inter-satellite link, the RadioHead packet radio library is used unchanged. RadioHead is a C++
library providing the REM95W driver (RH_RF95), the mesh manager (RHMesh), and supporting classes
(e.g. RHRouter, RHReliableDatagram). No modifications were made to the RadioHead source. Inte-
gration is done via a small C++ wrapper (mesh_wrapper . cpp) that exposes a C API: create/init driver
and mesh manager, send and receive messages, and read routing and RSSI/SNR. The rest of the mesh

stack is implemented in C: mesh_network. c implements the mesh init, send/receive, and RF95 param-
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eter configuration (frequency, TX power, spreading factor, bandwidth, coding rate), and mesh_app.c
implements the application logic (node ID, message interval, statistics, and the main send/receive loop).
This keeps the C++ boundary minimal and confines RadioHead to the wrapper plus the underlying
RH_RF95 and RHMesh calls.

For in-satellite communication, a full custom driver was developed for the Qorvo DWM1000 UWB
transceiver. The driver is implemented in C and does not use RadioHead. It comprises register defini-
tions and configuration (DWM1000_config.h), low-level SPI read/write and sub-register access, chan-
nel and RF configuration (channel, PRF, preamble codes, data rate, power), and higher-level primitives
for init, transmit, receive, and ping-pong. Parameters such as channel, PRF, preamble length, and data
rate (e.g. 6.8 Mbps) are configurable so that link tests and throughput can be evaluated. Ping-pong tests

between two boards validate bidirectional frames and basic timing.

3.9.2 Inter-Satellite Link: Mesh with RFM95W and RadioHead

The inter-satellite mesh network uses the REM95W at 868 MHz with the RadioHead library taken as-is.
The wrapper and C mesh layer provide a single, consistent C API for the application: initialise by node
ID, send messages to a destination node, and receive messages with optional timeout. Route discovery,

packet forwarding, and retries are handled inside RadioHead’s RHMesh and related classes.

A mesh topology was successfully demonstrated with multiple AstroMesh boards and can be obsereved
in fig. 3.10, where the packets and the RSSI of 4 nodes (seen in fig. 3.9) are captured and plotted.
The implementation supports dynamic route discovery, packet forwarding at intermediate nodes, and
network topology awareness. Error handling and retransmission are provided by the library. The
only platform-specific integration is the C++ wrapper (which instantiates RH_RF95 and RHMesh and
forwards calls from mesh_network.c) and the RadioHead hardware abstraction (SPI and interrupt

pins) so that the same library code runs on the AstroMesh MCU.

Figure 3.9: AstroMesh boards mounted in 3U CubeSat frames in a mashed network configuration

35



== Conirols o ISTOTLE
i@"\ Electronics & 3. AstroMesh Platform Q UNIVERSITY

- Mechatronics OF THESSALOMIKI

Astromesh RF95 Live Monitor - Packets & RSSI by Device
Device 1 - Pach R ived Device 2 - Packets Received Device 3 - Pach Received Device 4 - Packets Received

—e— From Device 2 - From Device 4 —a— From Device 2 = From Device 2
1301 e From Device 3 130 { —— From Device 1 130 { —— From Device 1 1309 — From Device 1
. From Device 4 == From Device 3 . From Device 4 s From Device 3

120

110

Packet Count

Packet Count
Packet Count

100

%0 90
. . . . . o . - . . . . . . - . - - . .
L S R 4 R . . S g S . S F ST P
5 - - CiY i A A T A A P o L i T, - &
5 &° ] & o' &' & & & & ] & 5 & & 5 & & &' o 5 5 & e}
~ ~ -~ . - b ~ - ~ ~ ~ ~ > - v ~ ~ ~ ~ ~ ~ ~ ~ ~
Time Time Time: Time
Device 1 - RS5I Device 2 - RSSI Device 3 - RSSI Device 4 - RSSI
P —— From Device 2 A 70 L= From Device 4 L AARA, =76 T —— From Device 2 ,'T'V""T st [ —— From Device 2 | AN
=701 —— From Device 3 =+ From Device 1 —— From Device 1 =+ From Device 1
. «— From Device 4 === From Device 3 -8 = From Device 4 -82.5 \ = From Device 3 ‘“‘m
- -75 1% M AR R
=80 Jevmeereeend ek bed Wb 8K by » —85.0
-74 - = y =
£ E 3
78 A ﬁv_ A g -80 g .2 g -875
& b i -90.0
-78 & e -84 &
-85
-92.5
—80 —86 -
) . . o NN -
—B2 1 bessed bonand bamsanssed bond by | pane -88

Figure 3.10: AstroMesh board data from a mashed network configuration in a User Interface
developped for demonstration purposes

3.9.3 In-Satellite Communication: Custom DWM1000 Driver

The in-satellite link uses the Qorvo DWM1000 UWB transceiver with a complete custom C driver. The
driver includes register and bit definitions aligned with the DW1000 manual, SPI transaction helpers
(including multi-byte and sub-register access), and a full init sequence (reset, device ID check, LDE
microcode load, system and channel configuration). Channel, PRF, preamble code, and data rate are
set from a small set of presets (e.g. Channel 1 or 5, 16 or 64 MHz PRF, 6.8 Mbps). Transmit and receive
paths are polling-based: the application fills the TX buffer, sets frame length and TX start, then polls
status until TX complete; similarly, RX is enabled and status is polled until a frame is ready, then the
payload is read and status cleared. Ping-pong is implemented on top of these primitives: one board
sends a ping and waits for a pong; the other waits for a ping and replies with a pong. Frame format
is a small header (message type, sequence number) plus a configurable payload (e.g. up to 120 bytes
within the standard 127-byte frame limit). This design validates the physical layer and timing without
depending on an external stack, and allows straightforward parameter sweeps (payload size, preamble

length, data rate) for throughput and link margin.

3.9.4 Summary

The software architecture separates the application and mesh logic (C) from the RadioHead library
(C++, used as-is) via a thin C++ wrapper, and implements a fully custom driver for the DWM1000.
All transceiver integration, configuration, and application-level behaviour are part of the developed
codebase; the only third-party component is the unmodified RadioHead library for the RFM95W mesh.
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4. Mission Analysis

The analysis performed in this chapter was conducted with the Ansys SYstems Tool Kit (STK) 12.10
[40].

4.1 Link Budget Analysis

The link budget analysis determines the feasibility of intersatellite communication by calculating the
signal power at the receiver and comparing it to the receiver sensitivity threshold [41]. A positive link

margin indicates a viable communication link.

4.1.1 Link Budget Methodology

The link budget follows the standard approach for Radio Frequency (RF) communications, accounting

for all gains and losses in the signal path.

Equivalent Isotropic Radiated Power (EIRP)

EIRP represents the effective power radiated by the transmitter in the direction of the receiver:

EIRP dBm = 10 - log; (P x 1000) — Lijne + Gant (4.1)

where P, is the transmit power in watts, Lj;,. is the line loss in dB, and G, is the antenna gain in
dBi.

Free Space Path Loss (FSPL)

FSPL quantifies signal attenuation due to geometric spreading:

4
FSPLdB = 20 - log;, <7Tdf> (4.2)
C

Or equivalently:

FSPLdB = 32.45 + 20 - log, () + 20 - log o (dim) (4.3)

where the constant 32.45 incorporates unit conversion factors: 20-log;,(10%) = 120 dB for Hz to MHz,
and 20 - log;,(10%) = 60 dB for m to km.
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Isotropic Signal Level

The isotropic signal level at the receiver accounts for path loss and additional losses:

Piso = EIRP — FSPL — Lpo — Latm — Lion (4.4)

where L, is polarization loss, L¢, is atmospheric loss, and L;,, is ionospheric loss.

Received Power and Link Margin

The received power and link margin are calculated as:

Pm: = Ijso T Gm: - er,line - Lpointing (4'5)

Link Margin = P, — Syz (4.6)

where S, is the receiver sensitivity. A link margin of at least 3 dB is required for reliable communi-

cation.

4.1.2 Link Budget Parameters
Line Losses

Line losses account for signal attenuation in coaxial cables, connectors, and any RF splitters or com-

ponents:

« 868 MHz: 0.13 dB per 10 cm cable, with 3 margin applied = 0.4 dB total

« 2.4GHz: 0.127 dB per 12 cm cable, with 3x margin applied = 0.4 dB total

The 3 times margin accounts for variations in cable length and connector losses in a worst-case sce-

nario. The exact numbers were derived from table 4.1 and table 4.2.
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Table 4.1: Coax Cable Signal Loss (Attenuation) in dB per 100 ft [42]

Freq. RG-174 RG-58 RG-8X RG-213 RG-6 RG-11 RF-9914
1 MHz 1.9dB 04dB 0.5dB 0.2dB 0.2dB 0.2dB 0.3dB
10 MHz 3.3dB 1.4dB  1.0dB 1.0dB 0.6dB 0.3dB 0.5dB
50 MHz 6.6 dB 33dB 2.5dB 1.6dB 14dB 1.4dB 0.9dB
100MHz 8.9dB 49dB 3.6dB 28dB 2.0dB 1.6dB 1.3dB
200MHz 11.9dB 7.3dB 54dB 3.6dB  34dB 2.8dB 2.0dB
400MHz 173dB 11.2dB 7.9dB 54dB 4.7dB 3.8dB 2.6dB
700MHz 26.0dB 16.9dB 11.0dB 56dB 56dB 4.7dB 3.6dB
900 MHz 279dB 20.1dB 12.6dB 6.4dB 6.0dB 5.3dB 4.2dB
1GHz 32.0dB 215dB 135dB 63dB 6.1dB 5.6dB 4.5dB
Imped. 50 (2 50 2 50 (2 50 2 752 75 () 50 2

Table 4.2: Attenuation of various transmission lines in the VHF/UHF/Microwave Amateur and ISM
Bands in dB/100 ft (dB/100 m) [42]

Cable Type 144MHz 220MHz 450MHz  915MHz 1.2 GHz 2.4GHz 5.8 GHz

RG-58 6.2(203) 7.4 (24.3) 10.6 (34.8) 16,5 (54.1) 21.1(69.2) 32.2(105.6) 51.6 (169.2)
RG-8X 47(154) 6.0(19.7) 8.6(28.2) 12.8(42.0) 159(52.8) 23.1(75.8) 40.9 (134.2)
LMR-240 3.0(9.8) 37(121) 53(174) 7.6(249) 92(302) 12.9(423)  20.4 (66.9)
RG-213/214  2.8(9.2) 35(11.5) 52(17.1) 8.0(26.2) 10.1(33.1) 15.2(49.9)  28.6 (93.8)
9913 1.6(52) 19(62) 28(9.2) 42(138) 52(17.1) 7(253)  13.8(45.3)
LMR-400 1.5 (4.9) 8 (5.9) 7(8.9) 3.9(128)  4.8(15.7) 8(22.3)  10.8 (35.4)
3/8” LDF 1.3 (4.3) 6 (5.2) 3(75) 3.4(112) 42(138)  59(194)  8.1(26.6)
LMR-600 096(3.1) 12(3.9) 17(.6)  25(.2)  3.1(10.2) 4 (14.4) 7 3(23.9)
1/2” LDF 0.85 (2.8) 1(3.6) 5 (4.9) 2(72)  27(89) 9 (12.8) 6(21.6)
7/8” LDF 046 (15) 056 (1.8) 083(27) 12(3.9)  1.5(4.9) 2.3 (7.5) 3 3 (12.5)
11/4°LDF 034 (1.1) 042 (1.4) 0.62(2.0) 9(3.0)  1.1(3.6) 1.7 (5.6) 2.8 (9.2)
15/8”LDF  0.28(0.92) 0.35(1.1) 052(17) 0.77(25) 096 (3.1) 1.4 (4.6) 2.5 (8.2)

Polarization Loss

Antenna polarization describes the orientation of the electromagnetic field produced by the antenna.
The three types are linear (horizontal or vertical), circular (Right-Hand Circular Polarization (RHCP)
or Left-Hand Circular Polarization (LHCP)), and elliptical [43, 44].

The selected antennas use vertical polarization. A 3 dB polarization loss is included as a placeholder,

pending actual measurements in an anechoic chamber.

Atmospheric and Ionospheric Losses

For intersatellite links in Low Earth Orbit (LEO), atmospheric loss is considered zero since the line-of-
sight path does not traverse the atmosphere. Ionospheric loss is also assumed to be zero for the direct

intersatellite link geometry.
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Pointing Loss

With omnidirectional antennas, pointing loss is considered zero as there are no strict pointing re-
quirements. This eliminates the need for complex Attitude Determination and Control System (ADCS)

systems but limits the achievable antenna gain.

4.1.3 Analysis for the 3 on-board transceivers

RF95 (368 MHz)

Table 4.3: RF95 transceiver parameters

Parameter Value

Transmit Power 100 mW (20 dBm)

Tx/Rx Antenna Gain 6 dBi

Line Losses 0.4dB

Polarization Loss 0.5dB

EIRP 25.6 dBm

Available Bandwidths 125, 250, 500 kHz

Spreading Factors Spreading Factor (SF)6 — SF12

Maximum reliable distance (link margin > 3 dB) varies by configuration:

Table 4.4: RF95 maximum reliable distances

SF / Bandwidth (BW) Sensitivity 125kHz 250kHz 500kHz

SF7 —123 dBm 962km  681km  482km
SF10 —132 dBm 26656km 1887km 1336km
SF12 —136 dBm 4208km 2979 km N/A

Best case scenario: SF12, 125 kHz bandwidth achieves approximately 4200 km maximum reliable dis-

tance.
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RF95 (868 MHz) Link Margin vs Distance - 125 kHz Bandwidth

50 —— SF & (Sensitivity: -118 dBm)

—— SF 7 (Sensitivity: -123 dBm)

| —— SF 8 (Sensitivity: -126 dBm)

40 | —— SF 9 (Sensitivity: -129 dBm)

- SF 10 (Sensitivity: -132 dBm)
SF 11 (Sensitivity: -133 dBm)

30 SF 12 (Sensitivity: -136 dBm)

20

10

Link Margin (dB)

0 2000 4000 6000

Distance (km)

8000 10000

Figure 4.1: RF95 (868 MHz): link margin vs distance, best case (125 kHz bandwidth).

SX1280 (2.4 GHz)

Table 4.5: SX1280 transceiver parameters

Parameter

Value

Transmit Power
Tx/Rx Antenna Gain
Line Losses

EIRP

Available Bandwidths

Spreading Factors

17mW (12.3 dBm)

8 dBi

0.4dB

19.9 dBm

203, 406, 812, 1625 kHz
SF5 - SF12

Maximum reliable distances are significantly reduced due to higher path loss at 2.4 GHz:

Table 4.6: SX1280 maximum reliable distances

SF 203kHz 406kHz 812kHz
SF7 92 km 73 km 65 km

SF10 253km 201km  160km
SF12 501km 398km 317km

Best case scenario: SF12, 203 kHz bandwidth achieves approximately 500 km maximum reliable dis-
tance. For higher bandwidths, the link becomes very unreliable. This could potentially be improved

with a directional (patch) antenna, but this introduces strict pointing and power requirements.
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SX1280 (2.4 GHz) Link Margin vs Distance - 203 kHz Bandwidth

SF 5 (Sensitivity: -109 dBm)
SF 6 (Sensitivity: -111 dBm)
SF 7 (Sensitivity: -115 dBm)
SF 8 (Sensitivity: -118 dBm)
SF 9 (Sensitivity: -121 dBm)
SF 10 (Sensitivity: -124 dBm)
SF 11 (Sensitivity: -127 dBm)

40

30

LETTTTT

20 \

\ \ SF 12 (Sensitivity: -130 dBm)

Link Margin (dB)

-20

=30

0 250 500 750 1000 1250 1500 1750 2000
Distance (km)

Figure 4.2: SX1280 (2.4 GHz): link margin vs distance, best case (203 kHz bandwidth).

LR1121 (868 MHz and 2.4 GHz)

The LR1121 is a dual-band transceiver supporting both 868 MHz and 2.4 GHz operation.
At 868 MHz:

Table 4.7: LR1121 transceiver parameters at 868 MHz

Parameter Value

Transmit Power 158.4 mW (22 dBm)

Tx/Rx Antenna Gain 6 dBi

Line Losses 0.4dB

EIRP 27.6 dBm

Available Bandwidths 62.5, 125, 250, 500 kHz
Best Sensitivity (SF11, 62.5kHz) —139.2 dBm

Max Reliable Distance ~7675km (SF11, 62.5 kHz)

Best case scenario: SF11, 62.5 kHz bandwidth achieves approximately 7800 km maximum reliable

distance—the most reliable link configuration analyzed.
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LR1121 (868 MHz) Link Margin vs Distance - 62.5 kHz Bandwidth

60
- SF 7 (Sensitivity: -128.0 dBm)
—— SF 8 (Sensitivity: -130.8 dBm)
50 —— SF 9 (Sensitivity: -133.6 dBm)
= SF 10 (Sensitivity: - 136.4 dBm)
~—— SF 11 (Sensitivity: -139.2 dBm)
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)
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Figure 4.3: LR1121 (868 MHz): link margin vs distance, best case (62.5 kHz bandwidth).

At 2.4 GHz: Maximum reliable distance is approximately 540 km with SF12 and 125 kHz bandwidth.

LR1121 (2.4 GHz) Link Margin vs Distance - 125 kHz Bandwidth

80 —— SF 5 (Sensitivity: -112.2 dBm)
——— 5F 6 (Sensitivity: -115.1 dBm)
—— SF 7 (Sensitivity: -118.0 dBm)
60 —— SF 8 (Sensitivity: -120.9 dBm)
—— SF 9 (Sensitivity: -123.8 dBm)
= SF 10 (Sensitivity: -126.7 dBm)
i === SF 11 (Sensitivity: -129.6 dBm)
@ 40 —— SF 12 (Sensitivity: -132.0 dBm)
=
2
2 2
o
i= )
S S oo N O R 0 B B A Reliable Link Threshold (3 dB)__ _
0 .............. ) or 1 n P n e T T+t T S 0 R R R R R R R R N R R R R R E R
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Figure 4.4: LR1121 (2.4 GHz): link margin vs distance, best case (125 kHz bandwidth).
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4.1.4 Link Budget Summary

Table 4.8: Summary of transceiver performance

Transceiver Frequency Max Distance Best Config

RF95 868 MHz ~4200 km SF12, 125 kHz
SX1280 2.4GHz ~500 km SF12, 203 kHz
LR1121 868 MHz ~7800 km SF11, 62.5 kHz
LR1121 2.4GHz ~540 km SF12, 125 kHz

These results are calculated in accordance with distance, but do not take into account the loss of line of

sight in the orbit. The summary of the link budget for the various configurations can be seen in fig. 4.5.

RF95 (868 MHz) - Maximum Reliable Distance Comparison
Across Bandwidths and Spreading Factors

_— 1% kHE

- 250 kHz 2 = ’ "
- 500 k7 5X1280 (2.4 GHz) - Maximum Reliable Distance: Comparison
550/
1625
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Spreading Factor (SF) Spreading Factor (SF)

(a) RF95, 868 MHz (b) SX1280, 2.4 GHz
LR1121 {86& MHz) - Maximum Reliable Distance Comparison LR1121 (2.4 GHz) - Maximum Reliable Distance Comparisan
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(c) LR1121, 868 MHz (d) LR1121, 2.4 GHz

Figure 4.5: Maximum reliable distance comparison (bar plots) for each transceiver: (a) RF95, (b)
S$X1280, (c) LR1121 at 868 MHz, (d) LR1121 at 2.4 GHz.

4.1.5 Key Findings

868 MHz Operation:

« Intersatellite link is feasible during the first months of the mission in LEO with omnidirectional

antennas
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« The LR1121 transceiver provides the best performance with maximum reliable distances up to
7800 km (terrestrial Long Range (LoRa) record links have exceeded 1300 km [45]).

« Satellites will drift apart based on mass differences and initial velocity uncertainties
2.4 GHz Operation:

« Link is significantly weaker due to higher path loss
» Maximum reliable distance limited to approximately 500 km with best configurations

« Could be improved with directional antennas but this adds pointing and power requirements

4.2 Mission and orbital analysis

4.2.1 Lauch configuration

For the initial analysis, the baseline orbit for all satellites is a Sun-Synchronous Orbit (SSO) at 550 km
altitude. The key parameter affecting the mission is the Local Time of Ascending Node (LTAN), which

determines the relative phasing between satellites.

Same Launcher Configuration

When satellites are deployed from the same launcher, they share the same LTAN. This results in
satellites initially being in close proximity but gradually drifting apart due to differences in their area-

to-mass ratios caused by manufacturing tolerances and varying drag characteristics.

Different Launcher Configuration

Using different launchers allows satellites to be placed in orbits with different LTAN. This configuration
provides larger communication windows, particularly near the poles where orbital paths converge.

However, this approach significantly increases mission cost.

Table 4.9: Comparison of orbital configurations

Configuration Advantages Disadvantages

Same LTAN  (Same Lower cost, simplified logistics  Satellites drift apart over time

Launcher)

Different LTAN (Differ- Larger communication win- Significantly increased cost

ent Launcher) dows near poles
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Figure 4.6: Satellites launched in the same LTAN (right) and different LTAN (left) (images generated
by Ansys STK)

4.3 Link budget for constellation of satellites with the same LTAN

Satellites launched together (even if the are designed to be identical) will experience differential drag
due to small variations in their physical properties. This section analyzes how these differences affect
the constellation geometry over the mission lifetime, when there is no mechanism for station keeping

performance.

4.3.1 Drag-Induced Drift Mechanism

Atmospheric drag in LEO is the primary perturbation affecting satellite’s orbit popagation. The drag

force is given by:

1
Fp = 5vaCDA (4.7)

where p is the atmospheric density, v is the velocity, Cp is the drag coefficient, and A is the cross-
sectional area. Even small differences (approximately 0.5-1%) in area-to-mass ratio between satellites

lead to differential orbital decay rates, causing the satellites to drift apart over time.

For a 1U CubeSat with typical dimensions of 10 x 10 x 10 cm, the area-to-mass ratio variations con-
sidered in this analysis are 0.01 m?> kg~ ! versus 0.011 m? kg™, representing approximately a 10% dif-

ference.

4.3.2 Constellation without station keeping

The first constellation configuration that was analyzed consists of satellites that launch with the same
vehicle and do not have a propulsion mechanism. This means that the distance between them depends
only on the drag area difference, thus the mass difference, as there is no mechanism to keep the distance
fixed. The HPOP propagator as untilized for this in the Ansys STK software.
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Two-Satellite Scenario

In the two-satellite configuration with the same LTAN and approximately 0.5% mass difference:

« Initial separation: Near-zero (deployed together)
» Maximum separation: Approximately 5505 km
« Line-of-sight duration: 3-4 months before exceeding line of sight

» Distance range over mission: 0 to 5505 km

--—ﬂ"""— a.n i 1= ‘-vl —ma @ - G mEm e e
1 month 6 months

Figure 4.7: Two-satellite configuration flat projection at 1 month and 6 months.

1 month 6 months

Figure 4.8: Two-satellite configuration Earth view at 1 month and 6 months (images generated by
Ansys STK.)

The satellites drift apart with time. The best and worst case scenario for all frequency bands and

transceivers are plotted in fig. 4.9.
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Figure 4.9: Two-satellite LoRa link analysis: best case (left) and worst case (right) for the four
transceiver bands. Best case: narrowest bandwidth and Sat. 1—2; worst case: widest bandwidth and
Sat. 1—3.

The rest of the cases, for all the spreading factor and bandwidth values are included in the Annex
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Six-Satellite Scenario

For a six-satellite constellation, as seen in fig. 4.10, deployed from the same launcher with approxi-

mately 5-10% mass variations:

+ More access periods between different satellite pairs

« Maximum satellite-to-satellite ranges: 5454-5509 km

« Communication window per satellite pair: 3-4 months

Launch 3 weeks 6 months

Figure 4.10: Six-satellite constellation showing progressive drift from launch to 6 months (images
generated by Ansys STK).

The six-satellite configuration provides overlapping communication windows between different pairs,
effectively extending the mission’s useful communication lifetime. However, as seen in fig. 4.11, after 3

months, the communication windows are reduced and are non existent for significant periods of time.

The communication window for 6 satellites in orbit can be observed in fig. 4.11, where it’s visible that
after the 3 first months the communication windows become rare and sporadic. The access windows

can be observed in table 4.10.
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Figure 4.11: Inter-satellite access windows for the six-satellite constellation, showing periods where
LoRa communication is feasible.

Inter-Satellite Access Windows

Table 4.10: Inter-satellite access windows for six-satellite constellation

Satellite Pair

Maximum Range (km)

Initial Access Duration

Satellite 1 — Satellite 2
Satellite 1 — Satellite 4
Satellite 1 — Satellite 5
Satellite 2 — Satellite 6

5505
5509
5496
5454

~129 days
~129 days
~88 days
~190 days

Note: The mass difference percentages are inherently unpredictable due to manufacturing tolerances.

A larger constellation increases the probability of achieving desired communication patterns.
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4.3.3 Constellation with station keeping

As aresolution to the reduced communication window issue that was described in the previous section,
an additional analysis was conducted, taking into account that the satellites have a station keeping

mechanism and can perform formation flying.

Firstly, for the 550km orbit, the maximum angle between 2 satellites in the same LTAN was calculated.
Taking into account that Earth’s radius is 6371km and the defined orbit is 550km

p T 6371
= arccos — = arccos =
p 6921

93° (4.8)

Based on the above and on the geometries illustrated in fig. 4.12, the maximum angle between the
satellites in order to maintain line of sight is 46°.

Satellite's distance
from Earth's

o~ center (r) R

Lost line of sight

b

I
Earth radius (p)

Figure 4.12: Maximum angle between satellites in LEO, allowing line of site (left), Lost line of sight
(right)

The J2Pertubation propagator was used, in order to simulate the station keeping between 2 satellites,

ib the worst case scenario of 46° angle between them. The orbital parameters are included in table 4.11.
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Table 4.11: Orbital Parameters - J2 Perturbation

Parameter Value

Epoch Start 20 Mar 2026 10:00:00.000 UTCG
Epoch End 20 Mar 2026 10:00:00.000 UTCG
Step Size 60 sec

Semimajor Axis 6928.14 km

Eccentricity 9.35593 x 10716

Inclination 97.5977°

Argument of Perigee 0°

RAAN 179.454°

True Anomaly 314.04°

For the worst case scenario, the distance between the 2 spacecraft is 5409.625km, calculated with Ansys
STK.

Figure 4.13: 2 satellites with static distance of 5409.62 km (image generated by Ansys STK

The link budget is calculated for this scenario as well, for all the transceivers as seen in fig. 4.14.

52



o] =— Controls L . R, ARISTOTLE
((_e;'*\ Electronics & 4. Mission Analysis WS KuniversiTy
<

Mechatronics OF THESSALOMIKI

Link budget at fixed distance: 5409.625 km
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Figure 4.14: Link budget for all transceivers for 2 satellites with static distance of 5409.625 km

In order to achieve coverage of the whole orbit, the minimum number of satellites can be calculated

by using the maximum allowable angle as calculated before.

360
N=" =782 4.9
16 (4.9)

The calculated number is rounded up to 8 spacecraft and the new angle is calculated as

6= ? = 45° (4.10)

and the constellation is visualized in fig. 4.15
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Figure 4.15: 8 satellite configuration for full orbit coverage

The link budget for this scenario can be seen in fig. 4.16.

Link budget at fixed distance: 5302.57 km
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Figure 4.16: Link budget for all transceivers for 2 satellites with static distance of 5302.57km

In order to achieve positive link margin in the higher frequency band, as calculated in section 7.1.4,

the distance has to be less than 541km. The link budget for this scenario can be seen in fig. 4.17.
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Link budget at fixed distance: 541 km
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Figure 4.17: Link budget for all transceivers for 2 satellites with static distance of 541km

In order to calculate the number of required spacecraft for this case, the geometries presented in fig. 4.12
are used, resulting in an angle of 2.2°. This is translated to 164 satellites in orbit, thus resulting in the
S-Band transceivers of the Astromesh board being not appropriate for inter-satellite communication.

Same launch

Time and AV Required to Reach the Desired Distance

Same launch
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AV to close orbits to
achieve the desired
distance -

Outer orbit: slow down Return to initial orbit &
Inner orbit: speed up perform station keeping

Deployment
Distance

Figure 4.18: Maneuver and AV required to achieve the desired distance, when starting from the
launcher separation (same location)

Assuming that the satellites are launched with the same launcher, a set of maneuvers is needed to

obtain the desired separation distance. As seen in fig. 4.18:

1. The satellites begin co-located at the initial orbit of 550 km SSO.
2. The two satellites are transferred to adjacent orbits via Hohmann transfers:

« Inner orbit (549 km): a retrograde burn reduces the satellite’s speed, placing it in a lower,
faster orbit.
+ Outer orbit (551 km): a prograde burn increases the satellite’s speed, placing it in a higher,

slower orbit.

3. Due to the difference in angular velocity, the satellites drift apart. Once the desired separation
is achieved after time 7, both satellites perform return Hohmann transfers back to the 550 km

orbit.

4. The separation distance is subsequently maintained with station keeping [46].

AV Calculation

The AV required for a Hohmann transfer between two circular orbits of radii ; and 7, is computed

using the vis-viva equation [46]. The semi-major axis of the transfer ellipse is:

ri+r
Qtrans = : 2 ! (4.11)
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The circular orbital velocities at the initial and final orbits are:

v = %, vf =4 lrﬂ (4.12)
i !

The velocities at the periapsis and apoapsis of the transfer ellipse are:

Utrans,a = 2: - atin57 Utrans,b = iij - at:ns (4.13)
The two burns required are:
Avg = Vyrans,a — Vi, Avy = Vf — Vgrans b (4.14)
The total AV for a single Hohmann transfer is:
AViohmann = [Ava| + [Avp] (4.15)

where ;1 = 3.986 x 10" m?s~2 is Earth’s gravitational parameter and Rq, = 6 378 137 m. Since each
satellite must perform an outbound transfer to the drift orbit and a return transfer back to 550 km, the

total AV per satellite is 2 X AViohmann-

Algorithm 1 Hohmann Transfer AV Computation

Require: pi, 1, 1
1 Qgrans < (ri +75)/2
20U = T Vf \/,LTrf
3: Vtrans,a < /20/Ti — [/ Qrranss Vtrans b < /20/Tf — 1/ Qtrans
4 AvVq < Vgans,a — Vi; AUy <= Vf — Ugrans b
+ |Avy|
Ensure: Av,, Avy, AVohmann

S: AVvHohmann — |Ava

Separation Time Calculation

Once placed in their respective drift orbits, each satellite has orbital period:

a3
Torb = 2w/ — (4.16)
1%

and angular velocity w = 27 /T,. The differential angular velocity between the two satellites is:

Aw = w1 — ws (4.17)

The angular separation Af corresponding to the desired chord distance d at orbital radius ro = Rg +
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cirn Ty
|CERN}Y
L :

550 km is: 4/
Af = 2 arcsin (/> (4.18)
70

The time required to drift to the desired separation is then:

A6
Thie = —— 4.1
drift A ( 9)

Algorithm 2 Drift Time Computation

Require: p, Rg, hi, ho, desired separation d, reference altitude hg
1:rg ¢ Rgy+ho; 7114 Rg+hi;, 12 Rg+ho
2 Ty < 2n/r3 /s Toy < 21/r3 /1
3wy < 2m/T1;  wy < 2m/Th
4 Aw + w1 — wy|
5: A <— 2arcsin(d/2rg)
6: Tarite < AO/Aw

Ensure: Ty

For the scenario of 8 satellites sharing the same LTAN orbit, the desired separation distance is d =
5302.57 km, with drift orbits at 549 km and 551 km, i.e. 1 km above and below the operational altitude.

The computed results are presented in table 4.12.

Table 4.12: Computed AV and drift time for the same-launch scenario

Parameter Outer satellite (551 km) Inner satellite (549 km)
Awv, (first burn) 0.274m/s —0.274m/s

Awvy, (second burn) 0.274m/s —0.274m/s
AViohmann (single transfer) 0.547m/s 0.547m/s
AViotal (outbound + return) 1.095m/s 1.095m/s
Desired separation d 5302.57 km

Angular separation Af 45.00°

Drift time Ty 1656690 s ~ 19.17 days

Different launch
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Figure 4.19: Maneuver and AV required to achieve the desired distance, when starting from a
distance larger than the desired one

If the satellites are launched on different launchers but into the same orbit, they will generally be too
far apart and must be brought closer together. This is achieved with an analogous set of maneuvers, as
seen in fig. 4.19: one satellite is raised to a higher drift orbit (reducing its angular velocity) while the
other is lowered, causing them to drift toward each other. Once the desired separation is reached, both
satellites return to the 550 km operational orbit via return Hohmann transfers. The AV expressions
are identical to those derived above; only the drift direction differs. The convergence time is computed

as follows, where dj is the initial separation and d is the desired separation:

2 2
AO =0y —0; = 2arcsin<do/> -2 arcsin(d/> (4.20)
7o To
Af
Tconverge = Aw (4.21)
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Algorithm 3 Hohmann Transfer AV and Convergence Time for Different-Launch Scenario

Require: yi, Rg, hi, ho, initial separation dy, desired separation d, reference altitude hg
1: Qirans (Ti + T‘f)/Q
2 v \p/ris vp e Jufry
3: Utrans,a < \/2/~L/7’z’ — 4/ Girans;  Vtrans,b < \/Q,U/Tf — [t/ Qtrans
4: AVHohmann < |Vtrans,a — Vil + [Vf — Utrans b|
5: T0<—R€B+h0; T1<—R@—|—h1; 7”2<—R@+h2
6: T < 21\/13 /s To <2173 /1

7: w1%27r/T1; LOQ<—27T/T2

8: Aw |LU1 —LUQ|

9: Oy < 2arcsin(dy/2rg) > Initial angular separation
10: 5 < 2arcsin(d/2rg) > Desired angular separation
11: Af < 0y — 0y > Arc to close

12: Teonverge < A0/ Aw

Ensure: AVighmanns Tconverge

AV required to perform station-keeping

In order to maintain the inter-satellite link, the relative positions of the satellites with respect to each
other have to be maintained, in a process called relative station-keeping. In the examples presented
above, one has to maintain the altitude of the satellites to achieve in-track station-keeping and thus
ensure the inter-satellite link. To estimate the AV required to perform station-keeping, the in-track
station-keeping strategy described by Wertz [47] will be used. This strategy minimizes maneuver fre-
quency by using the slow orbital decay of satellites in LEO due to atmospheric drag to perform altitude
maintenance, effectively reintroducing the AV that is lost due to atmospheric drag by performing or-

bital maneuvers.

To perform station-keeping once the satellites have reached their desired positions, a "box” with a
specified altitude and phase error is defined around each satellite, as seen in Figure 4.20. The dimensions
of the box can be adjusted to achieve specific mission needs: for less frequent station-keeping the
altitude dimension may become larger and in this context the phase error can be adjusted to guarantee

the inter-satellite link.
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- \

Satellite 2
Box

Figure 4.20: In-track station-keeping strategy. Each satellite is constrained in a pre-defined
mathematical box, which is designed to guarantee the inter-satellite link

The behavior of the satellite inside the box and the point where a maneuver is required is described in
Figure 4.21. The satellite begins its journey at the top right of the box, above the target altitude and
with a positive phase error. Above the target altitude, the satellite moves at a slower speed compared
to the target altitude and the phase error slowly decreases. The satellite slowly loses altitude due to
the atmospheric drag. This process continues until the target altitude is reached, at which point the

phase error remains constant.

Once the satellite drops below the target altitude, its speed becomes faster than the target altitude, and
thus the phase error slowly increases. Once the satellite reaches the bottom right corner of the box, a
maneuver needs to be performed to increase the altitude and place the satellite at the top right of the

box. At that point, the cycle is complete and will repeat once again.
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Figure 4.21: Strategy used to maintain the altitude and relative phasing between the two satellites,
seen inside the station-keeping box

To simplify calculations, the altitude will be raised using the Hohmann transfer used above. In this
case since drag is taken into consideration, the drag area of the satellite must be known in order to
compute how much AV is required for station-keeping. A 6U CubeSat is used as a example, with a
total drag area of 0.06 m? and a total mass of 10 kg. Using the High-Precision Orbit Propagator (HPOP)
propagator with a fictitious launch date in 2027 and as starting condition a SSO orbit at an altitude of
550 km, the decay rate of the satellite is computed to be -8 km/year. With this in mind, the number of
maneuvers and the AV required for different sizes of the station-keeping box can be computed using

the Hohmann transfer method. The results can be seen in Table 4.13.

Table 4.13: Number of maneuvers and AV required for each maneuver for different box sizes

Total altitude box Time to reach AV required per Maneuvers per
size [km] bottom of the box | maneuver [m/s] year

[days]

0.4 18.25 0.2189 20

0.5 22.8125 0.2737 16

0.8 36.5 0.4379 10

1.6 73 0.8758 5

91.25 1.0948 4

4 182.5 2.1896 2

365 4.3793 1
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4.4 Link budget for constellation of satellites with different LTAN

This analysis examines different orbital configurations and their impact on inter-satellite communica-
tion windows. All simulations were performed using Ansys Systems Tool Kit (STK) [40] software in
550km LEO orbits. A station keeping configuration was implemented for a 2-satellite constellation,
where the satellites maintain the minimum distance between the 2 orbits, after achieving it either with
propulsion or differential drag maneuvres. As the orbit progresses, the inter-satellites distance reaches
2 minima and 2 maxima, since they approach eachother when reaching Earth’s poles. This is illustrated
in fig. 4.22.

Min distance
near the poles
4 Max distance

£

Figure 4.22: Minimum and maximum between 2 satellites with different LTAN that perform station
keeping

In order to calculate the maximum allowable LTAN difference between the 2 spacecraft with the re-
quirement that they do not lose line of sight, the calculated angle of 46° is used. The maximum allow-
able LTAN difference corresponds to 1.53 hours difference between the launch times. The maximum
alloable LTAN range is illustrated in fig. 4.23.
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Figure 4.23: Maximum allowable LTAN range between 2 satellites in different LTAN to achieve line
of sight

4.4.1 Constellation without station keeping

In the case that there is no mechanism that can be used for station keeping, the satellites drift apart.
The HPOP progagator is used, to model 2 different scenarios and extract the link budget and access
data.

2 satellite scenario

The link budget results for a 2-satellite scenario are plotted in fig. 4.24, with data taken from an analysis
in 550 km SSO orbit with the HPOP propagator.
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Figure 4.24: Two-satellite constellation without station keeping (HPOP, different LTAN): link margin

and distance over time for 868 MHz and 2.4 GHz bands (full year with 2-day inset).

The full set of bandwidth and spreading factor combinations for this scenario is included in the Annex.

Similarly with this analysis, a scaled up configuration would present the same behavior, depending on

the difference between the time of launch, as the presented scenario is the worst case scenario in terms

of link margin. In terms of time, 2 days were chosen, since the behavior will be repeatable (due to the

station keeping).

6 satellite scenario

In the 6 satellite scenario, a variation of 2-5% was applied in the areamass ratio. The positions of the
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satellites in different timepoints can be seen in fig. 4.25

Figure 4.25: 6 satellites without station keeping drift over time in different LTAN. From left to right:
initial configuration, after 3 months, after 8 months.

The access times are seen in fig. 4.26.

Satellite Access Times with LoRa Communication Points - 6 sats diff LTAN (HPOP, no station keeping) - 15 Feb 2026 10:53:48

Tem—— “ . .

Satellite2-Satellitet - Times

Satellite2-Satellite? - Times

e

Apr May Jun Jul Aug Sep Oct Nav Dec Jan Feh Mar
2026 2026 2026 2026 2026 2026 2026 2026 2026 2027 2027 2027
Tima (UTCG)
=— Satellite?-Satellited - Times = Satellite?-Satellited - Times  —— Satellite?-Satellited - Times —— Satellitez-Satellite? - Times = Satedlite2-Satellite8 - Timas

Figure 4.26: Inter-satellite access windows for the six-satellite constellation with different LTAN,
showing periods where LoRa communication is feasible.

4.4.2 Constellation with station keeping

2 Satellite scenario

With the calculated maximum LTAN difference of 1.5 hours, the visualization of the 2-satellite con-

stellation can be seen in fig. 4.27.
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Figure 4.27: 2 satellites with LTAN difference of 1.5h

The orbital parameters are included in table 4.14 and the J2Perturbation propagator was chosen, to

simulate the station keeping between them.

Table 4.14: Orbital Parameters for Satellite 1 and Satellite 2

Parameter Satellite 1 Satellite 2

Orbit Epoch 21 Mar 2026 10:00:00.000 UTCG 21 Mar 2026 10:00:00.000 UTCG
Coord Epoch 21 Mar 2026 10:00:00.000 UTCG 21 Mar 2026 10:00:00.000 UTCG
Step Size 60 sec 60 sec

Semimajor Axis 6928.14 km 6928.14 km
Eccentricity 0 0

Inclination 97.5977° 97.5977°

Argument of Perigee 0° 0°

RAAN 328.939° 351.439°

True Anomaly 0° 0°

The time-resolved link analysis for the 1.5h LTAN difference scenario was performed using the same
transceivers. The best case scenario for each band (narrowest bandwidth for best sensitivity) is shown
in fig. 4.28.
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Figure 4.29: Two-satellite constellation with station keeping (1.5 h LTAN difference): best case link
analysis for each transceiver band.

The AV calculation is identical to the one described for the same LTAN scenario an the maneauver

Time and AV required to reach the desired distance

required is illustrated in fig. 4.30.
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Figure 4.30: Maneuver to achieve the desirable distance when 2 satellites are in orbits iwth differrernt
LTAN

4.5 Ground Station Considerations

Ground station analysis for Geneva shows approximately 6 passes per day per satellite. Access duration

statistics:

+ Minimum: 33.8s
» Maximum: 730.6 s
+ Mean: 561.9s
The TinyGS open-source ground station network provides a potential infrastructure for LoRa satellite

communication [48]. Other relevant satellite Internet of Things (IoT) and ground station initiatives
include FOSSA Systems [49] and NASA’s Starling swarm mission [50, 51].
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5. Radiation Testing

5.1 Hierarchical LoRa network test in CHARM

5.1.1 CHARM Facility

The CERN High energy AcceleRator Mixed field facility (CHARM) is an irradiation test facility for
electronics located at CERN [31, 32]. The initial proton beam of 24 GeV for CHARM is extracted from
the PS accelerator. The beam is then guided to the experimental area where it hits a cylindrical copper
or aluminium target. The resulting secondary mixed radiation field is used to test electronic equipment
at predefined test positions. Depending on the test position selected (from 1 to 13), the test equipment
is exposed to different particle spectra. In addition, four movable blocks with a thickness of 40 cm and

made out of concrete or iron can be placed between the target and the test locations.

The CHARM facility, because of the size of its experimental area, can host different user experiments
and the irradiation conditions are requested by the primary user, while other users withstand the con-
ditions. In the course of these experiments, a target composed of copper was utilized without any
protective shielding inserted. The dose and fluences are determined through detailed calibration per-
formed by the CHARM team using the RadMon system. RadMon detectors are placed close to the DUTs
during irradiation to verify the calibration measurements of the dose and fluences. An uncertainty of

30% is estimated taking into account the fluence uncertainty at CHARM.

— Target Configuration f;c.nle | i
1im .
AIH — Aluminium Sieves e : I
Al — Aluminium 24 GeV-
Cu - Copper Protan - .
o o 7
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Momesheldn - HEZEEEE
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mm | | 2,3 e
e N0 secessible Lateral Position
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Test Positions
Grid (0)

Montrac (14)

]

B Rack(1:13) I
o

m Conveyer (15,16)

Patch

Panals Entrance

0o

Figure 5.1: CHARM irradiation room layout.

5.1.2 Test Setup and Data Sources

The test was conducted at the CHARM facility at CERN. The network had a hierarchical structure:
nine Feather M0 boards (identical Microcontroller Unit (MCU) and transceiver RRF95 with Astromesh)
acted as end devices transmitting uplink packets, and three LoRa gateways (Dragino LPS8N Indoor
LoRaWAN Gateway Semtech) collected the packets. The analysis includes eight end devices (device
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numbers 1, 2, 3, 4, 6, 7, 8, and 10); device 5 was not deployed, and device 9 is excluded from the reported
analysis. Gateway health was monitored via periodic pings and reset logs. The analysis considers the

test as starting on 2025-06-11 at 17:30. MQT'T protocol was used to receive the data from the devices.

The end devices where placed in the following areas of the testing facility:

« R1: two Feather M0 boards (device numbers 7 and 8).
« Patch panel: three Feather M0 boards (device numbers 2, 3, and 4).
« GO: two Feather M0 boards (device numbers 1 and 6).
« Overhead: one Feather M0 board (device number 10)

Next to
Patch Panel

ED7

E08 Overhead

ED 10

Patch Panel
GW 3 g -
g
38
| | : g GO
%% i , ~ w1 o2
. ED1 E06

b

Irradiation Room

Figure 5.2: Setup inside the CHARM irradiation room
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Figure 5.4: Devices in GO

Figure 5.5: Devices in R1 Figure 5.6: Devices in overhead
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Data sources are as follows:

1. For the gateways: ping logs (each line indicates SUCCESS or FAILED for a given gateway at a

given timestamp), reset logs, and PSU current and voltage logs.

2. For the end devices: MQTT packet logs containing devEUI, frame counter (fCnt), and rxInfo
(receiving gateways, RSSI, SNR), and reset logs from the monitoring script. End devices were
configured to transmit at a 5-minute interval; the expected number of packets per device per

condition is the test duration in minutes divided by 5.

MaTT

ethemet ——

%
IR N

x i »
ethernet T

=

3 channal PSU —ISV—’ | ==

Control Room

5V |

>

Irradiation Room

Figure 5.7: Electrical setup and communication configuration during the non hierarchical network
test in CHARM

5.1.3 Gateway-Level Analysis and Interpretation

Gateway-level analysis uses the ping and reset logs to characterise availability and redundancy. For

each gateway, uptime is the fraction of pings that succeeded, expressed as a percentage:

K
1
uptime = V7 Zsk % 100 (5.1)
k=1

where K is the total number of ping samples and s; € {0, 1} indicates SUCCESS (1) or FAILED (0).
The analysis also computes total number of pings, number of failures, number of resets, mean time

between resets, and reset frequency (resets per hour).

A status matrix is built with one row per timestamp and one column per gateway. At each timestamp,
the number of gateways that failed is counted. Simultaneous failures of multiple gateways are inter-
preted in the analysis as potential radiation-induced events. The report distinguishes: events where

all three gateways failed, events where two failed, and events where only one gateway failed.

Redundancy is evaluated for the pair GW1 and GW2. At each timestamp the state is classified as: both

online, one online (the other offline), or both offline. “Redundancy effectiveness” is the percentage of
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(5.2)

where npo, is the number of samples with both online and 74, With exactly one online. The analysis

also computes total system downtime (when both are offline), identifies consecutive downtime periods,

reports the longest outage, and counts how often GW1 was up when GW2 was down and vice versa.

LoRa Gateway Radiation Test - Status Timeline
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Figure 5.8: (a) Gateway status: SUCCESS or FAILED for each gateway at each ping time.
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Figure 5.9: Redundancy state: both online, one online, or both offline versus time.
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Figure 5.10: Per-gateway uptime summary

5.1.4 End-Device Packet and Reliability Analysis

End-device analysis uses MQTT packet logs and reset logs. For each device and each condition (radi-

ation or no radiation), the expected number of packets is

tdur
Nexp = { TintJ (5.3)
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where ¢4y, is the test duration in minutes and 7i; = 5 min is the packet interval. The packet success

rate (%), loss rate (%), and bit-flip rate (% of expected packets) are

Nyt

N, N
success rate = —— x 100, loss rate = “lost 100, Dbit-flip rate =
exp exp exp

x 100 (5.4)

with Niecy the number of packets received, Vjos the number of lost packets (gaps in the fCnt sequence

not classified as bit flips), and NVps the number of candidate bit-flip events.

Resets are attributed from two sources. “Script resets” are those recorded in the reset logs (script-
initiated or timeout-induced). “fCnt resets” are inferred when the frame counter decreases between
two consecutive packets from the same device, indicating that the device restarted and the counter
was reset. Lost packets are identified from gaps in the fCnt sequence: when the next fCnt is greater
than the current fCnt plus one, the missing increments are counted as lost packets unless the gap is

classified as a potential bit flip.

The analysis treats certain fCnt jumps as potential bit flips (candidate single-event effects in the frame
counter). A jump is considered consistent with a single-bit flip if the gap matches patterns of the form
2™ — 1 or the jump matches 2" for some bit index n, or if several packets are missing within a short
time window (under 6-9 minutes) in a way that suggests a more complex bit flip. These events are

reported separately from ordinary lost packets.

Gateway reception patterns are derived from the rxInfo of each packet: which gateways received the
packet. For each pattern (e.g. GW1 only, GW1+GW2, all three), the percentage is 100 X 7pattern/ Niotal
where npattern is the count of packets with that reception set and Ny, is the total number of packets.
These metrics are used to discuss diversity and redundancy at the link layer. All the metrics are listed
in table 5.1 and in table 5.2.

Packet Success Rate Comparison

W Fadiation
= No Radiation

100

Gateway Reception Patterns

- Radation
) L l_ i .
o | — |

4 A ) O 3 I
Ca o o & a & ‘3&"
& a 4 & &
& & & 4 & &

(a) Packet success rate (b) Gateway reception patterns.

@
-]

Packek Success Rate (%)
- =
-] &

0
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Device Number

Figure 5.11: Key performance metrics: (a) packet success rate (radiation vs. no radiation); (b) gateway
reception patterns.
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Device Succ.(%) Exp. Recv. Resets Man. Lost Loss(%) BitFl GWs

1 100.1 1507 1509 25 0 28 1.9 0 3
2 91.4 1507 1378 43 0 30 2.0 0 3
3 98.7 1507 1488 4 0 32 2.1 0 3
4 91.8 1507 1384 19 0 96 6.4 0 3
6 102.9 1507 1551 27 0 41 2.7 1 3
7 93.7 1507 1412 110 2 47 31 0 3
8 95.4 1507 1438 110 2 28 1.9 3 3
10 99.3 1507 1496 105 13 30 2.0 0 3

Table 5.1: Radiation condition: success rate (%), expected packets, received, total resets, manual
resets, lost packets, loss (%), bit flips, number of gateways. Data from
end_devices_detailed_results.csv.

Device Succ.(%) Exp. Recv. Resets Man. Lost Loss(%) BitFl GWs

1 100.0 1507 406 0 0 1 0.1 0 3
2 100.2 1507 407 0 0 0 0.0 0 3
3 99.8 1507 405 0 0 2 0.1 0 3
4 100.2 1507 407 0 0 0 0.0 0 3
6 101.2 1507 411 0 0 1 0.1 0 3
7 98.3 1507 399 2 0 0 0.0 0 3
8 88.2 1507 358 2 0 51 34 3 3
10 102.2 1507 415 13 0 0 0.0 0 3

Table 5.2: No-radiation condition: success rate (%), expected packets, received, total resets, manual
resets, lost packets, loss (%), bit flips, number of gateways. Data from
end_devices_detailed_results.csv.

5.1.5 Gateway Availability and Packet-Loss View

A complementary view of gateway behaviour is obtained from actual uplink reception rather than
from ping status. For each gateway, the analysis computes the percentage of MQTT packets that were
not received by that gateway (packet loss per gateway). Loss is also analysed by combination: which
gateway or which pair of gateways failed to receive a packet. Various combinations’ packet loss is

calculated in fig. 5.12, showcasing the redundancy of the gateway pairs.
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(a) Per-gateway packet loss. (b) Loss by gateway combination.

Figure 5.12: (a) Per-gateway packet loss (% of MQTT packets not received). (b) Packet loss by
gateway combination.

5.1.6 Radiation Environment and Correlation with LoRa Behaviour

Radiation data from the three positions (R1, patch panel, G0) provide time series of TID, HEH, ThN, and
N1MeV. Overview plots show these quantities versus time for all positions. Detailed and interpolated
plots are produced per location. Radiation data are interpolated onto the LoRa test timestamps so that

dose and fluence can be compared in time with communication metrics.

Separate scripts plot TID over time together with gateway reset rate or downtime. These figures sup-
port the discussion of dose accumulation and gateway reliability (e.g. whether resets or outages cor-

relate with TID or with beam periods).
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Radiation Data Overview - All LoRa Test Positions
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Figure 5.13: (a) TID, HEH, ThN, and N1MeV versus time for R1, patch panel, and G0. (b) Combined
radiation view for all locations.

The total lifetime of the 2 gateways over long term testing, along with the increase of resets is shown
in fig. 5.14.
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Figure 5.14: TID versus gateway resets or downtime (combined radiation and gateway analysis).

5.1.7 Cross section calculation

The Single Event Effect (SEE) cross-section quantifies the sensitivity of a device to radiation-induced

events and is calculated as:

_ Nsggs 2
~ Fluence [em”] (5:5)

where Ngg s is the number of observed single event effects and the fluence represents the total number
of particles per unit area incident on the device. The cross-section effectively represents the probability
of an SEE occurring per unit particle fluence, with larger values indicating higher susceptibility to

radiation effects.

Due to the statistical nature of radiation testing, the cross-section values are presented with confidence
intervals. The uncertainty bounds were calculated assuming a Poisson distribution for the number
of observed events, which is appropriate for counting rare, independent occurrences. Devices with
fewer observed events exhibit wider confidence intervals, reflecting greater statistical uncertainty. For
instance, End Device 3 with only 4 observed events shows a larger relative uncertainty compared to

Gateway 2 with 287 events. The mean cross-section values range from approximately 2 x 107! cm?
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for the most radiation-tolerant device (End Device 3) to 1.5 x 10~ cm? for Gateway 2, indicating

significant variation in radiation sensitivity across the tested devices.

Table 5.3: Cross-section analysis for gateway and end device resets.

Device NoE o Cross-section (cm?)

Lower Upper Mean

Gateway 1 resets 32  9.23E-11 2.47E-10 1.64E-10
Gateway 2 resets 287 9.97E-10 1.94E-09 1.47E-09

End device 1 25 6.86E-11 2.00E-10 1.28E-10
End device 2 43  1.30E-10 3.21E-10 2.20E-10
End device 3 4 4.36E-12 5.29E-11 2.04E-11
End device 4 19  4.87E-11 1.59E-10 9.71E-11
End device 6 27 7.53E-11 2.13E-10 1.38E-10
End device 7 110 3.66E-10 7.67E-10 5.62E-10
End device 8 110 3.66E-10 7.67E-10 5.62E-10
End device 10 105 3.48E-10 7.34E-10 5.37E-10

5.1.8 Summary of Results and Interpretation

At the gateway layer, the main outcomes are redundancy effectiveness (percentage of time at least one
of GW1 or GW2 was available), the frequency and duration of full outages (both GW1 and GW2 down),
the counts of simultaneous failures (interpreted as possible radiation-induced events), and reset rates

per gateway. These are summarised in Figures 5.8.

At the end-device layer, the analysis reports packet success rate under radiation and under no radiation,
reset rates (script and fCnt-based), lost packets, and candidate bit flips in the frame counter (interpreted
as potential single-event effects). The comparison and summary figures support the discussion of

device-level robustness.

At the network level, the role of multiple gateways is captured by the reception patterns (which gate-
ways received each packet) and by the packet-loss and availability metrics. Together, gateway avail-
ability, per-gateway packet loss, and device-level metrics characterise the hierarchical robustness of
the LoRa network under the CHARM radiation test.

Comparison with Mesh Network Results (Mancini, 2025)

A directly comparable radiation test of a LoRa-based wireless mesh network (WMN) at the CHARM
facility was conducted by Mancini [4], using the same Feather M0 platform and the same facility con-
ditions. The key differences in experimental setup are summarised in Table 5.4: Mancini’s network
employed FSK modulation at 868 MHz in a flat four-node mesh topology (all nodes co-located at posi-
tion G0), whereas the test presented in this chapter used a LoRaWAN hierarchical topology with nine

end devices distributed across multiple facility positions (G0, R1, patch panel, overhead) and three
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gateways.

Table 5.4: Comparison of CHARM test parameters: mesh (Mancini, 2025) vs. hierarchical LoRaWAN

(this work).
Parameter Mesheed Network Hierarchical Network
Modulation FSK, 868 MHz, 2 kbps LoRa, 868 MHz (LoRaWAN)
Topology 4-node flat mesh (WANET) Star-of-stars (9 devices, 3 GWs)
Node positions All at GO GO0, R1, patch panel, overhead
Test duration ~240 h ~125h
Packet interval ~130 ms (2 kbps) 5 min
PDR / success rate (radiation)  >99.99% 91.4%
Packet loss (radiation) ~0.02% per GW; 0.001% combined 1.9-6.4% per device
Total power cycling events 438 (all nodes) 4-110 per device
Node SEE cross-section (mean) 7.3-15.6 x 10~ cm? 2.0-56.2 x 107! cm?

The mesh network achieved substantially higher packet delivery reliability under radiation, with a
PDR consistently above 99.99% throughout the experiment and a combined two-gateway packet loss
of only 0.001%. By contrast, the hierarchical LoORaWAN network presented in this work showed per-
device success rates as low as 91.4% and packet loss rates up to 6.4%, with reset counts for the most
affected devices (7, 8, and 10) reaching 105-110 events.

Several factors contribute to this difference. First, all of meshed network’s nodes were placed at the
GO position, whereas the devices in this test campaign were distributed across positions with varying
radiation intensity, including the higher-flux R1 location, since the devices placed there (numbers 7
and 8) are precisely those with the highest reset counts (110 each). Second, the LoRaWAN 5-minute
transmission interval means that each gateway failure or device reset corresponds to a much larger gap
in the packet record, making the success-rate metric inherently more sensitive to individual events than
the near-continuous FSK traffic used by the meshed network. Third, and most importantly, the mesh
topology’s dual-gateway scheme reduced combined packet loss by roughly a factor of 20 compared to
either single gateway alone (from ~0.02% to 0.001%), directly demonstrating the resilience advantage of
decentralised architectures. Mancini estimated the probability of simultaneous failure of both gateways

at 9.1 x 10721, rendering network availability effectively 100%.

In terms of radiation sensitivity, the Feather M0 SEE cross-sections from both campaigns are consistent:
meshed network’s gateway nodes (at G0) yielded 7.3-15.6 x 10~!! cm?, which aligns with the values
obtained for G0 and patch panel devices in this work (2.0-22.0 x 10~ ! cm?), while the R1 and overhead
devices showed higher cross-sections (~53-56 x 101! cm?) consistent with the higher fluence at those
positions. This agreement across both campaigns confirms that the observed performance differences
are attributable to topology, position, and protocol rather than platform variability, and provides a

strong quantitative motivation for the mesh architecture being developed on the Astromesh platform.
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5.2 Ultra-Wideband Transceiver Radiation Test at PSI

This section presents a radiation test campaign of an Ultra-Wideband (UWB) transceiver conducted
at the Proton Irradiation Facility (PIF) of the Paul Scherrer Institute (PSI). The DWM1000 UWB ra-
dio transceiver, manufactured by Qorvo, was tested using a 200 MeV proton beam to characterize its

radiation tolerance for potential integration into the AstroMesh platform’s mezzanine board.

5.2.1 PSI Proton Irradiation Facility

The Proton Irradiation Facility (PIF) at PSI receives its initial proton beam from the PROSCAN accel-
erator [33]. A primary energy degrader allows setting discrete initial beam energies in the range from
200 MeV down to 30 MeV. The beam is subsequently guided to the Experimental Area where PIF is lo-
cated. A further set of collimators is placed before the DUT to set lower energy. For this test campaign,

the primary energy was set to 200 MeV with a 5 cm collimator used to target the chips.

The beam flux is measured by means of two ionization chambers (IC1 and IC2) placed upstream and
downstream of the collimators respectively. The counting is calibrated to measure the beam flux at
the DUT position, 5 cm downstream from IC2. Total Ionizing Dose (TID) is provided by the facility in
Gy(Si).

DuT

Beam line
Experiment table

PIF
IF cavern Instrumentation

(Ethernet switch, P5SU)

e
Patch board Maze |

w Control room
o Maze entrance

o

Figure 5.15: PSI-PIF irradiation facility layout.

5.2.2 Device Under Test

The DUT was the DWM1000 UWB IC, a complete single-chip UWB transceiver based on the De-
caWave DW1000 architecture. The DWM1000 is designed for applications requiring precise ranging
and location capabilities, operating in the frequency range from 3.5 to 6.5 GHz. For this test campaign,
the transceivers were configured on Channel 1 with a 16 MHz Pulse Repetition Frequency (PRF) and
Preamble Code 1.

84



@; @:_ Bectromcs & 5. Radiation Testing
|

Mechatronics

ARISTOTLE
MUMNIVERSITY
7 OF THESSALONIKI

PCBMI
—
UWE
e,
e —
T I 5
Lo EXT0 1T epiesa IRQIGPIOR |22 Dloy
SCK o0 | st : 4 DIO
7 D [ H | | o ) B
s jo| SPIMOSI  EXTRXE/SPIPHA/GPIOS —m———3 =T
—————— SPIMISO  EXTTXESPIPOLGPIOS | —1————( =5
EXTPA/GPIOS |3
o TXLED/GPIO3 =
—EXION 1] pyren RXLEDVGPIO2 f‘%
DIO EXTO 5 SFDLED/GPIO] f—= s
- = WAKEUP RXOKLED/GPIOO
RSTn Lo DIO EXT4
3 { vDDAON GND ‘]‘ﬁ
GND
i GND 53
3vil = VDD3V3 GND =5
VDD3V3 GND =
DWMI000 T
GND

Figure 5.16: DWM1000 test board schematic.

5.2.3 Test Board and Setup

The test infrastructure was distributed across three main zones: the irradiation room, the maze, and

the control room. Figure 5.20 provides an overview of the complete test setup.

UWB Chip

Nstromesh Board

Figure 5.17: DWM1000 radiation test board.

A Keysight 8-channel PSU was used to power the test boards. Two AstroMesh boards hosting the

DWM1000 transceivers were used in a Ping-Pong communication configuration:

« Initiator: non-irradiated board (connected to PSU channel 2 and COM4), placed behind lead
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shielding

« Responder: irradiated board (connected to PSU channel 3 and COM5), positioned in the proton

beam

The collimator was chosen and aligned in order to direct the mean line on the transceiver and not on
the MCU, as seen in fig. 5.18.

Figure 5.18: Alignment of beamline on CAD
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Figure 5.19: DWM1000 test board mounted in irradiation facility.

Power was supplied via 15-meter DB25 cables from the PSU. All instruments in the maze were con-
nected to an Ethernet router, which forwarded data to the control room laptop for remote monitoring

and logging. Only the DUT board was placed inside the irradiation room to minimize equipment ex-

‘—*laml (Serial Logs)

posure and avoid activation.

Ethernat o USE

F——
2nd Astromesh Board Schannel PSU  ——» - =0
f_ L— 5 Laptop 2(PSU)
Maze
Control
Room

PIF

Figure 5.20: DWM1000 radiation test setup at PSI-PIF.

5.2.4 Test Procedure

The two boards communicated in a Ping-Pong configuration, where once one board transmitted a

packet, the other received it and responded with a new packet. Each transmitted packet was 13 bytes
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in length, structured as follows: a 1-byte packet type identifier (0x01 for PING, 0x02 for PONG), a
2-byte little-endian sequence number for tracking message ordering, 2 reserved bytes, and an 8-byte
payload filled with 0xAA pattern bytes.

The data acquired during the test included all packets sent and received from both boards, errors cat-
egorized based on register information, software and hardware reset time points, voltage and current

measurements, and radiation data provided by the facility.

Prior to irradiation, a dry run was performed to gather ambient data in the same environment. The

first irradiation run was Run 53, followed by four additional runs (54-57).

5.2.5 Irradiation Conditions

Table 5.5 summarizes the radiation test runs performed at PSI. All runs used a 200 MeV proton beam.
The DUTs were irradiated to a total TID of 693.7 Gy, a proton fluence of 1.13 x 102 p/cm?, and a
Displacement Damage Equivalent Fluence (DDEF) of 1.13 x 10! neq/cm? (1 MeV neutron equivalent).

Run Start Stop Duration Current Dose Dose Rate Fluence Restarts
(s) (nA) (Gy) (Gy/h) (p/cm?)
53 21:42:17  21:43:15 57 5 5.9 373 1.0 x 1010 0
54 21:50:16  21:54:56 280 5 29.2 375 5.0 x 1010 1
55 21:58:16  22:04:28 371 7.5 58.3 566 1.0 x 10! 1
56 22:06:12  22:38:07 1914 10 400.2 753 6.8 x 10" 7
57 22:39:54  22:55:53 958 10 200.1 752 3.4 x 1011 4
Total - - 3580 - 693.7 - 1.13 x 102 13

Table 5.5: Summary of radiation test runs at PSI. All runs used a 200 MeV proton beam.

Run 53 served as the initial low-flux characterization at 5 nA beam current. Run 54 continued at
5 nA with extended exposure time; one restart was required due to logging interruption, and the MCU
experienced a freeze requiring a power cycle. Run 55 increased the beam current to 7.5 nA, with an
MCU freeze occurring that required a power cycle. Run 56 was the longest run, targeting 400 Gy total
dose at maximum beam current (10 nA), requiring the most interventions (7 restarts) due to system
lockups and serial communication failures. During this run, the device was observed entering an
abnormal state with repeated preamble detection without frame completion. Run 57 was the final
radiation run at 10 nA, targeting 200 Gy additional dose, with four restarts required due to logging

interruptions.

5.2.6 Data Analysis Methodology

This section describes the analysis methodology applied to the DWM1000 radiation test data, including

data sources, cycle definition, outcome categories, derived quantities, and associated uncertainties.
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Data Source and Run Selection

The analysis uses the timestamped event stream recorded during the radiation campaign (serial output
from both boards). Start and stop times for each run (baseline and beam runs) are taken from the
experiment logbook; only events with timestamp ¢ satisfying tsart < ¢ < f510p are attributed to that
run. Absorbed dose (Gy) per run is taken from the logbook and used for labelling and comparison; it

is not used in the reception or data-rate calculations.

Event Types and Cycle Definition

Events are processed in chronological order. Four event types drive the analysis:

1. PSU restart: A system boot (power cycle) is detected when the board reports its boot message.
The first occurrence is treated as initial boot; each further occurrence increments the PSU restart

counter and starts a new reset epoch.

2. Hardware RX reset: A hardware RX reset is attributed to the ping—pong cycle that was active at

the time it was performed; that cycle is then classified as having experienced a hardware reset.

3. TX PING: A transmission attempt is recorded as a PING with sequence number n and optional
attempt number m. This defines or updates the cycle with key (epoch,n) and the maximum

attempt number for that cycle.
4. Completion: A cycle (epoch, n) is marked completed when the corresponding PING-PONG cycle

completion is recorded.

A large backward jump in sequence number (e.g., n < npg — 10) is treated as a new reset epoch so

that cycles before and after the jump are distinguished.

Outcome Categories

Each communication cycle is assigned exactly one outcome category based on the following priority:
« Success (immediate): Completed, no hardware reset during the cycle, and only one attempt (no
retry).
« Successful after retrial: Completed, no hardware reset, and at least one retry (attempt > 1).

« Successful after hardware reset: Completed and a hardware RX reset occurred during the cycle

(regardless of retries).

« Failed: Not completed (e.g., timeout or unrecovered error; power cycle may be required).

Priority is applied in that order: if a cycle completed and had a hardware reset, it is counted as “after
hardware reset” even if it also had retries. The reception rate (success rate) is the fraction of cycles that

are successful in any of the three successful categories.
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Exclusions and Boundary Effects

The last cycle in each run (by sequence number in the latest epoch) is excluded from the totals if it
is incomplete, to avoid counting cycles truncated by the run stop time. All other cycles are included.
Total cycle count n and success count k used for reception and data rate calculations refer to included

cycles only.

5.2.7 Experimental Results
Current Analysis

The restart events can be observed in Figure 5.21, shown as vertical lines. The restarts are categorized as
either intentional (performed before each run) or error-induced (board restarts or user-initiated power

cycles). Figure 5.22 provides a categorization of the error-induced resets.
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Figure 5.21: Current, voltage, and TID over time during the PSI radiation test.
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Figure 5.22: Categorization of resets during the radiation test.

Packet Success Rate and Error Classification

Communication cycles were classified into several categories for analysis:

« Success (No HW Reset): Cycles that completed successfully without requiring a hardware reset,
including cycles with no errors and cycles that encountered a Leading Edge Detection Error
(LDEERR) but recovered automatically.

« HW Reset Recovery: Cycles that encountered a timeout or error but successfully recovered after

one or more hardware resets.

« Power Cycle (Intentional): System power cycles occurring within +10 seconds of the run start

time, used for system initialization.

« Power Cycle (Unintentional): System power cycles during run execution (more than 10 seconds
after run start), representing unexpected power interruptions potentially caused by radiation

effects.
« Failed: Stuck: Cycles that failed due to a frame stuck condition without LDEERR.
« Failed: LDEERR+Stuck: Cycles with both LDEERR and frame stuck conditions.

« Failed: LDEERR: Cycles that failed due to LDEERR without frame stuck.

Figure 5.23 presents the success rate and error distribution across all runs.
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Figure 5.23: Communication cycle success rate and error classification across all runs.

Derived Quantities and Metrics

The reception rate (success fraction) is calculated as:

k
D= Ea k= Nimm + Mretrial T Mhw (5'6)

where n is the total number of included cycles and k is the number of successful cycles (immediate +

after retrial + after hardware reset). This is reported as a percentage, e.g., 100 p %.

The data rate is derived from the packet reception summary per run:

k .
Rpackets = f? Rgata = Rpackets X Lpacket x 8 bltS/S, (5-7)

where 7' is the run duration in seconds (from the logbook stop minus start time) and Lpacket = 13 bytes.
Efficiency is 100 k£ /n %.

Single Event Functional Interrupt (SEFI) Results

Single Event Functional Interrupts (SEFI) were observed as events requiring manual operator interven-
tion to restore device functionality. A total of 13 manual resets were recorded across the five irradiation

runs, with the frequency increasing with accumulated dose and flux.

Run 53 (5.9 Gy, 1 x 10' p/cm?) completed without any SEFI events. Runs 54 and 55 each required
one manual reset, primarily due to MCU communication failures. The SEFI rate increased significantly
during high-flux exposures: Run 56 (400.2 Gy at 3.6 x 10% p/cm?/s) required 7 manual interventions,
including instances where the DWM1000 became stuck in a preamble detection loop. Run 57 required

4 manual resets, all attributed to communication hangs.

The observed SEFI manifestations can be categorized into two types: MCU freeze requiring full power
cycle (detected by serial communication failure), and DWM1000 transceiver state machine lockup char-

acterized by continuous preamble detection without frame completion (SYS_STATE: 0x00050002). Au-
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tomatic software-level recovery mechanisms (hardware RX reset sequences) successfully resolved the

majority of transient errors; SEFI events represent only those cases where internal recovery logic failed.

The SEFI cross-section, estimated from the 13 events over a cumulative fluence of 1.13 x 102 p/ cm?,

is approximately 1.2 x 107! cm?/device.

Single Event Latchup (SEL) Results

One Single Event Latchup (SEL) was observed during the last cycle, where the current increased from
0.155 A t0 0.184 A (at 22:52:54). The recorded event stream for this period shows a sequence of LDEERR
events, timeout errors, and retries; the system was attempting to transmit PING sequence #987 when

the latchup occurred:

2025-11-16 22:52:54 [COM4] [DEBUG] Preamble detected (State: 0x00010000)
2025-11-16 22:52:54 [COM4] [ERROR] LDEERR detected during frame reception
2025-11-16 22:52:55 [COM4] [ERROR] No PONG received - timeout (expected #987)

The SEL manifested as a 19% increase in supply current (from 155 mA to 184 mA), which persisted
until a power cycle was performed at 22:58 to verify whether power consumption would return to the

pre-irradiation baseline, resulting in returning to nominal consumption.

5.2.8 Uncertainties and Error Analysis
Reception Rate Uncertainty (Binomial Proportion)

The number of successful cycles k out of n cycles is treated as a binomial outcome with success prob-

ability p. The standard error of the proportion p = k/n is:

/A V— (5.8)
When reporting the reception rate as a percentage, the uncertainty (one standard error) is:
Treception = 1000 (%). (5.9)

For small or large p, or small n, a Wilson score interval or other binomial interval may be preferred

for confidence limits; the standard error above is still a useful summary of statistical uncertainty.

Data Rate Uncertainty

The count uncertainty arises because the number of successful packets & in a run has binomial variance
np(1l — p). The rate k/T thus has approximate standard error \/np(1l — p)/T packets/s. Propagating
to data rate in bits/s with fixed Lpacret = 13 X 8 bits gives a statistical error on the data rate from count

fluctuation.
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Regarding duration uncertainty, the run duration 7 is taken from the logbook (start/stop). Any sys-
tematic offset or rounding in these times affects the data rate (e.g., AR/R ~ —AT/T). No explicit

uncertainty on 7' is applied in the current analysis.

Systematic and Classification Caveats

Several systematic effects should be considered when interpreting results:

« Time window: Results depend on the chosen run start/stop times; misalignment with the actual

beam-on or DWM activity window can bias cycle counts and rates.

« Last-cycle exclusion: Excluding the last cycle only when incomplete avoids one obvious trun-

cation bias; any other boundary effects (e.g., first cycle after beam-on) are not corrected.

+ Category assignment: Outcome categories are inferred from the recorded event types (hardware
reset, completion, attempt count). Misclassification can occur if events are missing or duplicated

in the recorded stream.

« PSU restarts: The number of PSU restarts is reported separately; cycles after a restart are still
classified as success/failure by the same rules. No separate uncertainty is assigned to the restart

count.

5.2.9 Summary

The radiation test of the DWM1000 UWB transceiver at PSI revealed several radiation-induced effects.
The device accumulated a total dose of 693.7 Gy with 13 SEFI events requiring manual intervention,
yielding a SEFI cross-section of approximately 1.2 x 10~!! cm?/device. One SEL event was observed
at the end of the test campaign. The automatic software recovery mechanisms proved effective at
handling the majority of transient errors, with SEFI events representing cases where these mechanisms
were insufficient. The results indicate that while the DWM1000 experiences radiation-induced effects
at the tested dose levels, appropriate mitigation strategies such as watchdog timers, automatic recovery

sequences, and latchup protection circuits could enable its use in radiation-tolerant systems.

The analysis derives per-run reception rates and data rates from the recorded event stream and logbook
run windows. Cycles are defined by TX PING and PING-PONG completion events, and classified
into immediate success, success after retrial, success after hardware reset, or failed. The reception
rate is reported as a percentage with a binomial standard error; data rate uncertainty follows from
count and duration uncertainty. Systematic effects from time windows, boundary exclusions, and

event identification should be borne in mind when interpreting the results.
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6. Conclusions and Summary

This thesis presented the design, implementation, and experimental validation of Astromesh, the first
LoRa-based meshed network platform validated for radiation environments, targeting applications in
satellite constellations and particle accelerator facilities. The work addressed four main objectives:
establishing a theoretical foundation, developing modular embedded software, performing radiation
testing, and conducting a mission analysis with link budget study. The key contributions and findings

are summarised below.

Embedded Software

A layered software architecture was developed for the Astromesh platform, enabling mesh networking
across the supported transceivers (868 MHz, ISM 2.4 GHz, and UWB 3.5-6.5 GHz). The inter-satellite
link path integrates the RadioHead library (used unmodified) through a thin C++ wrapper, exposing a
clean C API for route discovery, packet forwarding, and reliable datagram exchange via the RFM95W
at 868 MHz. For the in-satellite link, a fully custom C driver was developed for the Qorvo DWM1000
UWB transceiver, implementing register-level configuration, SPI transaction handling, and a ping-
pong communication protocol. The modular design ensures that only one transceiver is active on
the shared SPI bus at any time, while the SX1280 and LR1121 drivers provide initialisation and sleep
management. Mesh operation was successfully demonstrated with multiple Astromesh boards in a

four-node topology, validating dynamic route discovery and multi-hop packet forwarding.

Radiation Testing at CHARM

A hierarchical LoRaWAN network comprising nine Feather M0 end devices and three gateways was
tested under mixed-field radiation at the CHARM facility. The per-device packet success rate under
radiation ranged from 91.4% to approximately 98%, with packet loss rates between 1.9% and 6.4%. Reset
counts varied from 4 (End Device 3) to 110 (End Devices 7, 8, and 10), with devices at the higher-flux
R1 position exhibiting the highest sensitivity. The measured Single Event Effect (SEE) cross-sections
ranged from 2.0 x 107! cm? for the most radiation-tolerant device to 56.2 x 107! cm? for devices at

R1 and overhead positions.

A direct comparison with the mesh network radiation test conducted by Mancini (2025) at the same
CHARM facility revealed a clear resilience advantage for the mesh topology. The mesh network
achieved a Packet Delivery Rate (PDR) consistently above 99.99% and a combined two-gateway packet
loss of only 0.001%, reducing losses by roughly a factor of 20 compared to either single gateway alone.
The Feather M0 SEE cross-sections from both campaigns are consistent (7.3-15.6 x 107! cm? at G0
for the mesh versus 2.0-22.0 x 10~ em? for equivalent positions in this work), confirming that the
observed performance differences are attributable to topology, protocol, and node placement rather
than platform variability. These results provide strong quantitative motivation for the decentralised

mesh architecture implemented on the Astromesh platform.
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Radiation Testing at PSI

The DWM1000 UWB transceiver was characterised for radiation tolerance at the PSI Proton Irradi-
ation Facility using a 200 MeV proton beam across five irradiation runs. The device accumulated a
total dose of 693.7 Gy with a proton fluence of 1.13 x 10'2 p/cm?. A total of 13 Single Event Func-
tional Interrupts (SEFIs) requiring manual intervention were recorded, yielding a SEFI cross-section
of approximately 1.2 x 10~!! cm?/device. One Single Event Latchup (SEL) was observed during the
final run, manifesting as a 19% increase in supply current (from 155 mA to 184 mA) that persisted until
a power cycle was performed. The automatic software recovery mechanisms—hardware RX reset se-
quences built into the firmware—proved effective at handling the majority of transient errors, with SEFI
events representing only those cases where internal recovery was insufficient. These results indicate
that, while the DWM1000 experiences radiation-induced effects at the tested dose levels, appropriate
mitigation strategies such as watchdog timers, automatic recovery sequences, and latchup protection

circuits could enable its use in radiation-tolerant systems.

Mission Analysis and Link Budget

The link budget analysis, performed using Ansys STK for a 550 km Sun-Synchronous Orbit (S§50), eval-
uated the inter-satellite communication feasibility of the three Astromesh transceivers. At 868 MHz,
the RF95 achieves a maximum reliable distance of approximately 4 200 km (SF12, 125 kHz), while the
LR1121 offers the best performance at approximately 7 800 km (SF11, 62.5 kHz). The 2.4 GHz transceivers
(5X1280 and LR1121) are limited to approximately 500-540 km, rendering them unsuitable for inter-

satellite links with the current antenna configuration.

For constellations sharing the same orbital plane (same LTAN), two satellites without station keeping
can maintain communication for 3—4 months before differential atmospheric drag causes them to ex-
ceed the link budget. Full orbit coverage with station keeping requires a minimum of eight satellites
equally spaced at 45° intervals (separation ~5 302 km), with a AV budget of approximately 1.095 m/s
per satellite and a deployment separation time of about 19 days. For constellations with different
LTAN, a maximum temporal offset of 1.5 hours ensures line-of-sight visibility. The 2.4 GHz band, with
its maximum range below 541 km, would require a constellation of 164 satellites to achieve equivalent
coverage, confirming that the sub-GHz bands are the only viable option for LoRa-based inter-satellite

links using omnidirectional antennas.

Overall Significance

Taken together, the results of this work establish the Astromesh platform as a viable foundation for
radiation-tolerant LoRa mesh networks in both accelerator and space environments. The radiation test
campaigns at CHARM and PSI provided the first experimental evidence that LoRa-based mesh topolo-
gies offer superior reliability compared to hierarchical architectures under realistic radiation condi-
tions. The mission analysis demonstrated that 868 MHz inter-satellite links are feasible in LEO with

practical constellation sizes, bridging the gap between platform validation and mission-level design.
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This work contributes to the advancement of next-generation wireless communication for high-energy

physics facilities such as the Future Circular Collider and for CubeSat-based satellite constellations.

Future Work

Several directions for future investigation emerge from this thesis. First, radiation testing of the full
Astromesh mesh network (rather than only the hierarchical baseline) at CHARM would allow a direct,
same-campaign comparison of mesh and hierarchical performance under identical radiation condi-
tions. Second, the DWM1000 latchup protection and automatic recovery mechanisms should be further
developed and validated under extended irradiation campaigns to refine the SEL cross-section estimate
and assess long-term TID degradation. Third, in-orbit demonstration of the Astromesh platform on a
CubeSat mission would provide flight heritage and validate the link budget predictions under real
space conditions. Finally, the integration of adaptive data rate and topology-aware routing algorithms
into the mesh firmware could improve throughput and energy efficiency, particularly for multi-hop

scenarios in large-scale constellations.
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7. Appendix

7.1 Complete Link Budget Analysis Results

This annex collects the full set of link margin vs. distance plots, maximum reliable distance compar-
isons, data rate trade-off charts, and the corresponding numerical results for every transceiver and
bandwidth configuration analysed. A link margin of at least 3 dB was considered for reliable commu-

nication.

7.1.1 RF95 (868 MHz)

125 kHz Bandwidth

RF95 (868 MHz) Link Margin vs Distance - 125 kHz Bandwidth
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Figure 7.1: RF95 link margin vs. distance for all spreading factors at 125 kHz bandwidth.

Max. Reliable Distance (125 kHz)

Parameters SF6 5411 km

EIRP 25.6 dBm SF 7 961.9 km
Frequency 868 MHz SF 8 1342.7 km
Tx Antenna Gain 6 dBi SF9 1883.8 km
Rx Antenna Gain 6 dBi SF 10 2665.3 km
Bandwidth 125 kHz SF 11 2986.0 km
SF 12 4208.4 km
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250 kHz Bandwidth
RF95 (868 MHz) Link Margin vs Distance - 250 kHz Bandwidth
50
—— 5F 6 (Sensitivity: -115 dBm)
—— 5F 7 {Sensitivity: -120 dBm)
a0 —— 5F B {Sensitivity: -123 dBm)
= 5F 9 (Sensitivity: -125 dBm)
SF 10 (Sensitivity: -128 dBm)
0 ~— 5F 11 (Sensitivity: -130 dBm)
—— 5F 12 (Sensitivity: -133 dBm)
o 20
2
£
g 10
=
_¢
€
= 0
=10
=20

“aoo0
Distance (km)

" ao00

6000

" 10000

" sooo

Figure 7.2: RF95 link margin vs. distance for all spreading factors at 250 kHz bandwidth.

Max. Reliable Distance (250 kHz)

Parameters SF6 380.8 km
EIRP 25.6 dBm SF 7 681.4 km
Frequency 868 MHz SF 8 961.9 km
Tx Antenna Gain 6 dBi SF9 1202.4 km
Rx Antenna Gain 6 dBi SF 10 1683.4 km
Bandwidth 250 kHz SF 11 2124.2 km
SF 12 2986.0 km
500 kHz Bandwidth
RF95 (868 MHz) Link Margin vs Distance - 500 kHz Bandwidth
40 = SF 6 {Sensitivity: -111 dBm)
—— 5F 7 {Sensitivity: -116 dBm)
—— 5F B {Sensitivity: -119 dBm)
30 —— 5F O {Sensitivity: -122 dBm)
SF 10 (Sensitivity: -125 dBm)
20
Z‘i;i 10
-10
=20
=30

Tao0
Distance (km)

" ao00

T eoo0

" sooo " 10000

Figure 7.3: RF95 link margin vs. distance for all spreading factors at 500 kHz bandwidth.
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Parameters Max. Reliable Distance (500 kHz)
EIRP 25.6 dBm SF 6 240.5 km
Frequency 868 MHz SE7 420.8 km
Tx Antenna Gain 6 dBi SF 8 601.2 km
Rx Antenna Gain 6 dBi SF9 841.7 km
Bandwidth 500 kHz SF 10 1202.4 km

Maximum Distance Comparison

RF95 (868 MHz) - Maximum Reliable Distance Comparison
Across Bandwidths and Spreading Factors

125 kHz
. 250 kHz

4300 . 500 kHz

2000

1500

1000

Maximum Reliable Distance (km)

500

SF8
Spreading Factor (SF)

Figure 7.4: RF95 (868 MHz) maximum reliable distance comparison across bandwidths and spreading
factors.
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62.5 kHz Bandwidth

7. Appendix

LR1121 (868 MHz) Link Margin vs Distance - 62.5 kHz Bandwidth
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607

Link Margin (dB)

SF 7 (Sensitivity: -128.0 dBm)
SF 8 (Sensitivity: -130.8 dBm)
5F 9 (Sensitivity: -133.6 dBm)

SF 10 (Sensitivity: -136.4 dBm)
SF 11 (Sensitivity: -139.2 dBm)
SF 12 (Sensilivity: -142.0 dBm)

2000

Distance (km)

8000

10000

Figure 7.5: LR1121 (868 MHz) link margin vs. distance for all spreading factors at 62.5 kHz bandwidth.

Max. Reliable Distance (62.5 kHz)

SF7
SF 8
SF9
SF 10
SF 11

2124.2 km
2925.9 km
4028.1 km
5551.1 km
7675.4 km

LR1121 (868 MHz) Link Margin vs Distance - 125 kHz Bandwidth

Parameters

Tx Power 158.4 mW
EIRP 27.6 dBm
Frequency 868 MHz
Tx Antenna Gain 6 dBi
Rx Antenna Gain 6 dBi
Tx Line Losses 0.4 dB
Rx Line Losses 0.4 dB
Bandwidth 62.5 kHz

125 kHz Bandwidth

0

%9 30;

8 .l

=

5 10l

—10;

=—— S5F 7 (Sensitivity: -125.0 dBm)
SF 8 (Sensitivity: -127.8 dBm)
5F 9 (Sensitivity: -130.6 dBm})
SF 10 (Sensitivity: -133.4 dBm|

SF 12 (Sensitivity: -139.0 dBm

SF 11 (Sensitivity: -136.2 dBm)

|

)

2000

Distance (km)

8000 10000

Figure 7.6: LR1121 (868 MHz) link margin vs. distance for all spreading factors at 125 kHz bandwidth.
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Parameters
Tx Power 158.4 MW Max. Reliable Distance (125 kHz)
EIRP 27.6 dBm SF 7 1503.0 km
Frequency 868 MHz SF 8 2064.1 km
Tx Antenna Gain 6 dBi SF 9 2845.7 km
Rx Antenna Gain 6 dBi SF 10 3927.9 km
Tx Line Losses 0.4 dB SF 11 5430.9 km
Rx Line Losses 0.4 dB SF 12 7495.0 km
Bandwidth 125 kHz
250 kHz Bandwidth
LR1121 (868 MHz) Link Margin vs Distance - 250 kHz Bandwidth
i —— SF 7 (Sensitivity: -122.0 dBm)
50: —— SF 8 (Sensitivity: -124.8 dBm)
—— 5F 9 (Sensitivity: -127.6 dBm})
40+ —— SF 10 (Sensitivity: -130.4 dBm)
SF 11 (Sensitivity: -133.2 dBm)
| - SF 12 (Sensitivity: -138.0 dBm)
__ 301
g "l
é 201
= |
_JE‘ 10+
ol
-10-3

Figure 7.7: LR1121 (868 MHz) link margin vs. distance for all spreading factors at 250 kHz bandwidth.

2000

4000

6000
Distance (km)

8000 10000

Parameters

Tx Power 158.4 mW Max. Reliable Distance (250 kHz)
EIRP 27.6 dBm SF 7 1062.1 km
Frequency 868 MHz SF 8 1462.9 km
Tx Antenna Gain 6 dBi SF 9 2024.0 km
Rx Antenna Gain 6 dBi SF 10 2785.6 km
Tx Line Losses 0.4 dB SF 11 3847.7 km
Rx Line Losses 0.4 dB SF 12 5310.6 km
Bandwidth 250 kHz
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500 kHz Bandwidth
LR1121 (868 MHz) Link Margin vs Distance - 500 kHz Bandwidth
504
I = SF 7 (Sensitivity: <118.0 dBm)
] —— SF 8 (Sensitivity: -120.8 dBm)
A0+ —— SF 9 (Sensitivity: -123.6 dBm)
| —— SF 10 (Sensitivity: -126.4 dBm)
| —— SF 11 (Sensitivity: -129.2 dBm)
304 —— §F 12 (Sensitivity: -132.0 dBm)
g | |
2 204 A
E 1 \
9 ||
N |
= 10:
s |
= 1 Raliable Link Threshald (3 di)
£ } o Link Theashowd (I 08). .
o
-104
=20
[i 2000 4000 6000 8000 10000

Distance (km)

Figure 7.8: LR1121 (868 MHz) link margin vs. distance for all spreading factors at 500 kHz bandwidth.

Parameters
Tx Power 158.4 mW
EIRP 27.6 dBm
Frequency 868 MHz
Tx Antenna Gain 6 dBi
Rx Antenna Gain 6 dBi
Tx Line Losses 0.4 dB
Rx Line Losses 0.4 dB
Bandwidth 500 kHz

Maximum Distance Comparison

Max. Reliable Distance (500 kHz)

SF 7
SF 8
SF 9
SF 10
SF 11
SF 12

681.4 km
921.8 km
1282.6 km
1763.5 km
2424.8 km
3346.7 km

LR1121 (868 MHz) - Maximum Reliable Distance Comparison
Across Bandwidths and Spreading Factors

. 52.5 kHz
125 kHz
70001 wmm 250 kHz
500 kHz

8
2

Maximum Reliable Distance (km)
] 5
] 2

SF9
Spreading Factor (SF)

SF10

Figure 7.9: LR1121 (868 MHz) maximum reliable distance comparison across bandwidths and

spreading factors.
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7.1.3 $X1280 (2.4 GHz)

203 kHz Bandwidth

SX1280 (2.4 GHz) Link Margin vs Distance - 203 kHz Bandwidth
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| —— SF 5 (Sensitivity: -109 dBm)
404 —— SF 6 (Sensitivity: =111 dBm)

| —— SF 7 (Sensitivity: -115 dBm)
—— SF 8 (Sensitivity: -118 dBm)
—— SF 9 (Sensitivity: -121 dBm)
| —— SF 10 (Sensilivity: -124 dBm)
201 | —— SF 11 (Sensitivity: -127 dBm)

Link Margin (dB)
=]

| ~—— SF 12 (Sensitivity: -130 dBm)

0 250 500 750 1000 1250 1500 1750 2000
Distance (km)

Figure 7.10: SX1280 link margin vs. distance for all spreading factors at 203 kHz

bandwidth.

Max. Reliable Distance (203 kHz)

Parameters SF 5 48.1 km
SF 6 56.1 km

EIRP 19.9 dBm
SF7 92.2 km

Frequency 2400 MHz
. . SF 8 128.3 km

Tx Antenna Gain 8 dBi
: : SF9 180.4 km

Rx Antenna Gain 8 dBi
. SF 10 252.5 km

Bandwidth 203 kHz
SF 11 356.7 km
SF 12 501.0 km

406 kHz Bandwidth

$X1280 (2.4 GHz) Link Margin vs Distance - 406 kHz Bandwidth

—— SF 5 (Sensitivity: -107 dBm)
—— SF 6 (Sensitivity: -110 dBm)
| —— SF 7 (Sensitivity: -113 dBm})
304 —— 5F B (Sensitivity: -116 dBm)
| —— SF 9 (Sensitivity: -119 dBm})
I —— SF 10 (Sensitivity: -122 dBm)
201 \ —— SF 11 (Sensltivity: 125 dBm)
| \ ——— 5F 12 (Sensitivity: -128 dBm)

404

Link Margin (dB)

0 250 500 750 1000 1250 1500 1750 2000
Distance (km)

Figure 7.11: SX1280 link margin vs. distance for all spreading factors at 406 kHz bandwidth.
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Max. Reliable Distance (406 kHz)

SF 5
SF 6
SF 7
SF 8
SF 9
SF 10
SF 11
SF 12

36.1 km
52.1 km
72.1 km
100.2 km
144.3 km
200.4 km
280.6 km
396.8 km

S$X1280 (2.4 GHz) Link Margin vs Distance - 812 kHz Bandwidth

() ot
Parameters
EIRP 19.9 dBm
Frequency 2400 MHz
Tx Antenna Gain 8 dBi
Rx Antenna Gain 8 dBi
Bandwidth 406 kHz
812 kHz Bandwidth
o |
5 o]
: 0 250 500

= 5F & (Sensilivity: -105 dBm)
= 5F 6 (Sensitivity: -108 dBm)
—— 5F 7 (Sensitivity: -112 dBm)
—— SF B (Sensitivity: -115 dBm})
SF & (Sensitivity: -117 dBm)

== SF 10 (Saensitivity: -120 dBm)

SF 11 (Sensitivity: -123 dBm)

——— 5F 12 (Sensitivity: -126 dBm)

750

1000 1250
Distance (km)

1500 1750 2000

Figure 7.12: $X1280 link margin vs. distance for all spreading factors at 812 kHz bandwidth.

Parameters
EIRP 19.9 dBm
Frequency 2400 MHz
Tx Antenna Gain 8 dBi
Rx Antenna Gain 8 dBi
Bandwidth 812 kHz

Max. Reliable Distance (812 kHz)

SF 5
SF 6
SF7
SF 8
SF 9
SF 10
SF 11
SF 12

28.1 km
40.1 km
64.1 km
92.2 km
112.2 km
160.3 km
224.4 km
316.6 km
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1625 kHz Bandwidth

SX1280 (2.4 GHz) Link Margin vs Distance - 1625 kHz Bandwidth

| —— SF 5 (Sensitivity: -99 dBm)
304 —— SF 6 (Sensitivity: -103 dBm)

| —— SF 7 (Sensitivity: -106 dBm)

| —— SF 8 (Sensitivity: -109 dBm)
207 | —— BF O {Sensitivity: -111 dBm)

| —— SF 10 (Sensilivity: -114 dBm)
104 —— SF 11 (Sensiivity: -117 dBm)
—— SF 12 (Sensitivity: -120 dBm)

Link Margin (dB)

0 250 500 750 1000 1250 1500 1750 2000
Distance (km)

Figure 7.13: SX1280 link margin vs. distance for all spreading factors at 1625 kHz bandwidth.

Max. Reliable Distance (1625 kHz)

Parameters SF 5 16.0 km
SF 6 24.0 km

EIRP 19.9 dBm
SF 7 32.1 km

Frequency 2400 MHz
: , SF 8 48.1 km

Tx Antenna Gain 8 dBi
_ _ SF9 56.1 km

Rx Antenna Gain 8 dBi
. SF 10 80.2 km

Bandwidth 1625 kHz
SF 11 112.2 km
SF 12 160.3 km

Maximum Distance Comparison

SX1280 (2.4 GHz) - Maximum Reliable Distance Comparison
Across Bandwidths and Spreading Factors

500

B =] =]
=] =] =]

Maximum Reliable Distance (km)

=}
=]

SFB SF9 SF10
Spreading Factor (SF)

Figure 7.14: SX1280 (2.4 GHz) maximum reliable distance comparison across bandwidths and
spreading factors.
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7.1.4 LR1121 (2.4 GHz)

125 kHz Bandwidth
LR1121 (2.4 GHz) Link Margin vs Distance - 125 kHz Bandwidth
80 —— 5F 5 (Sensitivity: -112.2 dBm)
—— SF & (Sensitivity: -115.1 dBm)
= 5F 7 (Sensitivity: -118.0 dBm}
) —— 5F B (Sensitivity: -120.9 dBm)
—— SF 9 (Sensitivity: -123.8 dBm)
—— 5F 10 (Sensilivity: -126.7 dBm)
=, | —— SF 11 (Sensitivity: -120.6 dBm)
N 407 —— SF 12 (Sensitivity: -132.0 dBm)
<
P ]
2 20! W
a2 1 ' \\
c b\
e \ —
— il Lir ! i
0 T T T
-20
0 250 500 750 1000 1250 1500 1750 2000

Distance (km)

Figure 7.15: LR1121 (2.4 GHz) link margin vs. distance for all spreading factors at 125 kHz bandwidth.

Parameters Max. Reliable Distance (125 kHz)
Tx Power 20.0 mW (13.0 dBm) SF 5 56.2 km
EIRP 20.6 dBm SF 6 80.3 km
Frequency 2400 MHz SE 7 108.3 km
Tx Antenna Gain 8 dBi SF 8 152.4 km
Rx Antenna Gain 6 dBi SF 9 212.5 km
Tx Line Losses 0.4 dB SF 10 296.7 km
Rx Line Losses 0.4 dB SF 11 412.9 km
Bandwidth 125 kHz SF 12 541.2 km

250 kHz Bandwidth

LR1121 (2.4 GHz) Link Margin vs Distance - 250 kHz Bandwidth

=—— 5F 5 (Sensitivity: -110.4 dBm)
—— 5F 6 (Sensitivity: -113.2 dBm)
= B5F 7 (Sensitivity: -116.0 dBm)
607 —— SF 8 (Sensitivity: -118.8 dBm)
| ——— 5F 9 (Sensitivity: -121,6 dBm)
| —— SF 10 (Sensilivity: -124.4 dBm)
a0+ = SF 11 (Sensitivity: -127.2 dBm)

o —— SF 12 (Sensitivity: -130.0 dBm)
€
o |
o o204 )
= )
e} |
E
3 N\ 2 L y
0+ &
=201
0 250 500 750 1000 1250 1500 1750 2000

Distance (km)

Figure 7.16: LR1121 (2.4 GHz) link margin vs. distance for all spreading factors at 250 kHz bandwidth.
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Parameters Max. Reliable Distance (250 kHz)
Tx Power 20.0 mW (13.0 dBm) SF 5 48.2 km
EIRP 20.6 dBm SF 6 64.2 km
Frequency 2400 MHz SF 7 88.3 km
Tx Antenna Gain 8 dBi SF 8 120.3 km
Rx Antenna Gain 6 dBi SF 9 164.4 km
Tx Line Losses 0.4 dB SF 10 228.5 km
Rx Line Losses 0.4 dB SF 11 312.7 km
Bandwidth 250 kHz SF 12 432.9 km

500 kHz Bandwidth

LR1121 (2.4 GHz) Link Margin vs Distance - 500 kHz Bandwidth

= 5F 5 (Sensitivity: -111.0 dBm)
1 | —— SF & (Sensitivity: -111.5 dBm)
60 4 | = S5F 7 (Sensitivity: -112.0 dBm)
| —— SF 8 (Sensitivity: -114.5 dBm)
SF 9 (Sensitivity: -117.0 dBm)

SF 10 (Sensitivity: -119.5 dBm)

SF 11 (Sensitivity: -122.0 dBm)

SF 12 (Sensitivity: -124.5 dBm)

Link Margin (dB)
5 8

=]

-20+

0 250 500 750 1000 1250 1500 1750 2000
Distance (km)

Figure 7.17: LR1121 (2.4 GHz) link margin vs. distance for all spreading factors at 500 kHz bandwidth.

Parameters Max. Reliable Distance (500 kHz)
Tx Power 20.0 mW (13.0 dBm) SF 5 48.2 km
EIRP 20.6 dBm SF 6 52.2 km
Frequency 2400 MHz SF 7 56.2 km
Tx Antenna Gain 8 dBi SF 8 72.2 km
Rx Antenna Gain 6 dBi SF 9 96.3 km
Tx Line Losses 0.4 dB SF 10 128.4 km
Rx Line Losses 0.4 dB SF 11 172.4 km
Bandwidth 500 kHz SF 12 228.5 km
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812 kHz Bandwidth
LR1121 (2.4 GHz) Link Margin vs Distance - 812 kHz Bandwidth
| = 5F 5 (Sensitivity: -108.0 dBm)
G | —— 5F 6 (Sensitivity: -110.0 dBm)

—— SF 7 (Sensitivity: -112.0 dBm}
—— SF 8 (Sensitivity: -114.0 dBm)
1 ~—— SF 9 (Sensitivity: -118.0 dBm)
a0+ —— SF 10 (Sensitivity: -118.0 dBm)
—— S§F 11 {Sensitivity: -120.0 dBm)

—_
o —— SF 12 (Sensitivity: -122.0 dBm)
E 1
o 207
[ 1 !
= | b
_E | & Reliable Link Threshol 3]
I s, = il
=20 e ——

0 250 500 750 1000 1250 1500 1750 2000
Distance (km)

Figure 7.18: LR1121 (2.4 GHz) link margin vs. distance for all spreading factors at 812 kHz bandwidth.

Parameters Max. Reliable Distance (812 kHz)
Tx Power 20.0 mW (13.0 dBm) SF 5 36.2 km
EIRP 20.6 dBm SF 6 44.2 km
Frequency 2400 MHz SF 7 56.2 km
Tx Antenna Gain 8 dBi SF 8 68.2 km
Rx Antenna Gain 6 dBi SF 9 88.3 km
Tx Line Losses 0.4 dB SF 10 108.3 km
Rx Line Losses 0.4 dB SF 11 136.4 km
Bandwidth 812 kHz SF 12 172.4 km

Maximum Distance Comparison

LR1121 (2.4 GHz) - Maximum Reliable Distance Comparison
Across Bandwidths and Spreading Factors

— 125 kHz

N 250 kHz

5001 500 kHz

= | - a2
=
@
[¥)
&
o
@
a
@
=
K|
5
&
E
3
E
S
=

SF8 SF9 SF10
Spreading Factor (SF)

Figure 7.19: LR1121 (2.4 GHz) maximum reliable distance comparison across bandwidths and
spreading factors.
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7.1.5 Formation Flying and Access Analysis

Satellite Ranges Over Time

o
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3000
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= Satellitel To-Satellite2 (Max; 5505291619 km)
= Satellite]l To-Satellited (Max; 5484,120503 km}
= Satellite]l To-Satellited (Max: 5509.230731 km)
= Satellitel-To-5atellite5 [Max: 5496.333768 km)
= Satellitel-To-5atellited (Max: 5454.630549 km)
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Date

Figure 7.20: Inter-satellite range vs. time for all satellite pairs in the six-satellite constellation.

Time-Resolved Link Analysis (RF95, 125 kHz)

RF95 - Link Analysis - Satellite 1 to Satellite2
125 kHz Bandwidth - All 5F Values
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Figure 7.21: Link analysis: Satellite 1 to Satellite 2, RF95, 868 MHz, 125 kHz.
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RF95 - Link Analysis - Satellite 1 to Satellite3
125 kHz Bandwidth - All 5F Values
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Figure 7.22: Link analysis: Satellite 1 to Satellite 3, RF95, 868 MHz, 125 kHz.

Time-Resolved Link Analysis (RF95, 250 kHz)

I!F!s I.Inlt Amalysis - Satellite 1 to Satellite2
0 kHz Bandwidth - All 5F Values
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Figure 7.23: Link analysis: Satellite 1 to Satellite 2, RF95, 868 MHz, 250 kHz.
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Figure 7.24: Link analysis: Satellite 1 to Satellite 3, RF95, 868 MHz, 250 kHz.
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Time-Resolved Link Analysis (RF95, 500 kHz)

RF95 - Link Analysis - Satellite 1 to Satellite2
500 kHz Bandwidth - All 5F Values
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Figure 7.25: Link analysis: Satellite 1 to Satellite 2, RF95, 868 MHz, 500 kHz.

RF95 - Link Analysis - Satellite 1 to Satellite3
500 kHz Bandwidth - All 5F Values
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Figure 7.26: Link analysis: Satellite 1 to Satellite 3, RF95, 868 MHz, 500 kHz.
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Time-Resolved Link Analysis (LR1121, 868 MHz)

62.5kHz

LR1121 {868 MHz) - Link Analysis - Satellite 1 to Satellite2
62.5 kHz Bandwidth - All 5F Values
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Figure 7.27: Link analysis: Satellite 1 to Satellite 2, LR1121, 868 MHz, 62.5 kHz.
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Figure 7.28: Link analysis: Satellite 1 to Satellite 3, LR1121, 868 MHz, 62.5 kHz.
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Figure 7.31: Link analysis: Satellite 1 to Satellite 2, LR1121, 868 MHz, 250 kHz.
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Figure 7.32: Link analysis: Satellite 1 to Satellite 3, LR1121, 868 MHz, 250 kHz.
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Figure 7.33: Link analysis: Satellite 1 to Satellite 2, LR1121, 868 MHz, 500 kHz.
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Figure 7.34: Link analysis: Satellite 1 to Satellite 3, LR1121, 868 MHz, 500 kHz.
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Figure 7.35: Link analysis: Satellite 1 to Satellite 2, S$X1280, 2.4 GHz, 203 kHz.
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Figure 7.36: Link analysis: Satellite 1 to Satellite 3, S$X1280, 2.4 GHz, 203 kHz.
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Figure 7.37: Link analysis: Satellite 1 to Satellite 2, S$X1280, 2.4 GHz, 406 kHz.
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Figure 7.38: Link analysis: Satellite 1 to Satellite 3, SX1280, 2.4 GHz, 406 kHz.
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Figure 7.39: Link analysis: Satellite 1 to Satellite 2, S$X1280, 2.4 GHz, 812 kHz.
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Figure 7.40: Link analysis: Satellite 1 to Satellite 3, S$X1280, 2.4 GHz, 812 kHz.
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Figure 7.41: Link analysis: Satellite 1 to Satellite 2, S$X1280, 2.4 GHz, 1625 kHz.
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Figure 7.42: Link analysis: Satellite 1 to Satellite 3, SX1280, 2.4 GHz, 1625 kHz.
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Figure 7.43: Link analysis: Satellite 1 to Satellite 2, LR1121, 2.4 GHz, 125 kHz.
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Figure 7.44: Link analysis: Satellite 1 to Satellite 3, LR1121, 2.4 GHz, 125 kHz.
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Figure 7.45: Link analysis: Satellite 1 to Satellite 2, LR1121, 2.4 GHz, 250 kHz.
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Figure 7.46: Link analysis: Satellite 1 to Satellite 3, LR1121, 2.4 GHz, 250 kHz.
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Figure 7.47: Link analysis: Satellite 1 to Satellite 2, LR1121, 2.4 GHz, 500 kHz.
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Figure 7.48: Link analysis: Satellite 1 to Satellite 3, LR1121, 2.4 GHz, 500 kHz.
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Figure 7.49: Link analysis: Satellite 1 to Satellite 2, LR1121, 2.4 GHz, 812 kHz.
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Figure 7.50: Link analysis: Satellite 1 to Satellite 3, LR1121, 2.4 GHz, 812 kHz.
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Figure 7.56: Link analysis: 2 satellites, 1.5h LTAN difference, LR1121, 868 MHz, 250 kHz.
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Figure 7.57: Link analysis: 2 satellites, 1.5h LTAN difference, LR1121, 868 MHz, 500 kHz.

$X1280 (2.4 GHz)

SX1280 - Link Analysis - between 2 satellites with 1.5h LTAN difference

203 kHz Bandwidth - All 5F Values

e ——

. r——

e SE-F un :

23 Mar 2076

§

21 Mar 2026

Figure 7.58: Link analysis: 2 satellites, 1.5h LTAN difference, SX1280, 2.4 GHz, 203 kHz.
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Figure 7.59: Link analysis: 2 satellites, 1.5h LTAN difference, SX1280, 2.4 GHz, 406 kHz.
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Figure 7.62: Link analysis: 2 satellites, 1.5h LTAN difference, LR1121, 2.4 GHz, 125 kHz.
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Figure 7.65: Link analysis: 2 satellites, 1.5h LTAN difference, LR1121, 2.4 GHz, 812 kHz.
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7.1.7 Time-Resolved Link Analysis: Two Satellites, Different LTAN, No Station Keeping
(HPOP, 2-Day Inset)

Full-year link margin and distance with first 2 days shown in inset. HPOP propagator, no station

keeping.
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Figure 7.66: Link analysis: 2 satellites, different LTAN, no station keeping (HPOP), RF95, 868 MHz,
125 kHz.
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Figure 7.67: Link analysis: 2 satellites, different LTAN, no station keeping (HPOP), RF95, 868 MHz,
250 kHz.

127



. (AT Controls . oW ARISTOTLE
Electronics & 7. Appendix JUNIVERSITY
l ‘{e"\’ pp b5 OF THESSALONIKI

-

RF95 - Link Analysis - Sat2-Sat3 (HPOP, no station keeping)
500 kHz Bandwidth - All 5F Valuas

Link Margin (dB)

Figure 7.68: Link analysis: 2 satellites, different LTAN, no station keeping (HPOP), RF95, 868 MHz,
500 kHz.

LR1121 (868 MHz)

LR1121 (BGB MHz) - Link Analysis - Sat2-5at3 (HPOP, no station keeping)
62.5 kHz Bandwidth - All 5F Values

Firsn 3 dys

Barge: 18- 5448 Bem
Ay’ 1815 ke

Link Margin (d8)
L] B

n Fab 21 Mar 21 Mar 22 Ma 22 Ma 23 Mar
00 2300 10000 2200 1000
5 LE Link Mangi
Rebaizha Lt Thoesd )
40 L b Bero Maepin
= 5r 10 LNk Margn s Sateits Datwce

SF 1L Link Margin

Figure 7.69: Link analysis: 2 satellites, different LTAN, no station keeping (HPOP), LR1121, 868 MHz,
62.5 kHz.
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Figure 7.70: Link analysis: 2 satellites, different LTAN, no station keeping (HPOP), LR1121, 868 MHz,
125 kHz.
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Figure 7.71: Link analysis: 2 satellites, different LTAN, no station keeping (HPOP), LR1121, 868 MHz,
250 kHz.
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Figure 7.72: Link analysis: 2 satellites, different LTAN, no station keeping (HPOP), LR1121, 868 MHz,
500 kHz.
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Figure 7.73: Link analysis: 2 satellites, different LTAN, no station keeping (HPOP), SX1280, 2.4 GHz,
203 kHz.
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Figure 7.74: Link analysis: 2 satellites, different LTAN, no station keeping (HPOP), SX1280, 2.4 GHz,
406 kHz.

130



NV ARISTOTLE

" == Conirols .
&) == 7. Appendix @iniie

SX1280 - Link Analysis - Sat2-Sat3 (HPOP, no station keeping)
B12 kHz Bandwidth - All 5F Values Firet 3 dwye

Link Margin (dB)

23 Mar
10:00

System Farameters
Frequency: BSE Wiz
Barstnasth: 312 he

T Poer: 100 it
Anbnrn Gadr: B Al

Figure 7.75: Link analysis: 2 satellites, different LTAN, no station keeping (HPOP), SX1280, 2.4 GHz,
812 kHz.
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Figure 7.76: Link analysis: 2 satellites, different LTAN, no station keeping (HPOP), SX1280, 2.4 GHz,
1625 kHz.
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Figure 7.77: Link analysis: 2 satellites, different LTAN, no station keeping (HPOP), LR1121, 2.4 GHz,
125 kHz.
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Figure 7.78: Link analysis: 2 satellites, different LTAN, no station keeping (HPOP), LR1121, 2.4 GHz,
250 kHz.
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Figure 7.79: Link analysis: 2 satellites, different LTAN, no station keeping (HPOP), LR1121, 2.4 GHz,
500 kHz.
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Figure 7.80: Link analysis: 2 satellites, different LTAN, no station keeping (HPOP), LR1121, 2.4 GHz,
812 kHz.
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